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Abstract

The increasing use of fibre reinforced polymers in structural components often
requires an accurate assessment of the strength of the component. The strength
of composite materials is usually based on the strength of an individual lamina.
This is then combined in a manner depending on the orientation of the plies
within the laminate. The actual failure process is often ignored in this type of
analysis. Composite failure is the result of damage accumulation from a number
of failure modes, in particular, fibre failure, matrix failure and failure of the
interface between the fibres and matrix. Measurement of the interfacial strength
requires specialised testing techniques in order to obtain accurate characterisation
of the interfacial failure processes.

This research uses

of configurations.
a double torsion specimen reinforced with fibres in a number
The testing techniques developed allow the interaction of a

matrix crack with fibres,matrix crack with fibres, resulting in the failure of the interface. Finite element
analysis has been used to gain an insight into the deformation mechanisms. A
compliance change analysis has been developed so that the load in the fibres can
be calculated. Results from the finite element analysis confirm the analytical
procedures and show that, for the fibre/resin combination tested, the interface
has a lower fracture toughness than the matrix material. The interaction between
the fibres and matrix shows that the mechanism of fibre bridging inhibits the
propagation of matrix cracks. This produces an apparent increase in the
toughness of the composite system.

To confirm the failure processes occurring, the technique of acoustic emission has
been used to monitor the development of the specimen failure. In line with
other workers, it is shown that matrix failure produces low amplitude events and
interfacial failure produces mid amplitude events. Fibre failure did not occur to
any significant degree. This thesis shows how the contribution from the presence
of an interface affects the fracture of composite materials and how, via the
reinforced double torsion specimen, this contribution can be measured. and
interpreted.
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Chapter L Introduction

1-. Introduction.

Since the middle of this century fibre reinforced plastics, or fibre composites, have

been used increasingly as engineering materials. In general terms a composite

material can be thought of as any material consisting of two or more distinct

constituents combined together, either chemically or mechanically, to form a

single heterogeneous material with properties different to those of its
constituents. Composite materials have developed because some of the

mechanical properties of the combined material are better than the properties of

the individual constituents. In particular, composite materials have achieved the

greatest advances in the aerospace industry, where high stiffness-to-weight and

strength-to-weight ratios are required. These composite materials are based on

high-strength, high-stiffness fibres embedded in a matrix material, usually

consisting of a polymer resin. In comparison to the fibres, the matrix material is

of very low strength and stiffness. Its main r6le is to act as a medium for load

transfer between the fibres. This transfer takes place through the interface

between the two major constituents. This thesis concerns itself with the study of

the interface and the r61e it plays in the overall strength performance of fibre

composite materials.

Because the interface acts as the link between fibre and matrix, it would be

expected that its properties affect the performance of the whole composite. This is
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so, particularly with regard to transverse properties (that is, properties at right

angles to the fibre direction), overall strength, and fracture toughness. It is,

perhaps, this last aspect where the interface contributes most to the unusual

mechanical behaviour of fibre composites. Although the constituents of a fibre

composite may both be brittle materials, in the case of glass or carbon fibres in a

thermosetting resin, the resulting composite material can exhibit extremely high

fracture toughness. In part, this is due to the material heterogeneity. Many cracks

are formed in the matrix, fibres, and the interface as the composite fails, an

energy-intensive process analogous to the formation of a plastic zone about the

crack tip in a ductile material. This delays the formation of one large critical crack

and provides the toughening mechanism observed in fibre composites.

Perhaps the principal advantage of composite materials is that the mechanical

performance can be tailored to best suit the application. Fibre composites are

most often tailored by combining appropriate numbers of plies at various angles

to produce the desired stiffness properties, an attribute that can only be achieved

in traditional materials by changing section shapes. But equally important is that,

by changing the properties of the interface, the strength and toughness properties

of the composite can be tailored as well. This concept is well understood and

documented and manufacturers are able to produce some variation of interfacial

properties. What is not well understood or documented is the way in which

these properties can be determined. Therefore, it is of importance and relevance

to the development of fibre composites that the behaviour of the interface be

examined and, if possible, the mechanical performance of the interface be

characterised. This basic behaviour needs to be well understood so that engineers

may have confidence in the performance ability of components made from

composite materials. This thesis presents a tool that aids understanding of the

behaviour and performance of the interface in fibre composite materials.
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The interface has properties which are those of neither the fibre nor the matrix

and as such it can be considered as the third constituent that exists by virtue of the

combining of two separate entities - the fibres and the matrix. Therefote, to sfudy

the interface, a composite system must be created. There are two options for this:

a model system can be made where all the necessary elements are present but not

as they would be in a genuine composite structure, for example, a single fibre

embedded in a resin block. The second option is that a real component, or at least

a part of a real component, can be made and tested, for example, by means of a

laminated coupon specimen. Modet systems have the advantage of making the

various components of the composite more discrete, thus enabling the behaviour

of each to be studied in isolation. The drawback to this is that there is no

guarantee that the performance of the model system represents the behaviour in

the real system. The problem with using a real system, however, is that the

failure proces$ in a fibre composite is so complex that the contribution of the

various modes cannot be determined. In this study a model system is employed

consisting of either a plane or bundle of fibres embedded in a plate of resin, which

has some semblance to a real system.

Although model systems may not completely represent the behaviour of the real

system, it is important to develop tools which aid the understanding of what is a

difficult failure process in a complex material. Part of this understanding is the

study of how a crack in the matrix material interacts with the fibres and the

interface. This is an important component in the overall study of failure in fibre

composites and has particular application to the area of fatigue, or progressive

failure.

The double torsion specimen was selected to achieve both crack interaction and

interfacial debonding. It was chosen after examining the performance of various

fracture specimens because of its controlled crack growth characteristics and ease

of use compared to other techniques. The double torsion specimen uses
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continuous fibres fully embedded in a plate of resin rather than the more current

techniques of single fibres partially embedded in a resin block. The differences in

behaviour relate to the means of interaction and the mode of failure of the

interface. These differences relate to the aims of this study, that is, to provide a

tool for the study of crack interaction and a simple means for assessing the

relative strength performance of composite systems.

The double torsion specimen allows cracks to be propagated tfuough the matrix

material and to interact with fibres. This interaction shows the failure process

developing, i.e., initially matrix cracking, followed by interfacial debonding, and

culminating in fibre failure. This has been confirmed by observation and

through the use of acoustic emission. Also, examining the mechanics of the

double torsion specimen allows the loads in the fibres to be calculated. A method

for determining the energy distribution in the system has been suggested. Finite

element modelling was employed to aid this analysis. From these studies

conventional fracture and fibre pull-out analysis techniques can be applied to

obtain some insight into the performance of the interface.

The principal analytical tool has been the compliance change method, developed

as part of this research. This can be applied to a double torsion specimen in

which the fibres are bridging the main matrix crack. Results from the

experimental testing have shown a good correlation with the finite element

analysis for the determination of the loads in the bridging fibres.

The materials studied were limited to glass reinforced thermosetting polymers

for reasons of availability and ease of handling. Results from this study show

that interfacial failure can be studied with the double torsion specimen. Also, by

applying simple analytical tools, an insight into interfacial performance, in a

relative rather than absolute sense, can be obtained. This research has clearly

demonstrated that the double torsion specimen should find application as both a

research specimen and as a simple qualitative, and eventually quantitative,

technique in industrial applications.

4



Chapter 2 Review

2. Review

The interface between constituents is an integral part of any composite system.

As will be shown in this chapter, the interface has been widely studied and its

significance to the understanding of the mechanical behaviour of composites is

generally recognised. A number of techniques have been developed to study the

interface, but the integration of this knowledge into an overall composite

behaviour model is still limited. This section shows some of the approaches

taken to study not only interfacial performance, but also composite strength

assessment in general. It attempts to highlight the application of interfacial

strength properties to composite strength properties, where it has been

appropriate, and explain why it has been ignored in other aspects of composite

performance. Current strength models will be discussed along with techniques

used for determining constituent and ply properties. In relation to the interface,

the study of fracture mechanics is particularly important. This is discussed in

general terms and also in terms of how it has been applied to polymers and non-

homogeneous materials. These two aspects are particularly concerned with

interfacial failure in composite materials, and are closely related to the

mechanism of debonding. The stresses on the interface and interfacial debonding

are discussed as well as models used for crack and fibre interaction. Current

5
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techniques for measuring the properties of the interface are also discussed.

Finally, acoustic emission is introduced. This technique has a particular

relevance to the study of interfacial failure because of its ability to discriminate

failure modes as they occur in real-time. The emphasis throughout this chapter

is to show that a number of tools exist to study the strength of fibre composite

materials. One aspect of this is interfacial strength and its assessment. By

increasing the understanding of this parameter, future designers may be able to

more accurately predict toughness, control failure modes, enhance fatigue

performance, and also enable quality control in manufacturing processes. To

begin with, a general summary of fracture mechanics is presented. This is

primarily included in order to define the parameters involved in the assessment

of "strength" in composite materials.

6
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2.1. Fracture mechanics

The theory of fracture mechanics and the concept of fracture toughness grew

from the large number of component failures at less than their designed service

stresses. In the last thirty years the development of "linear elastic fracture

mechanics" has progressed to meet the need of understanding failure

mechanisms and failure prediction of high strength metals and ceramics. These

materials typically have low fracture toughness. More recently, the increased use

of polymers and fibre reinforced plastics in structural components required a

better understanding of the mechanisms of failure, especially with respect to crack

initiation, growth, and fracture.

This section aims to introduce fracture mechanics concepts and explain how they

relate to the study of the interface in composites. A comparison is made between

fracture mechanics and strength of materials failure criteria and the relative

merits of each as applied to composite materials. Measurement techniques for

fracture toughness parameters are discussed and special mention is made of the

fracfure of polymers given their special relevance to composites and the use of

the double torsion specimen. Finally, the fracture of non-homogeneous

materials is examined.

2.L.1. Fracture concepts

Fracture mechanics is based on the hypothesis that materials will fail because of

the existence of defects within the material. All engineering materials contain

flaws of some sort. In fracture mechanics a flaw, or more specifically a crack, will

propagate when a critical condition is reached. This differs from the more

conventional limit concepts of stress or strain in that fracture requires a particular

7
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defect to exist rather than that any point

a limit, e.g., yield in a ductile material

limit criterion is attained.

du=
da

per unit thickness,

replaced by

in the material being capable of reaching

will occur wherever and whenever the

Fracture mechanics is often thought of as an energy balance. This concept was

first proposed by Griffith (1921). Griffith considered an infinite plate with fixed

ends containing a crack oriented across the applied stress field (see Figure 2.L).

When the plate is loaded the elastic energy contained in the plate is given by the

area under the load-displacement curve, i.e., area OAB. If the crack extends a

length, da, the stiffness of the plate will reduce and the load will relax because the

ends of the plate are fixed (line OC). The elastic energy now stored in the plate is

the area OCB, the difference being the shaded area OAC. This is the energy

released by the crack propagating from length a to a+da. Griffith stated that crack

propagation will occur if the energy released by the crack growth is sufficient to

provide all the energy required for the crack growth. If this is not met then more

energy has to be made available by increasing the applied stress.

The Griffith energy balance can be expressed as

du _dw
da da Z.I

where U is the elastic strain energy and W the energy required for crack growth.

Using the stress field about an elliptic flaw (Inglis 191,3), Griffith calculated dU/da

as

2no2uE z.z

and E is Young's modulus. The term dU / da is usually
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extension

Figure 2.1. The Griffith criterion. a) Cracked plate with fixed ends and applied

stress o; b) Elastic energy for crack lengths a and a+da.

2
r -IECa."- E

where G is the strain energy release rate per crack tip.

The other term in equation 2.1 is denoted by R and is called the crack resistance.

For perfectly brittle materials, R is a constant. As the level of ductitity increases,

9
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more and more of the work of fracture is taken up by the formation of plastic

zones about the crack tip rather than extending the crack itself. R, in this

instance, is not constant.

A Griffith approach can also be applied to a cracked plate under constant load to

obtain a relationship between energy release and the compliance of the plate.

Consider the plate of unit thickness in Figure 2.2 where the load is free to move.

Figure 2.2. Cracked plate with loads free to move.

The energy balance is now given by

dW
Ta 2.4

where F is the work done by the load, and U and W are as before. The left hand

side again represents the energy release rate, G, and the right hand side crack

resistance. The load-points will move an amount u under the action of the load.

When the crack grows by da the loads will displace a further amount du. The

work done by the load during crack extension is P.du. Equation 2.4 can be

rewritten as

1.0

*,t-U) =
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2.5

where B is the plate thickness and U1 is the total elastic energy in the plate.

When there is no crack growth the displacement is elastic so the displacement is

proportional to the load, i.e.,

u =CP 2.6

where C is the compliance of the plate. The total elastic energy in a plate is thus

U,=lpu =lcp''2 2 2.7

For constant load, the displacement (Equation 2.6) and elastic energy (Equation

2.7) can be differentiated with respect to crack growth and substituted into

Equation 2.5, thus

c =*(F-u)=#(u** qq.J

G =+("f l"f)=*#
2.8

This is the fundamental compliance relationship for fracture. By measuring the

compliance versus crack length relationship, Equation 2.8 can be applied to

identical specimens with different length cracks to obtain G. It should be noted

that it applies only where materials show little plastic deformation and the crack

exists in plane strain conditions. These restrictions were addressed by Irwin

when he formulated the theory of Linear Elastic Fracture Mechanics (L.E.F.M.).

Irwin (1958) adapted Griffith's energy approach to stress parameters. The stresses

about a crack in an infinite plate subjected to uniaxial tension (Figure 2.3) were

analysed by Westergaard (1939). Thuy can be expressed as
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ox= o

tr]n='

oz=0

or more generally as

*+[t+,if""+]

*,}[t-,if,i"9qr]

L2

re030
; rt^tcoszcos 

2

(plane stress) 2.9

o,,=f r,,<rl
2.t0

Figure 2.3. Stresses about a crack in an infinite plate.

The term K1 is known as the stress intensity factor and the subscript I refers to the

mode of failure. Its function depends not only on the length of the crack and the

far field stress but also the position and orientation of the crack to the stress field.

For the infinite plate case the geometric factor is {n , i-e.,



Chapter 2 Review

KI
o= ,-

NfiA

13

Irwin utilised this stress field to calculate the energy required to close a small

portion of the crack by superpositioning forces along the crack surfaces. Irwin

showed that the energy required to achieve this was

2.L2

The term G is the same strain energy release rate associated with the Griffith

energy approach. At some critical state fracture occurs. The factor K1 is then

defined as K1. and is known as the critical stress intensity factor. It is a material

property which is a measure of a material's fracture toughness.

The Irwin analysis has proved successful because fracture can be described for any

situation if the fracture toughness is known, the size and orientation of the crack

is determined, and the stress applied to the material is defined.

Ki
t=E

c =(' "1f

2.L1,

2.13

Equation 2.L2 can be applied to plane strain situations thus

This relationship is for mode I, or the crack opening mode. Similar relationships

exist for mode II and mode III, the sliding and tearing modes (see Figure 2.4). The

three modes can be superposed to describe a general loading case.
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Figure 2.4. Crack loading modes.

Irwin's other main contribution was the incorporation of plastic zones about the

crack tip. Because the elastic solution leads to infinite stresses at the crack tip,

Irwin suggested that the plastic zone ahead of the crack tip be incorporated into

the crack length. The length of the plastic zone is a function of the stress state and

the yield stress of the material. This leads to a modified expression for fracture

toughness:

I t -., tl%KI=ol"l"*+ll
t \ znovJJ 

zr,4

Other workers (Dugdale 1960 and Duffy 1969) have suggested alternative analyses

and a discussion of these can be found in Broek (1986). An important aspect of

plastic zone analysis worth mentioning is the effect of considering plane stress or

plane strain.

Plane strain conditions exist where there is sufficient thickness of material to

support a triaxial state of stress. Brown & Srawley (1955) showed that the

thickness of the specimen should meet the following condition:

I4
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B>zs("rJ'
2.L5

The size of the plastic zone in plane stress is considerably larger than for plane

strain based on the Westergaard stress field and a Von Mises type yield condition.

Hence the plane strain condition is the more critical because less energy goes into

the formation of a plastic zone. This has important implications when canying

out fracture toughness tests in that specimens of sufficient thickness must be used

to ensure that plane strain conditions predominate. Other approaches have been

made to analyse fracture where large amounts of plastic deformation occur.

Orowan (1955) put forward the Crack Resistance Theory and Rice (1968) the |-

Integral Method. These approaches can be applied to both elastic and elastic-

plastic crack growth. The latter technique is often referred to as Elastic-Plastic

Fracture Mechanics. Any fracture mechanics analysis is reliant on the accurate

measurement of the fracture resistance of the material under consideration.

2.I.2. Fracture toughness measurement

Test methods for determining plane strain fracture toughness have been

standardised (ASTM E 399) by the American Society for Testing and Materials

(ASTM). The two main specimens are the compact tension specimen and the

three-point bend specimen (see Figure 2.5). Rigorous dimensional constraints

ensure that plane strain conditions exist and that the crack is of sufficient length

to obtain an accurate assessment of K1.. In the testing of metallic materials the

starter notch is cut into a chevron and the specimen is cycled to generate a fatigue

crack. The specimen is then loaded at a constant rate until the fatigue crack

rapidly propagates at the state definhg Kl.. The plane strain fracture toughness is

determined from the critical load and final geometry of the crack (see Appendix
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A). A number of other ASTM standards are related to fracture toughness testing.

These are listed in ASTM E 616 - 82, 'Standard Terminology Relating to Fracture

Testing'.

Figure 2.5. Standard fracture toughness specimens: a) three-point bend test, and

b) compact tension test.

A number of other testing techniques, both standard and non-standard, also exist.

Of particular interest to this study were testing methods where the fracture

process could be controlled so that direct observation of the crack growth could be

made. Non-catastrophic fracture toughness specimens are those where the crack

is growing into a region of compression, for example, the Brazilian and double

cleavage drilled compression specimens (Figure 2.6), or where the energy

available for crack growth decreases as the crack grows. These are typically long

specimens such as the double-cantilever beam and the double torsion specimens

(Figure 2.7). The double torsion specimen was of particular interest because of its

ability to grow cracks in a slow and controlled manner. These features were

1.6

a)

b)
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appealing for developing a

svstem.

specimen to study crack growth in a model composite

Figure 2.6. Fracture toughness specimen where the crack grows into a

compressive region: a) Brazilian specimen, and b) double-cleavage drilled

compression specimen.

A variation of the double-cantilever beam is the tapered double-cantilever beam

specimen (Mostovoy et al. L967). This varies the depth of the specimen such that

the stress intensity factor is independent of crack length. This feature is also

available with the double torsion specimen. It is an especially useful attribute in

the study of fracture in brittle materials because stable crack growth can be

achieved. It also means that the calculation of the stress intensity factor is

comparatively simple. The other important criterion for this work is simplicity

of manufacture and repeatability of results. To this end, a comparative study of

polymer fracture was made between two standard test techniques, the compact

tension and three-point bend specimens, and two specimens which exhibit

controlled crack growth, the double torsion specimen and the double cleavage

t7

b)
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drilled compression

adjunct to interfacial

specimen. This study

fracture and composite

of polymer fracture was

fracture as a whole.

18

a valuable

a)

Figure 2.7. Controlled crack growth specimens: a) double-cantilever beam

specimen, and b) double torsion specimen.

2.1.3. Fracture of polymers

The mechanisms of fracture in polymers are as varied as the range of polymer

systems. Attempts to characterise polymer fracture have considered traditional

fracture mechanics analyses (Young 1979) as well as kinetic theories of fracture

(Andrews 1979). Kinetic theories concern themselves with the analysis of

fracture in terms of chemical bond breakage. Fracture of polymers is clearly

related to the chemical composition as is shown by the variation in fracture

toughness as the hardener content is varied in an epoxy resin (Young 1979).

Some of the important characteristics of polymer fracture are discussed below.
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Crazing is a phenomenon associated with glassy polymers. Crazing is similar in

effect to yield in a metal in that it is an energy absorbing process that occurs

around crack tips. Young describes crazing as the formation of small crack-like

entities formed during deformation and oriented normal to the maximum

principal stress. They are internally bridged by fibrils, which distinguishes them

from cracks. In epoxy resins there is limited evidence of crazing, particularly in

fully cured resins (Van den Boogaart 1966).

Although thermosetting plastics are thought of as being brittle, plastic

deformation can occur during fracture (Young 1979). Plastic deformation is

restricted to the area adjacent to the crack tip and its affect can be modelled by

using a plastic zone correction factor. It effectively blunts the crack, thus

increasing the resistance to fracture. Young & Beaumont (1976) showed that the

formation of plastic zones was rate-dependent, which may help explain the

phenomenon of unstable crack growth.

Polymers tend to exhibit visco-elastic behaviour and as such the properties are

rate-dependent. One aspect of the rate-dependence is the transition between

stable and unstable crack growth (Young 7979). At low crack velocities the

propagation is unstable but at higher velocities stable crack growth dominates. A

transition between stable and unstable crack growth also occurs as temperature

increases. The precise mechanism for stable versus unstable crack growth is not

yet fully understood but the principal trends have been observed. Young's

overview discussed how stability varied with crack speed whereby higher crack

velocities produced more stable behaviour. Temperature of testing also has an

effect on stability. At lower temperatures the transition between unstable and

stable crack growth occurs at a lower crosshead speed. Young also mentioned

how other, material related properties, such as moisture content and the amount

of curing agent, have been shown to affect the stability as well.

T9
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As a result of testing carried out in association with this thesis, the effect of crack

tip radius was highlighted (Brown 1989). Kinloch & Williams (1980) showed for

epoxy resins that the fracture toughness was proportional to the crack tip radius.

The reasons for this, although not completely understood, are related to the )""1d

stress of the material. The blunting of the crack as it grew led to unstable crack

growth because the crack tip radius effectively increased as the material around

the crack tip yielded. Kinloch & Williams found no evidence of crazing, a

blunting mechanism often associated with polymers.

The study by the author (Brown 1989) showed that some polymers were more

resistant to crack formation. It was found that in polyester, cracks would form at

the root of machined notches whereas vinyl ester would machine well leaving a

smooth, flawless notch. The crack tip radius was considerably larger for the

machined notch and, thus, the apparent fracture toughness was higher when

there was no cracking in the machined notch. Using compact tension or three-

point bend specimens with polymers provided limited results because the failure

was immediate and, particularly for vinyl ester, catastrophic as soon as fracfure

initiated. The double torsion test, being a controlled crack growth fracture test,

was able to initiate from a notch where the fracture toughness represented a

notch rather than a crack, but then as the crack propagated along the specimen the

measured fracture toughness was, of course, truly representative of a real crack.

The other stable crack growth specimen studied by the author was the double

cleavage drilled compression specimen. This specimen had been developed by

fanssen (1974,1980) for the study of fracture in glass. When testing polymers it

was found that initiation from a simple hole was not possible. To help initiate

the cracks, notches were broached through the thickness. A razor blade was used

to further develop the notch. Whilst this helped the initiation of the crack, the

20
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crack growth was not stable as had been described for glass. Part of the reason for

this was the lower modulus and yield stress of the polymer. The high loads

required to propagate the crack resulted in large amounts of plastic deformation.

This meant that the specimen plastically deformed into two columns which

promoted crack growth in a manner not in accordance with the original analysis.

There was also a problem with the compression stresses near the platens which

would arrest the crack. The reason for this is believed to be the interaction

between the specimen and the loading platens. The friction between specimen

and platen caused a transverse compression which opposed the crack opening.

At high loads this overwhelmed the local stress raiser about the crack tip. Upon

downloading, the magnitude of the end effect diminished and the crack was free

to propagate. To obtain a longer useful crack length, longer specimens were

produced. These, however, suffered from bending, which, with no lateral

constraints, produced a lopsided crack front.

The analysis that was utilised (Warren 1987) resulted in values of KIc significantly

lower than those obtained by the other three methods. Whether this was the

fault of the testing method, the material or the theoretical analysis is difficult to

ascertain. The degree of ductility would appear to have corrupted the results,

given that reasonable results have been obtained using glass. The question of

unreliability of the analytical solution is somewhat supported by comparing the

data from Janssen's tests on glass to Warren's theoretical model. ]anssen's

values, which correlate well with values from other test techniques, show that

KIc is underestimated for a given hole-to-width aspect ratio. This is in line with

the values obtained on resins which were uncharacteristically lower than those of

the other techniques. Full results from the study of polymer fracture are

presented in Chapter 4.

21
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The failure of unreinforced polymers is related to composite failure because

polymers form the matrix in many composite materials. The intermediate

material between polymers and fibre composites is particulate-filled polymers

which, like fibre composites, are non-homogeneous materials. Some aspects of

their failure are common to fibre reinforced plastics. These are presented in the

following section.

2.1,.4. Fracture of non-homogeneous materials

Much work has been done to improve the fracture properties of resins. In the

main this consists of including a second phase. The second phase material may

be compliant, for example rubber (Riccd et al. 1990), a brittle particulate such as

silica (Young & Beaumont 1975), or a metallic particulate (Griffiths & Holloway

1,970). Other approaches have been to vary the hardener content in the case of

epoxy resins (Griffiths & Holloway 1970). The two phase material approach is of

interest to composites because of the similarity to crack growth in the non-

homogeneous environment that exists in composites.

Polymers containing a second phase particulate have a higher fracture toughness

than the unfilled polymer. One of the reasons for this is the increase in fracture

area as the fracture plane deforms around the particulates. More importantly

though is the crack blunting effect produced by the second phase. Other fracture

phenomena common to composites are interfacial failure, pull-out, and fracture

of the particles. Young & Beaumont showed that these failure mechanisms were

present in epoxy filled with silica particles (42% by volume) and also that the

mode of failure was related to the crack velocity. A similar result was obtained

by Montes-G. & Draughn (1987) studying glass particle and submicron silica

particle filled dental restorative materials. Their study showed that at high crack

22
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velocities the fracture properties of the composite depended on the properties of

the polymeric matrix, the filler, and the filler volume fraction, whereas at low

velocities the interface dominated. The fracture behaviour of non-homogeneous

polymers filled with particles differs from fibre reinforced polymers mainly in the

sense that the reinforcement is long in relation to its diameter and is likely to

remain intact even though the matrix and/or interfacial crack is present. This

crack plane bridging is not present in particulate filled composites. Since the

bridging effect makes it much harder to analyse and evaluate the failure

mechanism in fibre reinforced polymers, it is not uncommon to by-pass the

fracture behaviour and to develop "failure theories" of the type traditionally

associated with ductile homogeneous materials. The following section

introduces some such failure theories for composites.
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2.2. Composite strength and failure

Composite materials, as used in modern structures, are fabricated by building uP a

laminate of distinct layers. Each layer consists of either unidirectional fibres or a

woven cloth of perpendicular fibres. Many variations on this basic theme exist,

for example, triaxial weaves or various fibre angles stitched together, long

discontinuous fibres, and braided structures where fibres are interlaced over a

shaped mould. In all cases the composite is a combination of two or more

constituents which typically have very different strengths. The determination of

strength of the composite structure must ultimately be based on the strength of

the constituents. The problem with this approach is that the combining of the

constituents introduces a third component, namely the interface between the

fibre and the matrix. The strength of this interface is difficult to determine and,

perhaps, even more difficult to integrate into the calculation of the overall

strength of the composite. In this light, the approach usually taken is to look at a

more macroscopic level and consider the strength of a single lamina and then

base the strength of the laminate on the combination of the single laminae based

on their respective orientations. This approach basically ignores the properties of

the interface directly, merely assuming the failure of the interface, as it would

occur in a unidirectional composite, is the same when the composite consists of a

collection of unidirectional laminates. This section discusses the strength and

failure theories related to composites and how they do or do not utilise the

strength of the interface.

2.2.1. Description of failure processes

The failure of a composite material component, as with any engineering

component, is dependent on the rdle of the structure. The simple ability to

24
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transfer load does not necessarily mean a structure has not failed. A good

example of this is a pressure vessel where the primary r6le of the structure is to

contain the liquid or gas inside. Failure of this structure could occur because only

the matrix had cracked through the thickness of the wall. In general terms, the

failure of a composite can be broken into the failure of the three constituents: the

fibres, the matrix, and the interface. Within these groups are failure modes

characteristic of laminated composites. Failures such as interply failure by

definition require multiple laminae and their occurrence is not necessarily

predicted by testing of a unidirectional laminate. Other failure modes are

peculiar to the composite structure, for example, the debonding of the skins in a

sandwich structure.

Failure of the matrix has been discussed previously in that the matrix material

considered in this thesis consisted of a glassy polymer. In a composite, failure of

the matrix is likely to initiate at some flaw which may be a void or microcrack,

and propagate through the composite. Microcracks are often due to thermal

stresses from elevated temperature curing. Acoustic emission studies tend to

show that matrix cracking is the first mode of failure in a composite material

(Kander 1990). Whether it is the initiation of the critical failure will be dependent

on the structure of the particular composite material.

Interfacial failure can occur from a number of mechanisms. The various

approaches to interfacial failure are examined in detail in Section 2.3. At this

stage it should be stated that interface and matrix failure affect the failure of

composites in many ways but specifically the transverse strength and the fracture

toughness (Drzal & Madhukar 1993). Interfacial failure can be initiated by

interaction with a matrix flaw, when the interfacial shear stress reaches a critical

maximum, or surrounding the fracture of a fibre. In the first two cases the fibre

may remain intact about the debonded region. This is referred to as fibre bridging

(see Figure 2.8).

25
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Figure 2.8. Fibres bridging a matrix crack. The interface may be intact or

debonded.

A number of other failure modes are associated with a fibre bridging a crack

(Harris et al. 1975). As the load on the fibre increases the debonded region of the

fibre will extend in relation to the load carried by the fibre. The matrix material

surrounding the debonded region is free of stress in the load direction with the

exception of frictional stresses between the fibre and matrix. These stresses are

related to thermal stresses and Poisson's effects (Hsueh 1990b). The load on the

fibre will increase until the fibre fails. The failure may occur anywhere within

the debonded region. As further load is applied to the adjacent fibres and matrix

the broken fibre will be pulled out from one side of the fracture surface. Again

the friction between the fibre and matrix must be overcome.

If one considers a unidirectional composite, the first component to fail will be

governed by the failure strains of the constituents, including the interface. In a

thermosetting resin and brittle fibre system, such as glass/polyester or

carbon/epoxy, the failure strains will be adversely affected by the presence of

flaws. No matter which constituent fails first, the ultimate failure in composites
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is a progressive accumulation of the various failure modes discussed in this

section. The strength of the composite is, however, based on some critical

amount of damage.

2.2.2. Strength models for composites

There are two fundamentally different approaches to the strength determination

of composites: macromechanical and micromechanical. Macromechanical

methods are based on the strengths of a lamina and then treat the laminate as a

collection of anisotropic layers. The stress in each layer must be determined and

applied to a failure criterion which utilises the experimentally determined

strengths of the unidirectional lamina. Micromechanical methods consider the

progressive failure of the constituents within the composites and, given the

heterogeneous nature of composites, are considerably more complicated to

analyse than macromechanical methods.

The most popular macromechanical approaches are based on lamina strength

properties which treat the lamina as homogeneous but anisotropic. Strength

constants based on unidirectional composites can be applied to some sort of

failure criteria to determine the strength of an arbitrarily oriented lamina to an

arbitrary state of stress. There are three common approaches for failure criteria of

unidirectional composites: maximum stress, maximum strain, and quadratic

interaction criteria. The maximum stress and maximum strain criteria are very

similar in that failure occurs when the stress or strain reaches the maximum

27
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oY=Y orY'
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or, for strain

XX't*= 
E 

otq

YY'€y=F orF'"v"y

St"= 
% 2.t7

where x refers to the fibre direction,

y refers to the transverse direction,

s refers to the in-plane shear,

X is the ultimate tensile strength in the fibre direction,

X' is the ultimate compressive strength in the fibre direction,

Y is the ultimate tensile strength in the transverse directiory

Y' is the ultimate compressive strength in the transverse direction,

S is the ultimate shear stress, and

E refers to the appropriate Young's modulus

The two criteria are not identical because of the Poisson's ratio effects. Each

component of stress or strain has its own criterion and is not affected by the other

components, i.e., there is no interaction between terms. The third failure

criterion, quadratic failure, introduces an interaction term.

The most often used quadratic failure criterion is the Tsai-Wu criterion (Tsai &

Wu 1970). The quadratic interaction criterion accounts for interaction of stress

components in determining strength in a biaxial stress field. For orthotropic

materials subjected to planar states of stress the Tsai-Wu criterion may be

28
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expressed as follows:

F1o1 + F262+ F6o6 + Frror2 + 2F126162+

+ F22of + F1561o6 + F26o265 + F55652 = t

The subscripts 1, 2, and 6 refer to the fibre direction, transverse direction, and in-

plane shear respectively. The constants, with the excePtion of Ftz, can be

expressed in terms of the strength properties of the unidirectional lamina:

Fl1=

29
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2.19

,,=+-i Fn=1
XX

FO=Ft6 =F26=0

The interaction term, F12, wn$ determined by Tsai & Hahn (1980) to be

FLz='
2.20

in normalised form

F12 =
Frz

JF. * 2.2r

Tsai showed that to obtain a closed solution, i.e., one that does not allow for

infinite strength, F12"must be -1./2. This is a variation of the von Mises criterion

for isotropic materials and results in an elliptic failure envelope (see Figure 2.9).



Chapter 2 Review 30

Compliance transformations can be applied to determine off-axis strength

properties and a thorough presentation of this is given in Tsai & Hahn (1980).

The important assumption in all three of these strength criteria is that the

material is homogeneous, that is, the properties do not vary from point to point.

The other point worth noting is that the failure mechanism is not defined by the

failure criterion. These two shortcomings were addressed by Hart-Smith's

maximum-shear stress strength characterisation (Hart-Smith 1992b).

Figure 2.9. Von Mises type failure envelope for unidirectional lamina. The axis

intercepts represent the measured tensile and compressive strength in the

longitudinal and transverse directions. Axes not to scale.

The approach taken by Hart-Smith recognises that the failure of a composite

material occurs in the fibre, matrix, or interface and any failure criterion must

characterise each of these failure mechanisms separately. Because a complete

characterisation is not currently available, Hart-Smith restricts analysis to

laminates where the strength will be dominated by fibre initiated failure. For

certain laminates where a well recognised failure mode exists, the failure

envelope is adjusted only in the region where that mode occurs. In contrast to

the Tsai-type von Mises failure criteria, Hart-Smith utilises a maximum shear

stress condition, commomnly attributed to Tresca for ductile isotropic metal

alloys. The principal difference between the two failure envelopes is that the
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Hart-Smith envelope is bounded by straight lines between well defined vertices

representing the strength of a unidirectional laminate (see Figure 2.10). Because

the failure mode is always the same, only one strength parameter is needed, that

is, the tensile strength of a unidirectional lamina.

Figure 2.1,0. Maximum shear stress (Tresca) condition in strain space (Hart-Smith

re92b).

Hart-Smith's strength philosophy is based on predicting the failure of fibre first

designs, that is, if a composite structure does not fail in the fibres first, it should

not be made, because its failure is difficult, if not impossible, to predict. The effect

of this is that designs are restricted to well homogenised, quasi-isotropic

laminates. Whilst improving, perhaps, strength predictability, this limitation

counteracts many of the advantages that composite materials present. Strength

and stiffness-to-weight ratios become similar to those for aluminium for quasi-

isotropic laminates (Tsai 1990) leading to the expression 'black aluminium'.
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Laminate strength theories have been used for over twenty years with reasonable

success. It can be argued that they work well, but only when the failure mode is

related to the measured strengths of a unidirectional lamina and only for in-

plane states of stress. The theories break down in other loading situations and

when irregularities occur in the laminate, for example, cut-outs, notches, holes,

free-edges, and at sites of damage. In these situations specialised stress analysis

must be carried out and a failure analysis must be applied that will predict the

failure mechanism. There is, as yet, no universal failure theory that describes

every possible failure. A deeper understanding of composite failure will require

knowledge of the strength and failure characteristics of each of the constituents

and the interactions between them. This must include the interface as a distinct

constituent in the composite system with its own unique properties.

One alternative to macromechanical approaches is micromechanical analysis.

Micromechanics attempts to treat the material as genuinely heterogeneous and

predict the failure, and other properties, in terms of the composite structure.

Much work has been done on the theoretical behaviour of a crack in a bimaterial

environment (see for example Sih 1981). On a slightly larger scale, W*g (1984)

has discussed the fracture of sublaminate cracks, that is, cracks that are internal to

a laminate which are generally invisible macroscopically, but are much larger

than the microcracks which are often considered in micromechanics. Further to

this is the application of probabilistic micromechanics which is based on the

assumption of a random distribution of strength due to flaw distribution (Wang

199L). The essential aspect of any micromechanical approach to failure prediction

of composites is that the interface, along with defects, forms part of the

microstructure of the material. Therefore, its performance, along with the basic

matrix and fibre properties, determines the damage processes in composites.

Many of the micromechanical properties require a probabilistic approach because

it is reasonable to assume that defects are randomly distributed. Commensurate
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so that accuratewith this is the determination of interfacial properties

mechanical properties can be utilised in failure theories.

2.2.3. Determination of properties

An important aspect of understanding the behaviour of composites is the

characterisation of the properties of the composite. This includes the

independent measurement of the matrix and fibre properties as well as the

behaviour of laminae and laminates. A good description of test methods for the

various properties is given by Whitney et al. (198a). A brief overview is given

here.

Single filaments can be tested in accordance with ASTM D 3379-75. Large

numbers of tests are required to obtain a reasonable sample and it should be

noted that strength is a function of length (Tsai & Hahn 1980). The standard

requires fibre lengths at least 2000 times the nominal fibre diameter.

The polymeric matrix tensile properties can be determined from a simple

dogbone specimen (ASTM D 638-72') or thin strip specimens (ASTM D 882-73). As

with the testing of any brittle material, flaws, either surface or internal, must be

minimised.

Lamina and laminate properties can also be determined from standardised test

techniques. The reason for carrying out lamina testing has been defined by

Whitney et al. as:

The unidirectional lamina is the building block of the multidirectional
laminate. Therefore, characterisation of lamina material properties
allows predictions of the properties of any laminate.
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As has been stated earlier, this is not true for strength properties but it has been

shown to be reasonable for the prediction of elastic stiffness properties. Many

techniques have been developed to measure the strength properties. These

include longitudinal and transverse tension and compression specimens, flexure

tests, off-axis tension tests, and shear tests. These tests can be applied to

unidirectional tests as well as laminates. Direct characterisation of laminates has

proved necessary in certain situations because of the limitations previously

mentioned. Other, more specific failure modes have lead to the development of

techniques for testing, for example, interlaminar shear stress and laminates

containing holes or notches. Description of these is again detailed by Whitney et

al..

There are, however, many other aspects to strength and failure than calculating

the loading conditions a laminate can withstand. Any practical structure must be

able to cope with the rigours of its working environment, which means

sustaining impacts, chemical and atmospheric attack, and unforeseen overload

due to shock or misuse. In these situations it is inevitable that matrix and

interfacial, as well as fibre, damage will occur. It is imperative, therefore, that the

failure processes due to all the failure mechanisms in composites be examined.

To this end, the development of techniques to determine mechanical properties,

such as strength and fracture resistance, is essential to the overall development of

composite materials. This thesis is particularly concerned with the

characterisation of interfacial failure. An essential aspect of this is an

understanding of the debonding process.

34



Chapter 2 Review

2.3. Theory of debonding

The mechanism of interfacial debonding and the subsequent arrest of matrix

cracking by crack blunting or fibre bridging is responsible for the apparent

toughness of fibre composite materials. To understand these features it is

necessary to analyse the stresses on the interface, develop a failure philosophy,

and be able to test the interface to measure its mechanical properties. Having

determined that a homogeneous approach to model the strength of fibre

composite materials is inappropriate, the inherent heterogeneity is examined and

its rdle in enhancing the strength and toughness of composites is discussed.

2.3.L. Stresses on the interface

Composites, like any structures, can be loaded in many ways and may have a

number of different load cases simultaneously. When designing with composites

one of the principal aims is to best utilise the strength and stiffness of the fibres.

This will mean that fibres are aligned in the direction of the principal stresses.

When failure occurs in tension it will typically involve fracture at right angles to

the principal stress and, thus, at right angles to the load bearing fibres. Naturally,

many other failure modes exist for compression and shear loading. The principal

concern of this thesis is the interaction of a crack growing in the matrix and

interacting with the fibres and their associated interface. This applies mainly to

the tension loading cases. With this in mind, the stresses on the interface are

determined for a simple fibre/matrix system.

In a fibre composite material there will also exist an interfacial shear stress

because of the difference in Young's modulus between the fibre and matrix. If

one considers the simple case of a single discontinuous fibre embedded in a
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matrix (see Figure 2.11,) , assuming that the interfacial shear stress is constant,

then the stress in the fibre is given by the following expression:

222

For a fibre to obtain the maximum stress allowed by a simple rule of mixtures,

the fibre must have a length greater than the following:

36
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where o1 is the fibre stress and l" is known as the critical length. If the fibre is

shorter than 1., then the maximum fibre stress is not reached. If the fibre is

longer than l" then the stress in the fibre is equal to o1 along the length of the fibre

except for a distance of I"/2 from either end of the fibre. The assumption of

constant shear stress is, however, incorrect near the ends of the fibre.

Figure 2.11. Stress state of a discontinuous fibre embedded in a matrix.

Cox (L952) introduced the concept of shear lag and this was developed by Kelly

(1973) to obtain the tensile stress in a fibre, o, and the interfacial shear stress, T, as

follows:
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o=Er,*t ,ffi#)
2.24
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where

la 'U

P = IG^ 'n 1''=i+"wli
E1 is the fibre modulus,

qm is the matrix strain,

A1 is the cross-sectional area of the fibre,

G- is the shear modulus of the matrix,

I is the fibre length,

x is the position along the fibre,

r is the radius of the fibre, and

R is the interfibre distance.

Equations 2.24 and 2.25 arc based on the assumption that at the radius R the axial

displacement in the matrix is equal to the displacement that the matrix would

experience if the fibre were not there. In reality, this can only be satisfied for very

low fibre volume fractions. It has been applied to single-fibre composites which

have shown the relationships to be valid for a ratio of R/r equal to approximately

five (]ahankhani et al. 1989).

The stress on the interface will also be affected by the presence of flaws in the

material. Of particular importance is the presence of cracks and the stresses that
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are created on the interface either by an approaching crack or because the fibres

are bridging an existing crack. These relate to interfacial failure philosophies and

are discussed in the following section.

2.3.2. Interfacial failure

Interfacial failure is the key to developing tough and strong composites. Fibre

composites that are made from brittle-brittle systems, such as glass or carbon

fibres reinforcing a thermosetting resin, require a mechanism for arresting cracks

that may initiate in the matrix or the fibres. It is the strength of the interface that

determines the mode of failure of the composite. If the interface is very strong

then matrix cracks will tend to propagate across the composite as if the material

were a completely homogeneous brittle structure. Because there are no

mechanisms available to redistribute the stresses, failure would be catastrophic.

At the other extreme, if the interface is very weak then fibres and matrix will

behave independently. Again, as fibres break there would be no mechanism to

locally redistribute the stresses so the remaining fibres would experience a higher

stress causing catastrophic failure. There is clearly an optimum condition

whereby a failure in the fibre or matrix will be contained within a small region

because energy will be redistributed and dissipated by interfacial failure resulting

in a tougher composite system. A number of failure mechanisms have been

developed to explain this toughening process.

Cook & Gordon (1964) proposed that the stresses around the tip of an advancing

crack cause the interface to fail before the crack reaches the interface (see Figure

2.L2). Thuy used the stress state about the crack tip as defined by Westergaard (see

Section 2.1,.1). If the interface fails by tension the adhesive strength of the

interface would need to be twenty percent of the molecular cohesion of the
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matrix. This implies a very weak interface. Alternatively, the interface may fail

due to the shear stresses created by the advancing crack. The maximum shear

stress is close to the crack tip but away from the axis of the crack. Dimensions of

true crack tip radii, however, would suggest that the shear failure mode occurs

within one atomic spacing so is unlikely to occur in an atomic structure. Two

important features of the Cook & Gordon mechanism are relevant to any

composite failure theory. First, the creation of new surfaces at the interface will

use up some of the available strain energy. The interfacial crack is also parallel to

the load direction and is, thus, less critical than creating crack surfaces normal to

the load direction. Secondly, when the main crack reaches the debonded interface

it is blunted and may be arrested. Both of these mechanisms dissipate energy and

reduce the likelihood of catastrophic failure.

Figure 2.12. Cook & Gordon debonding mechanism: failure of the interface ahead

of the matrix crack: a) due to tension and b) due to shear,

An alternative hypothesis for the interfacial failure process was proposed by

Outwater & Murphy (1969). In this model the matrix crack can pass around the
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fibres (see Figure 2.13). Because the fibre has a higher strain-to-failure ratio than

the matrix it can stretch without immediate failure. The increased strain energy

in the fibres causes the interface to debond. As the load in the fibre increases the

amount of debonding also increases until the failure strain of the fibre is reached.

Outwater & Murphy attributed the increase in fracture toughness to the storing of

energy in the partially debonded fibres prior to their snapping or being pulled

from the matrix rather than the actual fracture of the interface. The Outwater &

Murphy model has been widely used in the development of pull-out type

interfacial shear stress tests.

Figure 2.13. Outwater & Murphy debonding mechanism: failure of the interface

behind the matrix crack tip.

Marston et al. (1974) studied the failure of boron /epoxy composites and utilised

the concepts of fibre pull-out, debonding, and stress redistribution to develop an

expression for the toughness of a composite. The total toughness was based on

the energy absorbed by the various failure processes, namely, fracture of the fibres,

fracture of the matrix, and interfacial debonding. For boron/epoxy composites

the significant contribution came from the fracture of the interface. One of the

limiting assumptions was that the fracture properties of the interface were the

sarne as those for the matrix.
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However the interfacial failure occurs, it is important to be able to measure the

strength or toughness of the interface so that its properties can be incorporated

into an overall failure theory. In many cases the interfacial strength is taken to be

that of the matrix. Given that the properties of the interface are affected by the
preparation of the fibres, it is clear that this assumption is not valid for many
composite systems. The behaviour of the interface is also strongly affected by the

relative failure strains of the fibre and matrix as this will tend to determine
which constituent fails first. These factors must be considered when applying
failure theories to composite systems different to those on which the theory was
based' Techniques curently used to measure the strength of the interface are

discussed in the following section.

2.3.3. Methods for testing the interface

A number of techniques have been used to measure the strength of the interface
and all almost inevitably use a single fibre. The most often referred to are the
single filament pull-out test, fibre fragmentation, and micro-indentation. The
advantages and disadvantages of each of these techniques is discussed, in furn,
below.

The technique of fibre pull-out has been widely studied (see for example Favre &
Perrin 1972, Lawrence 1972, piggott lggr, and outwater & Murphy 7969). The
technique was first used by Soviet scientists on glass fibres (Shiriajeva &
Andreevskaya 1962, Andreevskaya & Gobratkin a 1970) and was subsequently
developed by Favre & perrin (IgZ2).
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Analysis of the pull-out technique follows two fundamental paths relating to the

choice of a debonding criterion. One approach is based on a maximum bond

strength such that when it is exceeded the bond fails. The second method is based

on a fracture energy approach such that at a critical strain energy release rate the

interface will debond.

The second approach was analysed by Outwater & Murphy (1969) and their

analysis produced the following result (see Figure 2.14).

where

I
IEGE

oa= 2t-, J z.z7

od = debond stress,

Ef = fibre modulus,

G = shear mode critical strain energy release rate, and

r = fibre radius.

Figure 2.14. Fibre pull-out notation.

This is derived thus:
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Substituting 2.35 into Z.B7
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The interfacial "strength" can be expressed in terms of a strain energy release rate,
G, which is simply converted to a stress intensity factor, or fracture toughness, K
using equation 2.48, i.e.,

K2=GE Z.4g

The method of failure is determined via a fracture energy technique. An energy
approach is preferred to a strength of materials approach because interface failure
in a pull-out mode shows characteristics of failure by fracture rather than
simultaneous yielding of the interface (Penn & Lee 1989). This is highlighted by
the duality of single filament pull-out tests as shown by penn & Lee (19g9). For
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short embedded lengths the pull-out force is proportional to the embedded length
but for longer embedded lengths the maximum pull-out force is approximately

constant. The fracture model is also preferred by Piggott (1982). piggott's

expression for the maximum pull-out force for a single fibre pull-out test is a

function of r/L, the embedded length. Such a function appears to fit the

experimental data equally as well as penn & Lee's bilinear model.

The maximum strength criterion was initially based on the simple premise that
the bond strength in shear, omax, can be calculated by dividing the pull-out force,

F,by the area of the bond (Broutman 7969), i.e.,

o**=*
2.M

where 1 is the failed length of bond and d is the fibre diameter. This assumes that
the shear stress along the fibre is constant and that the whole bond fails
simultaneously. Both these assumptions are conservative except, perhaps, for
very short bond lengths. In an effort to test fibre lengths below the critical
(effective) length, testing procedures have been developed such that the
debonded length of the fibre is only a matter of a few micrometres (see for
example Favre & Perrin 1972 or Pitkethly & Doble 1989). In these situations the
resin wetting length due to surface tension effects is of similar magnitude to the
desired embedded length. To apply fibre pull-out analysis based on simultaneous
yielding, an assumPtion must also be made on the effective radius of matrix over
which the shear stress in transferred..

Greszczuk (1969) and Lawrence (1972) developed more rigorous analyses which
take into account the variation in load along the embedded fibre, the so-called
shear-lag theory as first proposed by Cox (Lg52). The shear-lag theory is based on
the equilibrium of the fibre where the force in the fibre varies with embedded
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length' All the pull-out models require a matrix radius through which the shear

transfer takes place. The selection of this is often arbitrary and in a real composite

system the fibre spacing is most likely well within the assumed matrix radius.

Greszczuk analysed this problem, again using shear-lag theory, by considering the

variation in "glue line", the spacing between adjacent fibres. Because of the

complexity of the expression for the glue line, numerical methods were needed to
solve the stress distribution about the fibre.

The difficulty in obtaining the stress distribution in a multifibre situation
comPounds the analysis of such situations. This may make them undesirable to
study in a controlled way because the results are difficult to interpret. The

converse argument, however, for a single fibre situation is that although the
analysis is more direct and the results, perhaps, more likely to agree with the

analysis, the applicability to a multi-fibre system may not be as enlightening.
There is clearly a trade-off between ease of analysis and applicability to reality,

More recent work by Hsueh (19gg, 1990a, b, c, and d) on single fibre pull-out and
push-in tests has expanded the analysis to include such effects as residual
clamping stress, Poisson's effect, and friction during debonding and pull-out.

The advantages of fibre pull-out techniques are that any fibre,/matrix
combination can be used and the load in the fibre is measured directly. The
disadvantages are: the embedded length, which may include a meniscus, is
important, the means of loading the fibre and matrix are critical to the technique,
and the interface may not be the same as in a real composite.

46
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a composite is axially
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moduli of the two constituents, and tension or compression, because of the
different Poisson's ratios. For most typical material combinations, axial
comPression will create interfacial tension stresses. Monofilament tests, such as

those used by Broutman (1969), can generate interfacial tension failures. Their
use has been limited because of the difficulty in manufacturing specimens and
applying failure criteria.

A technique similar to fibre pull-out is fibre push-out or push-in. The difference

between these two is that the push-out method will completely fail the interface

and, thus, requires thin specimens. Eldridge & Brindley (1989) used the push-out
technique to test the interface of a SiC fibre-reinforced Ti-24A1-11Nb composite.
In this case, the interfacial shear stress was assumed constant. Separate loads
were observed for the initiation and the final push-out. Fibre push-in refers to
tests where the complete debonding of the interface is not required. Hsueh
(1990d) developed a comPrehensive analysis for fibre push-in which included the
interfacial shear stress inside and outside of the debonded zone.

The fibre push-in technique has led to the analysis of real composites via the
technique of micro-indentation. This involves the loading of individual fibres
using a stylus until the interface fails (Caldwell et al. 1989). The advantages of
this technique are: a force displacement relationship can be obtained, many data
points can be obtained from one specimen, data collection can be automated, and
the measurement is made on a section of a real composite. The disadvantages
are: the failure region and mechanisms are not observable during testing, the
preparation of the specimen may damage the interface or otherwise affect the
stress state at the specimen surface, and assumptions must be made about the
state of stress on the interface. Caldwell concedes that there is some uncertainty
as to what it is that is measured by this test. The data that it does generate,
however, are reProducible and appear to be of value for manufacturing quality
control.
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The final approach to determining interfacial properties is the embedded fibre
critical length method. This is often referred to as fibre fragmentation. Like the

single filament pull-out test, the fragmentation method uses a single fibre, in this
case fully embedded in the matrix. The specimen is loaded axially and relies on
the shear stress transfer to load the fibre until the fibre fails. Further loading
causes further failure until a critical fibre length is reached. A shear-lag analysis,

as has been discussed previously, is used to relate the fibre fragment length-to-
diameter ratio and the fibre fracture stress to obtain the interfacial shear stress

(Drzal & Madhukar 1993). The advantages of the fragmentation specimen are:

many data points are obtained from a few specimens, the failure processes are

readily observable, it is sensitive to interfacial conditions, i.e., weak or strong, and

it is claimed that the state of stress is similar to that in a real composite. The

drawbacks are: specimens are difficult to prepare and are not real composites, the

fragmentation specimen is restricted. to fibre matrix systems where the strain-to-
failure ratio of the fibre is less than one third of the matrix ultimate strain, the
matrix must be tough enough to avoid fracture being initiated by the fibre failure,
and the fibre strength must be known at the short lengths experienced in the test.

This requires the strength versus length relationship to be determined. It is also

assumed that the fibre strength does not depend on the surrounding matrix
(Favre 1989).

The results of these tests, as with all interface strength tests, are functions more of
interpretation than of analytical exactitude because of the assumptions required
regarding the state of stress about the interface and the initial state of the
interface' Their application to strength in a composite system is, at best, tenuous.
One of the great strengths of the new technique presented in this thesis, the
double torsion specimen, is the manner by which the fibres are loaded to cause

interfacial debonding. The debonding can only be from a flawless plane of resin.
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What develops is analogous to pulling a fibre (or fibre bundle) from a uniform
half-space. The application of the failure processes discussed in this chapter to the

double torsion specimen are detailed in the following chapter. One of the

problems that this chapter attempted to highlight was the uncertainty about
which failure Processes are involved in the failure of a composite, be they in a
model system or in a real structure. A technique which has been used by other
workers, and also in this work, wtrich is capable of discriminating failure modes

is discussed in the following section. This is the technique of acoustic emission.

49



Chapter 2 Review

2,4. Acoustic emission for composites

It is clear from the previous discussion that composite failure is a complex

amalgamation of different failure modes. Ideally, one would be able to examine

the different failure modes in isolation. In reality, testing of composite systems,

be they model systems or real ones, will involve a mixfure of failure modes.

Perhaps the best way in which the failure modes can be discriminated, in real

time, is the technique of acoustic emission. Whilst it is useful for gaining an

insight into which failure modes are occurring and when, it is yet to prove itself

with respect to determining quantitative strength predictions. The benefits and

limitations of acoustic emission are discussed in the following sections.

2.4.L. Overview

A formal description of acoustic emission is,

"the class of phenomena whereby transient elastic waves are
generated by the rapid release of energy from a localised source or
sources within a material." (Definition of Terms Relating to
Acoustic Emission (1977\, ASTM E 610-85).

This definition, whilst being somewhat pedantic, highlights the most important

features of acoustic emission (AE). Some sudden change occurs in a material.

Part of this change may go into stored energy or heat, while some may go into the

formation of elastic waves. These waves propagate in all directions and can be

detected and analysed as acoustic emission. Figure 2.15 shows a schematic

diagram of the different aspects of acoustic emission, from the creation of an

event through to the data analysis.
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Figure 2.15. Schematic diagram of acoustic emission characteristics.

There are three important concepts in the study of acoustic emission: the source

of the acoustic emission event, propagation of the event to the detection system,

and interpretation of the detected event.
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Sources

There are many sources of acoustic emission in materials and different materials

produce different sources. This may seem obvious but it is important to
appreciate that just because a material is, or is not, producing AE does not mean

that monitoring of all the material changes that are occurring is being carried out
unless a full understanding of that particular material's acoustic behaviour is

available. For many materials this has not yet been achieved.

Understanding of what actually causes the event, i.e., the source, is perhaps the

most important aspect of acoustic emission. If one knows what the source is then
the events detected can be used, directly or indirectly, to characterise what change

is taking place within the material. It should be noted that cracking is not always
the cause of AE and there may be much spurious AE unrelated to significant
material changes. For example, fretting, caused when two surfaces rub together,

is an obvious form of unwanted noise. In some cases it can be isolated and
removed from the data. Mechanical and electrical noise from testing machines
or other equipment is often unavoidable but again certain measures can be taken
to minimise or filter this out. The tine between valid AE and noise is often a fine
one and discretion must be used when validating data.

Fibre composite materials are prolific in their output of acoustic emissions. Their
sources, however, have historically been very poorly defined. It is generally
accepted that fibre fracture can be differentiated from matrix failure and
interfacial failure, although the distinguishing characteristics are sometimes
contradictory (Ono 1986 and Ponsot & Valentin 1986). This distinction is the
rationale behind the use of acoustic emission on fibre composite materials. There

are, however, many problems in analysing composites and these will be discussed
in more detail later in the text.
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In essence, the detection of an acoustic event is dependent not only on the nature

of the event but also on the manner in which it can be identified by a detecting

device and its subsequent meaningful interpretation. The latter requires an

insight into the mechanism of wave propagation in the medium between the

source of AE and the detecting device.

Propagation

The difficulties in understanding wave propagation fall into three main areas:

(i) reflections and mode conversions,

(ii) propagation velocities, and

(iii) attenuation.

When a wave strikes an interface between two media with different acoustic

impedances (the product of density and sonic velocity) then, depending on the

angle of incidence and the type of wave, a number of things may occur. Some of

the energy of the incident wave will be reflected and some transmitted. There

may also be a phase change and/or a mode conversion, that is, between

longitudinal and transverse waves. Indeed an incident shear wave may reflect as

both a longitudinal and a shear wave (Graaf 1975\,

Secondly, the velocities at which the different types of wave propagate are

different. Two forms of waves are of particular interest Rayleigh waves and

Lamb, or plate waves. Lamb waves can propagate as longitudinal or transverse

waves. Longitudinal waves propagate at roughly twice the speed of transverse

waves with Rayleigh waves being slightly slower than the latter. A more

complete description is given by Scott (1988). Ffence, for a point source producing
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some form of wave pattern, which could

a sensor some distance from the source

groups/ not to mention the effect of the
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include any combination of wave types,

could detect two or three distinct wave

many reflections that would occur in a

il

T RANSOUC ER

TRANSDUCER

SURFACE
SOURCE

SURFACE
SOURCE

N

INTE R NA L
SOURC E

Figure 2'15' Idealised (top) and more realistic propagation of an acoustic emission

waveform (after Scott & Martin lggl).
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waves lose their intensity with time and, thus, distance from
is known as attenuation. The different forms of waves

rates. Combine this with the directivity of different sources,
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that is, the wave will not propagate equally in all directions, and one begins to
build uP a complicated picture of various waves attenuating, reflecting and
changing mode as they propagate throughout a structure. A comparison between
an idealised and a more realistic generation and propagation system is shown in
Figure 2'1'6. This summarises the complications inherent in the acoustic

emission system.

In a fibre composite that uses directional fibres such as a cloth or unidirectionals,
there is less attenuation in the direction of the fibres. This results in an
attenuation map for the surface of the composite (see Figure2.lT). The overall
attenuation, however, is still high compared to steels.

A complete understanding of the nature of propagation may be extremely
difficult to obtain but with extensive calibration, a representative picture of a

particular structure can be developed that is adequate for the general use of
acoustic emission. The sensors themselves, however, must have the capabilities
for detecting the incoming signals with a reasonable degree of resolution.

(o) '60 kHz ' 'op (b) , 
I 50' kHz ' moo

1

U

90"

Figure 2'17. Attenuation map of a bidirectional carbon fibre panel at two

detection frequencies (Holroyd & Cox 19g6\.
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Detection and analysis

The bridge between the acoustic emission response of the material and the event

that is analysed is the detection system. Numerous sensors exist which have

varying degrees of sensitivity and signal reproduction. A more detailed account

can be found in Brown (1988). In this study wideband piezoelectric sensors

having a low resonant frequency were used so that the various failure modes

could be detected.

Once the AE has been detected by the sensor the signal can be processed to obtain

the following information (see Figure 2.1,8):

1. Events - the waveform detected at a sensor which can be taken as

being produced by a unique acoustic occurrence.

2. Counts - sometimes referred to as ring-down counts, this is the

number of times the signal crosses a predetermined

threshold. A high amplitude event may produce many

counts but high amplitude does not necessarily mean a long

duration. It should be remembered, however, that the

ringing is a characteristic of the detection system and not

necessarily the event itself.

Count rate - how much acoustic emission is being generated may give

an indication as to the level of change occurring.

Amplitude - of the peak signal within an event. High amplitude implies

a high energy release. Events, or counts, are often presented

in an amplitude distribution.

3.

4.



Chapter 2 Review 57

5. Rise time - the time between the first threshold crossing and the peak

amplifude for an event.

6. Energy based on RMS of the signal but difficult to measure because

of the dependency on source-sensor distance, frequency

effects, etc.

The above information, with the exceptions of energy and rise time, can be

obtained in real time using commercially available AE analysis equipment.

Rise time is measured from
first threshold crossing to
peak amplitude of an event

Amplitude
measures peak
signal in an event

counts

threshold

nolse

amplitude

Figure 2.18. Feafures of an acoustic emission waveform.

An important feature of any acoustic emission set-up is calibration. Because each

material and structure has different acoustic properties, a representative acoustic
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event is used so that the system may be properly calibrated. In laboratory

situations this may be done using a pulsed laser or a helium jet. The most widely
used, and by far the most basic, however, is the pencil lead fracture. The pencil

lead break produces a repeatable acoustic event which has characteristics similar
to a true acoustic emission, i.e., a short rise-time pulse.

Calibration also refers to the mapping out of sensor directivity and the

propagation characteristics of the particular specimen being tested. This has

special relevance to fibre composites where acoustic signals propagate more
readily in the fibre directions.

The data obtained from the acoustic signal itself present only one aspect of the

information that can be gathered. By cross-referencing to other information, such

as applied load or strain, the regions of interest, and the areas where AE data are

possibly invalid, can be ascertained. But perhaps the most useful information
that can be obtained during an AE test is that of location of the sources of
emission.

Location

Acoustic emission's Power as a non-destructive investigation (NDI) tool is

exemplified by its ability to locate regions where AE signals are coming from. It
is also able to continuously monitor the development of a defect in real time.
Other NDI techniques such as radiography, dye penetrant and magnetic particle
techniques are not readily capable of continuous monitoring. Eddy current and

ultrasonics, although being capable of continuous monitoring, are not suitable for
defect development monitoring because the location and direction of crack

growth needs to be known.
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Location of the source can be obtained via the sequence of arrival and the time

difference between arrivals of an event's signal using an array of at least two
sensors. For a given time difference between two sensors, the locus of points

which satisfy that particular time difference is a hyperbola. Two sensors would
therefore be useful only on long, slender, basically one-dimensional strucfures

such as a tensile test specimen. Exact location of an event can be achieved by
analysis of the arrival order and the intersection of the hyperbola for the given

time difference. For practical location an array of sensors is required.

The ability to locate a source is perhaps acoustic emission's most powerful feafure

and the one which separates it from other NDI techniques. Carefully calibrated.

multi-sensor arrays have been used successfully in many situations, especially on

tanks, pipes and pressure vessels. Even if one cannot construe any other
information from a specimen's acoustic emission, the fact that one can locate the

source of the emission is a most valuable attribute.

Acoustic emission from fibre composites

The area of fibre composites is a most challenging one when it comes to the use

of acoustic emission. As previously mentioned, composites have numerous

damage mechanisms which produce a large number of emissions. A feafure of
fibre composite structures is that they have inherent defects from manufacture.
Examples of these include misaligned fibres, voids in the resin, and microcracks

from thermal stresses sustained during curing. A consequence of this is that AE
starts at low stress levels. Also, because the voids are spread throughout the
structure, the location of sources is open to interpretation until some major flaw
develops.
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Another challenge is the complexity of the wave propagation in composites. By

definition, there are at least two distinct materials which have different sonic

velocities. As an adjunct to this, the structure is full of interfaces which act as

reflecting surfaces. Hence, the signal produced by an acoustic event at some

location will be split between the fibres and matrix and undergo many reflections

before it reaches the sensor. Composite materials also have high attenuation

which further modifies the original signal. With all this in mind, many

researchers have still based their analysis on the signal waveform. Results from
this work must be viewed with some caution.

The two goals of acoustic emission analysis of fibre composites have been the

discrimination of failure modes and the prediction of ultimate strength. The first
of these has been reasonably well achieved and will be discussed in the following
section; the second has yet to be realised although a number of significant steps

have been made. These are discussed in section 2.4.g.

2.4.2. Discrimination of failure modes

Much of the acoustic emission work performed on composites is concerned with
determining what failure modes are occurring as the material failure develops.

Because of the wide variety of constituent combinations and structural
differences, a number of different analysis techniques have been used. The most
oft-used is arguably amplitude analysis.

Many reports have shown that low amplitude events relate to matrix cracking,
mid amplitude events to fibre-matrix debonding, and high amplitude events to
fibre failure (Scott & Martin lggl, Kander lgg0, Newaz LgB6, Rodgers 1,9g5, and
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others). The simple reason for this relationship is the amount of energy released

by each of the failure modes. In a composite material under load, most of the

energy is stored in the fibres. Thus, a fibre failure is a more energy intensive

Process than a matrix failure of similar dimension. It is also a more rapid event

which means the acoustic event of a fibre failure has a shorter duration
(Berthelot t986)- This is related to the strain energy level and the higher elastic

modulus of the fibres.

Not all workers have come to this conclusion. Ono (1986) found that fibre failure

was associated with low amplitude events while medium and high amplitude

events were related to slow and fast advances of delamination respectively.

Delamination is dominated by matrix and interface failure processes. This

seemingly contradictory result emphasises that whenever acoustic emission is
used to monitor comPosite material structures, considerable caution must be

exercised in ascribing the various outputs to particular modes of failure. That is

why the initial step in analysing composite systems is to use simple specimens

with well defined failure modes and observable failure development.

Not all failure modes need to be observed^ as they occur. For example, a variation

on acoustic emission has been used to detect impact damage in components.

Acousto-ultrasonics involves transmitting a pulse into a component and
detecting it at some different location, perhaps only a few centimetres away
(Mitchell & Miller 1986). By monitoring the propagation time and also the
variation of amplitude with frequency as the component is scanned, areas of
delamination and impact damage can be identified. This form of acoustic

inteffogation and the real time detection of failure development are the basis of
techniques used to determine the strength of composite materials.
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2.4.3. strength determination using acoustic emission

Because the strength of a fibre composite is inherently related to the

accumulation of damage, acoustic emission has been widely used in an effort to
predict comPonent strength. A similar problem exists as to that mentioned in the

previous section in that the variety of composite structures and constifuents has

meant that no single form of analysis is appropriate for all situations. In fact

some believe acoustic emission will never be able to predict the strength of a real

composite comPonent (Springer 1990). As will be shown in this section, there

have been a number of relationships developed, all of which depend on the

structure or material being tested.

A recent study by Kander (1990) highlights the relationship between acoustic

emission, failure modes, and ultimate strength but also shows that the acoustic

signature is a function of the material combination. The Kander study tested two
thermoplastic and two thermosetting resins reinforced with E-glass fibres.
Monotonic loading using a three-point bend test was carried out along with
fatigue and creep testing. By conelating the load and acoustic output with
microscopic observation, the development of failure was plotted. All four
material combinations produced acoustic emission in the following order: low
amplitude, mid amplitude, and finally high amplitude. These were clearly
related to matrix failure, interfacial failure, and fibre failure respectively. It
should be noted, however, that the low and mid amplitude events were at
different levels for the different materials , 8.g., unsaturated polyester matrix
failure was at 60 dB whereas epoxy resin was at 45 dB. hrterestingly, the glass fibre
failure was always at 95 dB. The link to strength was based on the results of the
fatigue and creep tests. In both these tests the initiation of the different failure
modes occurred at the same strain level as in the monotonic loading. When
fatigue testing was carried out at a strain level below which low amplitude signals
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were first detected, no acoustic emission was observed. Although the onset of
particular damage modes occurred at the same strain level in the various tests,

the problem still existed that the different materials behaved differently and, as

Kander conceded, the sequence of damage mechanisms can be altered by having

different composite materials and loading geometries.

Two acoustic emission phenomena are worthy of mention in the field of
composite material strength assessment. The first is the Kaiser Effect in which a

material will not produce any significant acoustic emission until it is loaded

beyond its previous maximum load. This applies especially to metallic materials,

but in the case of composites it is valid only if the load is below a critical value

known as the K-point. If the K-point is exceeded then damage in the form of fibre
failure will occur. The ultimate tensile strength and the K-point will also be

reduced for subsequent loadings. This would appear to be a quantitative measure

of a composite's ultimate strength. Unfortunately the K-point is not a point but
an ill-defined band that is different for the various fibre/resin combinations.

The second phenomenon is a modification to the Kaiser Effect known as the
Felicity Ratio. The Felicity Ratio is defined as:

Felicity Ratio = Load at which AE starts
Previous maximum load

It is a measure of the level of damage sustained during previous loadings. A
Felicity Ratio of 0.95 is sometimes used as a failure criterion for some fibre
reinforced plastic structures.

Both of these techniques are used in the acoustic emission analysis of fibreglass

elevating platform vehicles (Epvs). This is, perhaps, the most widely
documented form of strength assessment for fibre composites. Standard test
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techniques have been developed (ASTM F 914-85) and the testing technique is

used in many parts of the world, including New Zealand (Brown & Mooney

1990)- EPVs typically contain a section of chopped strand mat, a material which

exhibits the Kaiser Effect. Using this effect, defective booms can be identified

because of the increase in acoustic emission output on repeated loading. The

strength of the boom is not actually determined, merely the presence of flaws

which have the potential to grow and eventually lead to a significant strength

reduction.

This type of analysis is more realistically quality assurance rather than strength

assessment. Much of the comPonent testing is indeed quality assessment. This

has proved successful in detecting the obviously faulty from the reasonably intact.

There is much scoPe for continued research into the use of acoustic emission on
composite materials. A general guide for testing may not, however, be available

for some considerable time because of the complexity and uniqueness of different
composite comPonents and the present shortcomings in composite failure
theories. To better understand how an arbitrary structure will fail, new tools

must be developed to improve the level of understanding of the failure modes

that contribute to composite failure.
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Summary

The interface in a composite material clearly plays an important r6le in the

strength performance of fibre reinforced plastics. Many popular strength theories,

however, either ignore its presence altogether or assume properties based on the

matrix material. The reason for this is twofold: the properties of the interface are

difficult to determine and, once they are measured, a suitable analysis must be

developed to incorporate the properties into a holistic strength model.

In order to effectively study the interface, experimental tools are required which

can recreate the interfacial environment that exists in real composites. They also

need to be able to separate the various failure modes so that the contribution

from each can be analysed. To achieve this for fibre reinforced thermosetting

resins, the failure Process should be controllable and the failure mod.es need to be

distinct and predictable. This thesis presents the double torsion specimen,

reinforced with fibres across the crack plang to satisfy these conditions.
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3. The Double Torsion Test

The previous chapter has shown that the current methods employed to analyse

the behaviour of cracks in a composite material have a number of drawbacks.

This chapter introduces the new approach presented by this thesis. As stated

earlier, the double torsion specimen is a useful tool for the study of crack

behaviour in fibre composite systems. It offers the benefits of controlled crack

growth in a model composite system containing a bundle of fibres. This differs
from the single filament pull-out test in two important ways. Firstly, by using a
bundle or plane of fibres, the stress state around a particular fibre is more

representative of a real composite material. In effect this means that the

debonding Process is affected not only by the presence of a crack, but also by the

surrounding fibres. Secondly, because the specimen is initially intact, the failure
sequence can be more accurately assessed. All interfacial failure is introduced bv
the interaction of the matrix crack with the fibre/matrix region.

In this chapter the original development of the specimen is outlined along with
the previous use the specimen has had in the sfudy of fracture properties in fibre
composites. The way in which the double torsion specimen can be used to study
interfacial behaviour is presented along with the new analytical techniques

which are used to calculate the interfacial properties of a fibre/matrix system.
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3.1. Description of Technique

The double torsion specimen was developed by Outwater and Gerry (1966) to

study crack growth in glass. The principal benefit of this fracture toughness

specimen was that it exhibited stable crack growth with a constant stress intensity

factor. This meant that it was particularly suited to brittle materials. Early

development was carried out by various investigators, for example, Kies & Clark

(1969), Evans (1,972), Williams & Evans (1973), McKinney & Smith (1973),

Outwater et al. (1974), and Weidmann & Holloway (1,974). This initial

development concentrated on refining the testing technique and comParing the

experimental findings with those obtained using other, more accepted, methods.

The double torsion specimen has been used on a number of materials including

glass, steel, aluminium, ceramics, polymethylmethacrylate (PMMA), epoxies,

polymers, concrete, cement, mortar, and granite (see Tait et al.1987). Photoelastic

and finite element analyses have been carried out in order to increase the

understanding of the various aspects typical of the double torsion specimen as

will be discussed in this chapter.

3.1.1. Features of the double torsion specimen

The main features of the double torsion specimen that make it a valuable tool in

the study of fracture mechanics are:

i) simple specimen geometry and preparation,

ii) ease of testing,

iii) mode I fracture,

iv) stable crack front profile,

v) constant stress intensity factor, K, over 50% of the crack length, and

vi) more than one value of K can be obtained from each specimen.
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There has been much discussion on these features, especially the mode of failure,

the crack front profile and its variation with length, and the calculation of K for

various crack growth rates. Some of the assumptions made in the analysis have

also been critically analysed. In particular: that the deformation is torsional, that

the two halves of the beam behave independently with no contact stresses, and

that there is no deformation beyond the crack tip. The main features and the

consequences of these assumptions are discussed in the following sections.

3.1.1.1. Specimen geometry

The standard specimen consists of a rectangular plate which has two moments

applied to each half, usually via a four-point loading arrangement (see Figure

3.1). The specimen is supported at the four corners and loaded adjacent to the

centre line through ball bearings. The separation of the load points has little

effect on the stress intensity factor at the crack tip (Tseng & Berry 1979).

Sometimes rollers are used along the edges to support the specimen but the use

of point supports is preferred to eliminate any undesirable edge loading effects

(Lee 1982). The centre line is often grooved, either V- or square (see Figure 3.2), in

order to guide the crack which has a characteristic curved crack front.

Several authors have commented on the use and form of grooves but there is

little agreement on their effects. There are a number of premises for the r6le of

the groove. Firstly, the stress concentration caused by the groove enhances the

crack growth along the groove. Secondly, because of the reduced area at the

groove, the crack will take the "path of least resistance" and not wander out of the

groove, where the incremental increase in fracture area is greater. A third

premise is that crack growth is strain controlled and so the crack will grow

straight along the centreline, even without a groove, as long as the specimen is
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well aligned and the loading is symmetric.

Figure 3.1. Double torsion specimen geometry.

Figure 3.2. Various groove geometries used with the double torsion specimen:

a) single V-groove on tension side, b) single V-groove on compression side,

c) double V-grooves, and d) square groove.

Tseng & Berry's (1979) finite element analysis showed that the angle of the

groove had very little effect on the stress intensity factor but the position of the

groove did. A groove on the lower, "tension," side would reduce the stress

intensity factor by approximately ten percent whereas a groove on the upper side

had virtually no effect, as would be expected because this is a region of

compression. This implies that the stress concentration, which would be higher
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for the sharlper groove, has only a nominal effect on the stress intensity factor. In

contrast, if the stress concentration is on the tension side then there is a

significant effect on the stress intensity factor. Murray & Perrott (1976) support

the stress concentration approach. Th"y report that a sharp groove provides

better guidance than a groove that merely reduces the section. Pletka et al. (1979),

however, prefer the use of a broad, square groove/ arguing that the stress

concentrations at the corners of the groove turn the crack towards the centre.

This does not seem to have found favour with other workers.

Frassine et al. (1988) have shown experimentally that groove depth has no effect

on crack shape. This implies that the stress and/or strain distributions which

determine the crack profile are similarly unaffected by the groove depth. There is

some consensus (Annis & Cargill 1978, Fuller 1979, and Tait 1987) that the most

desirable situation is to not have a groove but to carefully align the specimen in

order to direct the crack.

3.1..L.2. Mode of failure

The mode of failure of the double torsion specimen is different to that of most

other fracture toughness specimens. This variation derives from the way in

which the specimen is loaded and the unique concentration of loads about the

crack tip.

Double torsion tests are usually carried out under constant crosshead

displacement rate conditions. This makes it simple to do in a screwdriven

Instron testing machine. Using this technique produces crack growth at a

constant load with constant velocity. An alternative test method is the fixed

displacement or load relaxation method (Williams & Evans 1,973). In this, the
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specimen is rapidly loaded to a predetermined value and the crosshead is

stopped. The load decreases as the crack grows along the specimen. Ideally, in
double torsion testing, the crack will propagate along the centreline of the

specimen at a rate which is a function of the crosshead speed, in the case of
constant loading rate testing, or of the load increment, in the case of fixed

displacement testing. Both techniques facilitate slow, controlled crack growth.

The slow crack growth capability of the double torsion specimen allows one

specimen to be tested at a variety of loading rates. This enables the stress intensity

factor versus crack velocity relationship to be obtained from a small number of

specimens compared to other fracture specimens, thus providing a considerable

saving in time and money.

Considering that the loading on the test specimen is not directty orthogonal to
the crack planes, as is usual for mode I techniques, but is due to a couple,

comment on the mode of failure is justified. The mode of failure has been

analysed by Evans (L972). He concluded that the failure for brittle materials was

exclusively mode I because the experimental values obtained for the critical strain

energy release rate, G. , were consistent with mode I critical strain energy release

rate values, GIc , obtained by other methods. This observation is confirmed by
Hindin's (1984) photoelastic investigation which showed a stress field consistent

with that required for mode I behaviour. Also, when the symmetry of the double

torsion specimen is considered, it is clear that the displacement of points on
opposite sides of the crack is normal to the crack plane, again reinforcing the

mode I behaviour.

Previous studies on plastics (Leevers i,ggz), and in particular
polymethylmethacrylate (PMMA) (stalder & Kausch 1,gg2\, have shown that
reliable mode I fracture toughness values can be obtained over a wide range of
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crack velocities. Another aspect of the study of plastics has been the analysis of

non-homogeneous polymer systems. Young & Beaumont (1975) calculated the

crack velocity versus stress intensity factor for an epoxy resin containing silica

particles. They were able to show a transition in behaviour between intraparticle

fracture at "high" velocities and interparticle fracfure at "low" velocities. The

same authors (Beaumont & Young 1975) predicted times-to-failure of
comPonents made from two forms of PMMA based on observations of slow crack

growth in double torsion specimens.

Another feature of the double torsion specimen's mode of failure is the manner

in which the stress intensity factor, K, varies with crack length and along the

crack front itself. Finite element analysis has been used to study these variations.

Trantina (1977) showed that K varied through the thickness but was almost

constant over at least the lower half of the specimen. The value of K was,

however, very dependent on the crack front profile modelled. In Trantina's case,

a bi-linear crack front was used. Tseng and Berry (1g7g), using a special tfuee-

dimensional crack tip element and a quarter elliptic crack front profile, which is
more representative of the typical profile, showed that K varied along the crack

front but gave a similar maximum value to Trantina's. Although the double

torsion specimen is often referred to as a constant K specimen this variation

along the crack front should be noted.

Not only is the stress intensity factor not constant along the crack length, it is also

not constant along the length of the specimen. The region along the specimen

over which K is constant has been investigated by Trantna (1977), Fuller (Lg7g),

Pletka et al. (1979) and Shetty & Virkar (1978). It was shown that the constant K
region was a function of specimen geometry. Specimens with smaller length-to-

width ratios had a shorter constant K region. Trantina's finite element study on a
specimen with relative dimensions of 1:10:20 for thickness, t, width, W, and
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length, L, respectively, gave a constant K region over the crack length range of

0.55 W < a < L - 0.55 W. Tseng & Berry (1979) calculated K to be constant over the

normalised crack length, a/L, rcnge of 0.2 < a/L < 0.T for a variety of specimen

aspect ratios. For the specimen geometry typicalty tested in this study, the region

of constant K was approximately the "middle" half of the specimen length which

is in agreement with the above findings.

Crack propagation at constant K implies that the state of stress in the uncracked

region remains constant and merely moves along with the crack tip, unaffected

by the free end. It also means that the ligament in the predominantly cracked

region contributes very little to the overall resistance to crack growth. If this were

not the case, the load would be length dependent. Much of the discussion

regarding the mode of failure is, however, tempered by the complications arising

from the double torsion specimen's curved crack front.

3.1.1.3. Crack shape and velocity

The curved crack front, a feature peculiar to the double torsion specimen, has

been a topic of much discussion. As seen in Figure 3.L, the crack is longest on the

lower, "tension," side, curving back asymptotically to the upper, "compression,,'

side. Analysis of the various features of the crack profile is relevant to the double

torsion test incorporating fibres, when the interaction of the crack tip with the

fibre plane is studied.

Unlike the standard fracture toughness specimens, such as the compact tension,

three point bend, and the double-cantilever beam specimens, the stress field at

the crack tip of the double torsion specimen is generated by a displacement field
due to twisting, rather than the displacement field being a function of stressing
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orthogonal to the crack plane. This manifests itself in the curved crack front as

shown in Figure 3.1. A model crack front profile can be created by considering the

crack surfaces to open linearly from two constrained edges as shown in Figure 3.3.

The constrained edges essentially represent hinges and the crack surface is

generated from straight lines running from a hinged edge to the opposite

unconstrained edge. By selecting an appropriate displacement, e.g., one that

represents a constant crack tip opening displacement which is some fraction of

the maximum crack opening displacement, crack front profiles very similar to
those found experimentally can be obtained. These profiles are closer to

experimental profiles than those based on a quarter elliptic model (see Figure

3.3(b)).

It should be noted that a constant crack tip opening displacement implies a

constant stress intensity factor along the crack front. This is not the case for the

double torsion specimen. Whilst using a constant crack tip opening displacement

is not strictly representative of the double torsion specimen, the similarity
between the real and model crack front profiles suggests that the fracfure mode is

strongly displacement controlled.

Further proof that the crack shape is a function of displacement is given by

Frassine et al. (1938). Their experimental work with specimens containing
various depth Srooves on the tension side showed that the crack shape was

invariant when referred to the ungrooved side (see Figure 3.4). If it were true

that stress distributions determined the crack profile, it would be expected that the

introduction of a stress raiser (for example, a groove) would alter the profile. As

the Frassine study showed, this is not the case.
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Figure 3.3. Linear displacement model for crack front modelling:

a) surface generators, and b) crack front profiles for various

proportions of the maximum crack opening displacement.

Another assumption made in the analysis of the double torsion specimen is that
the two halves act independently. This is not the case experimentally because the
two halves of the specimen try to twist into the s.une space, forcing the top face

into compression. The interpenetration forces the crack to asymptote along the
top surface of the specimen. Leevers (1982) studied the effect of this problem by
comparing the compliance calibration curve from a double torsion specimen

b)
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with a natural crack to one from a specimen with a machined crack. Because of

the finite thickness of the sawn crack, the degree of interpenetration was less.

The effect on the compliance was found, however, to be minimal.

Figure 3.4. Crack front profiles with varying depth lower grooves (after Frassine

et al. 1988).

(a) Crack profiles do not superimpose if referred to the base-line of the grooves,

while they do (b) if referred to the upper (ungrooved) side. h (b) the crack shapes

have been shifted horizontally to show agreement.

Another aspect of the curved crack front is the assumption that the crack shape is

independent of crack length. This assumption has been verified experimentally

by a number of workers (Stalder & Kausch 7982, Leevers L982, Williams & Evans

1973, Evans 1972) and has been shown to be valid for polyester resin by the author

(Brown 1989) (see Figure 3.5). This has important implications with respect to

how the crack front velocity and the stress intensity factor vary along the crack

front.

n
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Figure 3.5. Surface markings on fracture surface for polyester resin double torsion

specimen,

As the shape of the crack front is independent of crack length, the crack rrelocity

along the crack front must also be independent of crack length in order to
maintain a constant crack profile. It should be noted that the crack velocity is
constant only when the crack is propagating at a constant load. It must be

remembered that the crack propagates perpendicular to the local crack front (Tait

et al. 7987), hence, the local crack velocity varies along the crack front. Therefore

K must also vary in accordance with the material's stress intensity factor versus

crack velocity relationship. This makes it difficult to determine the correct value

of crack velocity, which is usually measured only on the lower face of the

specimen, to apply to the value of K measured experimentally. The basic analysis

of K assumes a vertical crack front propagating at a constant velocity along the

crack front and, thus, along the specimen.

78



Chapter 3 The Double Torsion Test

Frassine et al. (1988) classified three different crack speeds (see Figure 3.6). In stage

I the crack is developing from the starter notch (a = ao) until it is growing in the

constant K region. In this region the crack is translating both along and up

through the specimen with a translational speed of i at an angle Q to the base. In

stage II (ar < a < a2) the crack is propagating along the specimen such that the

translational speed, r, is in the same direction as the "nominal" crack velocity, u,

as measured experimentally on the lower face. In stage III (a > az) the crack runs

away to the free end and its behaviour is inconsequential. In all cases the "local"

crack speed at any point is normal to the crack front and designated i as shown in

Figure 3.6.
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Figure 3.6. Identification of the various crack propagation stages and crack speeds

(after Frassine 1988).

As yet, the exact shape of the crack front cannot be determined from known

material properties. Indeed, Stalder & Kausch (lg8l) have shown that, for
PMMA, the crack profile is more likely to be a function of specimen geometry

than material properties. As was shown in Figure 3.3, the simple reason that the
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crack profile is curved is that the displacements of the two halves of the specimen

creates a curved profile if a constant crack tip opening displacement is assumed.

A similar assumption regarding a constant crack tip opening displacement is

made by Leevers (1982) in the determination of a crack shape factor. The crack

shape factor allows the crack tip opening displacement to be calculated once the

crack profile is measured. The crack shape factor is defined as

80
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where t r is the thickness of the plate at the crack plane and h is

in Figure 3.7.

,)

. Stip dCot= *r ' du

where S is the crack shape factor.

Figure 3.7. Definition of parameters for crack shape factor (Leevers tg1z).

The crack opening displacement at the crack front, 61, is then defined as

3.L

the length defined

3.2

Geometrically 61 is defined as shown in Figure 3.8. t1 is the thickness of the

ligament at any position along the crack front.
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Leevers could not, however, estimate the critical crack opening displacement

from the crack tip opening displacement because of the difficulties in

determining the elastic displacements due to the local crack front stress intensity.

Further analysis by Leevers showed that for a non-time-dependent material crack

resistance characteristic, i.e., R = & a constant, the apparent fracture toughness is

c"=Roplfu-

Figure 3'8. Cross-section of the double torsion specimen showing the crack tip

geometry as defined by Leevers (1982).

This effectively gives the variation in G. due to the curved crack front as

described by Ieevers' crack shape factor. Using this technique may lessen some of

the problems, as mentioned above, associated with picking an appropriate

velocity for a given, experimentally determined, fracture toughness. Leevers &

Williams (1985) developed further the crack shape factor analysis such that the

variations in results due to geometry, in particular, the depth of grooves, could be

rationalised. Adjusted results proved to be much more consistent. It was

suggested that if thin specimens or heavily grooved specimens were used then

the crack shape factor analysis should be applied in order to obtain reliable results.
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Other hypotheses for the crack shape have been put forward. Virkar and Gordon

(1975) suggested that the subcritical crack growth parametet, t, was the

determining function for crack shape. The parameter n represents the slope of

the crack growth rate versus stress intensity factor curye, as plotted on a log-log

scale, in the subcritical crack growth region (see, for example, Broek 19g6), i.e.,

da n

afr-=c(AK, 
u.n

where C is a constant and n, a material property, is the subcritical crack growth

parameter. This region is often referred to as region II, where region I is the area

around crack initiation, and region III is the area of unstable crack growth which

determines the fracture toughness, KI., of a material. Trantina's (lgZ7) study

showed, however, that there was no significant relationship between n and the

crack profile for a number of materials.

I'Vhile the above features of the specimen's crack front complicate the analysis of
the double torsion specimen, the consequence of assuming a straight crack front

has little effect on the overall compliance analysis (Leevers IIBZ). This is due to

the highly compliant nature of the specimen. The uncracked portion of the

specimen directly above the curved crack produces a small increase in stiffness.

The amount, however, is insignificant in comparison to the total load point
deflection. More importantly, because the crack profile is independent of length,

the crack profile does not affect the analysis of K throughout the constant K

region.

A similar argument can be applied to another assumption involving u parameter

which is independent of crack length: the displacement beyond the crack tip. As

Leevers (1982) asserts, assuming the ligament has some fixed compliance, the

displacement of the ligament will be constant over the constant K region, i.e.,
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independent of crack length. This implies that the change in ligament

compliance with crack length is zero. Hence, assuming a non-rigid ligament does

not affect the calculation of K, merely the overall load point deflection.

Considering the results of the above studies, it would seem that specimen

geometry, the elastic response of the material to the displacement field generated

by the testing method, and the material's stress intensity factor versus crack

velocity relationship all play some part in the overall determination of the crack

front profile. In order to circumvent some of the assumptions made above, the

change in compliance with crack length, dC/ da, is often measured

experimentally.

Although the curved crack front presents some analytical problems, these are

outweighed by the overriding benefits of the double torsion specimen. The

simple specimen geometry and ease of preparation and testing mean that tests

can be carried out quickly and comparatively cheaply. Because the double torsion

specimen is a constant stress intensity factor fracture toughness specimen the

calculation of fracture properties is relatively simple and the level of monitoring

instrumentation required is reduced. At the same time multiple crack velocities

can be studied by varying the loading rate. Most importantly, the fracture Process

is a controlled and, nominally, stable one, producing a flat fracfure surface which

makes it ideal for studying the interaction of a crack in a model composite system,

as will be shown in the following sections.

As stated in the preceding section, some assumptions are usually made to

simplify the analytical process. These assumptions are directly or indirectly

related to the crack profile. It has been shown that the net effect of the crack

profile is only of relevance to the local value of K. It is appropriate, therefore, to

present the derivation of K using the assumptions discussed. In particular, the

derivation shows the simple relationship between compliance and crack growth

and why the double torsion specimen can be regarded as a constant K specimen.
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3.L.2. Analysis of the unreinforced specimen

The derivation of the stress intensity factor is based on a simple compliance

relationship. For small deflections the angle of twist (see Figure 3.9) is given by

(Young t989)

e =#b

where

3.6

Pwt
2

Figure 3.9. Twisted half of a double torsion specimen.

For slender plates (t/W < 0.1), as are usually used in double torsion specimen

testing, the second term is small and can be neglected, so

u

3.5

"=#f+ 672#('#)]

r = 
W=tt

- -T--

The momertt, T, is given by

3.7

T=
w,oP

3.8
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Length, L, is taken as the crack length ,

material. Using the relationship for small

0=sinO=tanO

and substituting the values for T, L and K

gives

a, and G is the shear modulus of the

angles

3.9

and equating to the angle of twist, g,

3.10

3.11

3.12
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e= 
3*tP"= A

wt3G wm

Rearranging in terrns of the load-point deflection, A, gives

o_3Pawl
w13G

The compliance, C, is given by

c=f

hence

^2
..- J4*t

wt3 G

The Irwin relationship for the strain energy release rate for crack

(Irwin 1958) states that

^ P2dct =TdA

3.13

extension,

3.L4

G,

where A is the area of fracture. Taking the assumption of a straight crack front,

hence

A=at 3.15
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3.L6

so
7''

o _3P-wi
2Wt4c g.L7

This may be expressed in terms of the stress intensity factor, K, by using the

expression (Broek 1986)

K=GD%
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^ P2dc- =2t dt

and given that

AE\t=-
2(1+v)

the stress intensify factor, K can ultimately be expressed as

3.18

3.L9

K=p*,.(+?)%
3.20

White (1984) states that near the leading edge of the crack, plane strain conditions

dominate. Away from the leading edge, however, it is not clear whether plane

strain or plane stress conditions apply. Most recent researchers have applied

plane stress analysis. Hindin's photoelastic analysis (1984), whilst showing the

direction of the stress field in the plane of the specimen, does not solve the plane

strain/plane stress argument because a second, orthogonal, plane would be

required in order to calculate the stress in three dimensions. Plane stress analysis

is presented here. The simple conversion to plane strain is
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rtE"-( z\

It -v I

where E' is the plane strain Young's modulus.

3.21

Other workers, e.g., Fuller (7979), Pletka et al. (7979) and Weidmann & Holloway

(L974), have included a thickness correction term for thick plates (see

Timoshenko and Goodier 1982) such that

o(t -u) (t - r.2+
for plane strain.

3.22

Hine et al. (1984) presented an analysis for large deflection in the double torsion

specimen. This analysis allows for the varying moment arm as the specimen

halves twist, given the finite size of the loading spheres. Further to this, Leevers

(1986) presented a refined analysis for large deflections. This was necessary for

tests carried out on soft materials where large radii load-points were required to

minimize specimen indentation. For both analyses, if small deflections and

small load-point radii exist, the analysis reduces to the result given in Equation

3.18.

3.1.3. Double torsion testing on reinforced specimens

The double torsion specimen is, in essence, a tool for studying two aspects of

composite failure. Firstly, the failure of the interface and, secondly, the

interaction of a matrix crack with fibres in a representative composite system.

Interfacial failure in the double torsion specimen is typically caused when the

wr
K-Pw,"[

r/
/2



Chapter 3 The Double Torsion Test

crack is at the fibre plane or when the fibres are bridging the crack. If one

considers half the specimen (see Figure 3.10) the situation is basically that of fibres

being pulled out from a block of matrix. Using this analogy, fibre pull-out

techniques can be applied to the double torsion specimen.

Figure 3'10 Half of a double torsion specimen showing the fibre pull-out analogy.

The double torsion specimen has been used previously to examine fracture

properties of reinforced specimens. The reinforcement can take the form of

continuous or short fibres or particulates. Fibre reinforcement can be randomly

oriented, in the case of short fibres, or, typically, along the specimen or across the

crack plane (see Figure 3.11). The degree of fibre reinforcement can vary from a

few discreetly-placed fibres to a complete composite lamina with the fibres

throughout the specimen volume. Testing of multiple-oriented laminates has

not been reported in the literature. The results of previous tests on reinforced

double torsion specimens are presented in this section.
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Figure 3.11. Fibre reinforced double torsion specimen:

a) fibres in the direction of crack growth, and

b) fibres at right angles to the crack growth.

Previous studies using fibre reinforced double torsion specimens have

concentrated on cracking in the direction of the fibres, although Outwater &

Murphy (1969) mention placing fibres across the crack as a means of producing

debonding. This study did not, however, include any analysis of the work of

fracture with regard to the double torsion test piece. Lee (1982,1986) used the

double torsion specimen to evaluate transverse crackin g, ot intralaminar failure,

in unidirectional fibreglass and carbon reinforced epoxy laminates. In one of the

studies (Lee 1986) comparison was made between intralaminar and interlaminar

fracture toughness, the latter being determined using a width-tapered double
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cantilever beam specimen. Fibre bridging, that inevitably occurred due to fibre

misalignment, caused the load to increase linearly after crack initiation instead of

being constant as for double torsion testing of homogeneous materials. Lee

argues that in a laminate with plies in various directions, cross plies would

constrain the crack surfaces such that fibre bridging would not affect the

advancing oack in the way that it did in his study. Lee recognises fibre bridging

as an artifact of the test method and thus justifies taking the critical load as that

occurring at crack initiation from the starter notch. From the testing of resin

systems carried out as part of this thesis, it has been found that, even after using a

razor blade at the root of a fine notch, the load at initiation, as used by Lee, is

often two or three times the load for continuous crack growth. Lee himself states

that in some tests the critical load was consistently lower when the crack initiated

adjacent to the initial notch, presumably from a natural flaw. These values are

more likely to represent the critical load for transverse fracture toughness than

those obtained from a regular notch, as it has been shown that the fracture

toughness of epoxy resins is strongly dependent on the crack tip radius (Kintoch

& Williams 1980).

The fracture toughness for interlaminar and intralaminar failures was found by

Lee to be approximately equal, increasing as the resin content increased. This was

attributed to the failure Process being governed by the amount of matrix material

available to form a plastic zone about the crack tip. Lee suggests that

delamination and transverse cracks would exist in similar thickness resin layers.

Carbon fibre and glass fibre reinforced epoxies gave different fracture toughnesses.

The difference was attributed to the difference in fibre diameters; the larger

diameter glass fibres would have a thicker resin layer between fibres and hence a

higher fracture toughness.
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Yam & Mindess (1982) tested concrete double torsion specimens reinforced with

randomly oriented glass or steel fibres varying in length from 12.7mm to 50.8mm

(the specimen dimensions were 1219mm long by 406.4mm wide by 50.8mm

thick). Fibre volume fractions were very low compared to fibre reinforced

plastics, being of the order of 0 - 2% by volume. It was found that the fibres had

very little effect on restraining crack growth (the specimens failed

instantaneously once the starter crack began to grow visibly) or on the fracture

toughness vs crack velocity, K vs v, relationship. The fibres did, however,

provide considerable residual strength once the specimen had cracked in two.

This was due to fibres bridging the crack, as in Lee's studies.

The most recent use of the double torsion specimen on fibre composites was, as

in Lee's work, to test the intralaminar fracture behaviour of unidirectional

carbon fibre/epoxy material (Frassine 1,992). Unlike Lee's results, crack

propagation occurred at a constant load (once the load had been adjusted for large

load-point displacement using Leevers' (1986) corrections). This implies that the

crack was ProPagating at constant velocity and so the basic double torsion analysis

could be applied to obtain fracture properties. Frassine also applied Leevers'crack

shape factor and obtained a correction factor of 0.9 for G1". Like Lee, Frassine

carried out interlaminar fracture toughness tests. The interlaminar fracture

toughness was found to be lower but the K vs v relationship was very similar.

This suggested that matrix-controlled fracture dominated the fibre/matrix
dissipative mechanisms at the crack tip, in agreement with Lee's results. Frassine

suggests that interlaminar fracture occurred through a more resin-rich path

which, according to Lee, should produce a tougher system. This is at variance

with Frassine's results. The rationale for the decreasing fracture toughness as

crack speed increased is the variation of yield stress with strain rate. Because

ePoxy yield stress increases with rate of deformation, the amount of energy

required to propagate the crack is lower, i.e., the system becomes more brittle.
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None of these studies have addressed the problem of fibres bridging the double

torsion specimen. It is this feature that is the essence of the study undertaken by

the author and presented in this thesis. By deliberately placing the fibres across

the crack plane the interaction between cracks and fibres, and the resultant effect

on the fibre/matrix interface, were studied. Some of the possible fibre

configurations are discussed in the following section.

3.1..4. Specimen configurations

There are a number of fibre configurations that can be studied using the double

torsion specimen. These are represented diagrammatically in Figures 3.12 a-d.

The configurations shown utilise bundles of fibres arranged in planes. The

reasons for this are twofold. Firstly, using a bundle of fibres overcame the

difficulties in handling single filaments. Secondly, because the aim of the testing

was to study both interfacial debonding and crack interaction, it was felt that a

fibre bundle or a plane of fibres would give a more representative system for

crack interaction whilst still being able to generate interfacial debonding. The

main thrust of this work used the first configuration: fibres normal to the

specimen and crack planes. The second and third configurations were briefly
investigated whilst the fourth configuration has been used by other authors as

discussed previously. It was not studied in this work. Conceptually, the case of

fibres normal to the crack plane is the simplest. Its behaviour, especially with
respect to crack interaction, is discussed below.
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Figure 3.12. Fibre configurations for the double torsion specimen:
a) fibres normal to specimen and crack planes,

b) fibres in plane of specimen but normal to crack,
c) fibres normal to specimen but at an angle to crack plane, and

d) fibres in plane of specimen and in line with crack plane.
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As mentioned previousl/, in an unreinforced double torsion specimen, the crack

propagates at a constant load over a region of the specimen approximately equal

to the middle half. If fibres are introduced, the following scenarios for crack

interaction exist:

i) Crack growing towards fibres.

Assuming the fibres to be in the constant K (hence constant driving

force) region, the crack will be growing toward the fibres with constant

K. Once the crack is within the near field of the fibre, where the fibres'

Presence affects the stress field about the crack tip, the force will alter to

reflect the new K due to the different stress field. ff K.,"", fietd is greater

than K1, the force will increase as the crack growth rate decreases and

vice versa.

ii) Crack arrested at the fibre plane.

Consider first the general case where the crack is not growing. The

applied moment will increase until some critical condition is reached,

namely: crack restarts, interface cracks, fibre breaks, matrix breaks or

some combination of the above. At this time the crack will propagate

with a moment of Mprop.

The reason for the crack arrest is that energy is being absorbed by the

fibres, the two twisted prisms in the cracked portion of the double

torsion specimen, and the uncracked ligament beyond the fibre plane,

which are being further elastically deformed rather than being used to

propagate the main crack. Also, as the crack must pass the fibre plane,

reinifiation is hampered by the implicit crack blunting, i.e., the crack tip

radius changes from = Q fs = oo.
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iii) Crack at the fibre plane but still growing.

If the crack passes freely through the fibre plane, although the fibres

may still affect the K1, then it should continue to grow as long as there

is enough energy being supplied to it by the surrounding stress field.

This will be limited by the bridging effect of the fibres, i.e., the

inhibiting of the COD which increases the load in the fibres instead of

further opening the crack. The crack should decelerate because of the

energy going into the fibres or into other failure processes such as

interface debonding.

iv) Crack beyond the fibre plane and stopped.

If the crack has stopped, a situation like ii) exists. In this case the

moment will increase and energy will go into increasing the strain

energy in the fibres and matrix and also into the fracture of the

interface. The growth of the main crack, as in case iii), is dependent on

there being sufficient energy available to continue propagation.

These four cases describe the behaviour of the main crack and the way in which

the introduction of fibres affects its development. Now consider the cases where

interfacial debonding can occur.

i) The crack at the fibre plane.

If the crack is arrested then the interface may fail at the instant the crack

reaches it (possibly before if the stress field ahead of the crack can

initiate a failure). For this to happen, the stress field due to the crack's

presence, combined with the stress field due to the fibre, must provide

enough energy for interfacial debondirg. Alternatively, the load on the

specimen will have to increase until there is sufficient energy to

initiate failure.
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ii) The crack beyond the fibre plane.

As the crack develops, or arrests, beyond the fibre plane, the load in the

fibres increases until the interface debonds. This is analogous to the

single-fibre pull-out test.

The above scenarios are the essence of interfacial fracture toughness testing. In

particular, the double torsion technique provides a basis for studying the

Processes involved in crack development and interaction within a multi-media

material. The following sections describe the way in which the test results can be

interpreted to obtain information on the properties of the interface.
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3.2. Determination of interfacial properties

It was shown in the previous section that the double torsion specimen enables

the study of matrix-crack interaction with fibres. It is especially suited to studying

the initiation and development of interfacial failure. This section describes the

ways in which the experimental results, combined with finite element data, may

be used to determine the properties of the fibrc/matrix interface. Three

techniques are presented. They consider mainly a fracture mechanics approach

with some reference to the more traditional strength of materials analysis as well

as dealing with the peculiarities of the double torsion specimen with fibres.

Unlike some other specimens used to study interfacial behaviour, the fibres in

the double torsion specimen are not loaded directly. Because of this, the first step

in understanding the load distribution in the specimen is to calculate the load in

the fibres. For the double torsion specimen a compliance change method has

been developed which can calculate the fibre load. From this, techniques similar

to those used in pull-out tests can be applied to calculate interfacial properties.

Obtaining useful information about the interface is not, however, contingent on

knowing the load in the fibres. A more desirable situation is if the energy being

absorbed by the interfacial failure can be found independently of the energy in the

fibres. This is, perhaps, better suited to the double torsion specimen because

calculation of the fibre load in some situations is difficult. An energy technique

for doing just this will be discussed in section 3.2.3.

The three approaches used to calculate the effect of the fibre bundle on the double

torsion specimen, the compliance change method, the fibre pull-out method, and

the energy method, are examined in the following sections.
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3.2.I. Compliance change method

This technique is applied when fibres are bridging the crack and the crack opening

displacement can be measured either side of the fibre plane. It is used to calculate

the load in the fibres by considering the change in compliance of the specimen

across the fibre plane. The fibre load is subsequently used in a fibre pull-out

analysis. When the crack is arrested at the fibre plane, the compliance is used to

determine the energy distribution within the double torsion specimen. The

compliance analysis for this case is also presented in this section.

There are two aspects to a compliance analysis. The first is the rationale that the

variation in twist represents the moment change across the fibre plane. Secondly,

a means for taking experimental measurements so that this variation in twist can

be determined.

Recall that for a crack of total length a, the angle of tr,lrist is given by
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where

T = applied moment,

a = crack length,

W = specimen width,

t = thickness,

G = shear modulus,

6 = load-point displacement,

CODp = the crack opening displacement at the load plane, and

wm = load moment arm.
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If the Presence of fibres at positiorl ?1, such that a1 < a, closes the crack at that

point, then the angle of twist, 0', for d1 ( ?* < a will be

0'= 6T'(a-ar)

wt3G 3.24

where T' is the remaining moment beyond the fibre plane, i.e., T' = f - T' with

Tl being the moment transferred by the fibres. This moment is equal to the force

in the fibres times the depth of the fibres from the upper surface. Assuming that

the crack opening displacement is proportional to the angle of twist, T' can be

calculated from the measured 0' and, knowing the applied moment T, Tt can be

calculated.

The angle of twist could be measured directly. br this work, however, the crack

opening displacement was measured because it provided more accurate

information on the displacement of the specimen. It could also be directly

correlated to finite element results.

The experimental data is typically presented in terms of a crack opening

displacement versus normalised crack length. Two representative graphs are

shown in Figure 3.13 and Figure 3.14. Figure 3.13 is a graph for an unreinforced

specimen or a specimen where the crack is arrested at the fibre plane.

The slope of this graph is given by

@Dr- CODa

coDa coDb - 0
8a=0
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For normalised crack opening displacement and

always be -L, i.e.,

slc -l
)Peab= T

COD

coDa I
coDa

COD,
COD6

1.00

normalised crack length this will

3.26

oau
ab crack lengh, a

1Ob

"b
Figure 3.13. Normalised crack opening displacement versus nonrtalised crack

length for cracked double torsion specimen.

To turn slope into angle of twist:

t"=l+|-.generar t=l+l
The absolute value is taken because the angle of rotation

its direction is not of direct relevance.

Alternatively, the crack opening displacement need not be normalised, i.e.,

coDc- coDa

3.27

is arbitrarily c-hosen

3.28

3.29

slope* = Lc- na

ac

slope*= -CODa

COD" = Q
3a= 0
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COD

coD a

coD c

Iaa
ac

normalised crack length

Figure 3.L4. Crack opening displacement versus normalised crack length for

cracked double torsion specimen.

Once again, to turn slope into angle of twist:
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3.30
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This result highlights the linearity of the system. Experimental results also show

that, as far as the crack opening displacement goes, the double torsion system is

extremely linear. Non-linearities, which would normally be expected at the crack

tip, do not appear to any degree in the experimental results (see photo of crack tip

Figure 3.76).
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For the case where fibres are present and the crack straddles the fibre plane, a

representative graph is shown in Figure 3.15. In reality, the crack opening

displacement at the fibre position is locally reduced. The two slopes shown in

Figure 3.15 are representative of the crack opening displacement profile either

side of the fibre position.

oDu

crack length, a

o4a
d"

!Iu
?"

14.
a

c

Figure 3.15. Crack opening displacement versus normalised crack length for

double torsion specimen with fibres bridging crack.

The slope from the loaded end at a to the fibre plane at b is given by

sropeus=q:#%=qr#%
%4

From the fibre plane to the crack tip at c the slope is

3.32

slope6, -
COD"- CODI _ -CODb

&c- &b .'ob
ac

The total angle of tradst as measured at the load plane is given by

3.33
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0u=

or in general: for a < a6

sropeu" *( , _A'l l.t \ a,.ll
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)

coDa
t

'=lsp"(,uJ
andfor n6(fl(8"
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From these general equations the angle of twist at any point can be evaluated.

This can then be used to calculate the moment being transferred by the fibres and

hence the force in the fibres as described by Equation 3.24. The compliance change

method provides a simple tool for estimating the load in the fibres. This

information can then be applied to a fibre pull-out analysis in order to obtain

interfacial strength properties.

Figure 3.16. Linear crack tip of double torsion specimen in polyester resin'
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3.2.2. Fibre pull-out analysis

As was shown in section 3.1,.5, when the fibre plane is straddling the crack plane

the double torsion specimen essentially represents a fibre embedded in a matrix

block. In applying a pull-out condition to the double torsion specimen, the

maximum strain energy analysis is preferred to the maximum stress condition as

discussed in the Review section. Prior to apptying a pull-out analysis two

important assumptions must be made.

Firstly, it is assumed that the load in the fibre is normal to the crack surface.

Given the small crack opening displacements about the fibre plane, this seems

valid. The intrinsic symmetry of the double torsion specimen means that there

can be no shear transfer across the fibre plane, i.e., no forces in the plane of the

crack. Fibre forces normal to the crack plane can be balanced by equivalent forces

in the uncracked ligament.

The second assumption is that the force is proportional to the crack opening

displacement that would have been there if the fibres were not present. This is

most likely to be true when there are fibres through the entire depth of the

specimen. When only some fibres are present, the force is proportional to the

amount of closure that occurs. This explains the apparent anomaly that if a

single fibre is present then the highest load in the fibre is when the fibre is away

from the bottom surface. As can be seen by Figure 3.17, the amount of closure is

greater for the case where the fibre is slightly away from the lower surface (Figure

3.17(a)) compared to the case where the fibre is at the bottom surface (Figure

3.17(b)) where the crack opening displacement would have been greatest if the

fibre was not present. Similarly, if the fibre is near the loaded end of the

specimen, the load in the fibre, and hence the amount of crack closure, is less

than when the fibre is away from the loaded end.
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a) b)

Figure 3.I7. Crack opening displacement at fibre plane for various fibre depths: a)

near the lower surface and b) at the lower surface'

The simplest pull-out method is to apply the fracture model put forward by

Outwater & Murphy (1969\ (refer Equation 2.27), i.e.,

I

"o=r(T)u
The fibre diameter can be measured in an X-Y digitiser, the load in the fibre can be

determined from the compliance change method described in section 3.2.1-, and

the Young's modulus is taken from manufacturers' data.

For the bundle situation, two approaches can be used with regard to calculating

the load distribution. The first is a bundle which is planar. This is a somewhat

idealised situation which assumes the fibre plane is only one, or a few, fibres

thick but with fibres evenly distributed through the depth. For this case the

linear load distribution is probably valid. Secondly, when the bundle is more

concentrated, more like a "rod" of fibres, they can be taken as behaving like a

large single fibre. The amount of load is determined by the density of fibres

within the bundle, with all fibres carrying an equal share of the load. This was

calculated by estimating the area of the bundle and counting the fibres within that
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area. Given the fibre diameter, a simple packing factor, or bundle volume

fraction, could be determined.

For the first case where a fibre plane exists, a linear load approximation is valid

even though finite element results show that a single fibre near, but not at, the

bottom of the specimen, produces the highest load in a fibre. For a continuous

plane of fibres, however, because all of the crack above the lowest fibre is closed by

the fibres above it, each successive fibre is closing the same amount of crack and

will also share a proportion of the toad in the fibres above. This load sharing will

reduce the load in the fibres above, thus resulting in a linear load distribution.

Each fibre also affects the crack surface below its position. This means that at the

bottom of the specimen the fibre load will be slightly less than expected, because

the bottom fibres close only the surface above its position, i.e., there is no crack

surface below the fibres at the bottom to have an effect on. It is also possible that

some fibres at the top will actually be in compression because of their proximity

to the region of interpenetration.

In the first case, the plane of fibres, the load in the fibres will vary through the

specimen approximately linearly giving a total moment equal to the moment

calculated in section 3.2.7. In the second case, that of the fibre rod, the load in all

the fibres is taken as being the same. It would be expected, therefore, that the

amount of debonding in case one would vary linearly through the specimen,

whilst in case two the length of debonding would be constant over the whole

bundle.

Once the fibre force is known, along with the geometric and material properties

described above, the strain energy release rate, G, can be determined by applying

the Outr,vater & Murphy equation (Equation 2.42), i.e.,

2
o^d

G =T?
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The second method of analysis available is the more traditional strength of

materials approach. As discussed in the Review chapter, this can be done simply

by considering the interfacial failure to occur simultaneously at some maximum

shear stress. The alternative is to apply the detailed analysis of Hsueh. The

strength of materials approach is less favoured because of the assumptions

required regarding matrix diameter and the difficulty in adapting it to a fibre

bundle situation.

Fibre pull-out as applied to the double torsion specimen provides a convenient,

and to some extent, traditional analysis of the interfacial failure based on either a

yield or, preferably, a fracture criteria. An alternative approach is to consider an

energy balance based on the energy put in and the energy dissipated through the

fracture process.

3.2.3. Energy methods

When the main crack in the double torsion specimen interacts with the fibres

placed. across the crack plane some amount of energy goes into Processes other

than continuing the propagation of the main crack. These other Processes are

either dissipative, for example, fracture of the interface or fibres/ or non-

dissipative, for example, increased elastic loading of the comPonents within the

system. By determining the energy stored in the non-dissipative regions, the

amount of energy dissipated can be easily determined. This section deals with the

energy distribution within the double torsion specimen and also presents the

energy-based analysis for the fracture of the main double torsion crack' In all of

this discussion it must be remembered that the measuring of the effect of the

fibres is a comparative one between a double torsion specimen with fibres and an

unreinforced specimen.
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Consider first the case of an unreinforced specimen. Using a Griffith energy

approach, the mode I critical strain energy release rate, G1s, is defined as the

energy required to extend a pre-existing crack, i.e.,

Gb= 4q
AA 3.37

where U is the total strain energy and A is the fractured area. The energy, AU,

needed to extend the fractured area from A to A+AA (see Figure 3.18) is

represented by the area under the load displacement curve (see Figure 3.19). For

crack growth in the constant stress intensity region, the area, AA, is equal to the

thickness, t, times the crack length increment, La, as the crack front profile is

constant within this region (see previous discussion, section 3.1.1.2). So, G1" is

given by

^AUuh= 
-tAa 3.38

This approach has been applied to three-dimensional composites tested using the

tabbed double cantilever beam specimen (Gudnon et al. 1989) and to rubber-

modified polymers using the double torsion specimen (Riccb et al. 1990).

\Alhen fibres are present the load will not be constant at a particular crack length,

because of the toughening effect of the fibres. What does happen is that, as

described in section 3.2,'J,, the load applied to the specimen will increase as the

fibres, and hence the interface, are loaded. Applying equation 3.38 to this case

does not give a measure of the interface fracture toughness Per se, but gives a

measure of how much more difficult it is to advance a crack past a fibre plane.

This is essentially the toughening effect of that particular fibre configuration. It

is, however, an indirect method of determining whether, for identical fibre

configurations, the interface is providing more or less toughening. Thus, from

this form of analysis the relative performance of different interfaces is obtained.
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Incremental fracture AA

Figure 3.L8. brcremental crack growth showing fracture surface area, AA = t Aa'

Load, P

Displacement, $

Figure 3.19. Incremental strain ener$/r AU, during crack growth

via the load-displacement Plot.

The second means by which energy considerations are used to analyse the double

torsion specimen is to determine the distribution of energy throughout the

specimen. The non-dissipative energy in the double torsion specimen is

represented by the strain energy in the fibres, the two cracked half-specimens and

the ligament beyond the crack tip, and also by the work done by the load. The

r09

l.J
A6
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dissipative mechanisms are fracture of the matrix, interface, and fibres and also

losses due to viscoelasticity of the polymeric matrix material. The latter

component was not considered in this thesis. The magnitude of the non-

dissipative components can be calculated only if no dissipative mechanisms

occur, i.e., if there is no fracture. To do this the fractured specimen can be

reloaded to an arbitrary load from where measurements are taken. Each of these

components is considered in isolation.

compliance, C

crack length, a

Figure 3.20. Compliance versus crack length showing extrapolated ligament

compliance, Cg, of a = 0.

The compliance of the ligament components can be calculated from a compliance

calibration curve, i,e., the y-intercept, Cg, (see Figure 3.20) which represents the

compliance of an uncracked specimen, which is also the ligament compliance.

The strain energy in the ligament and its compliance can also be determined by

loading an uncracked specimen and plotting load vs displacement (see Figure

3.ZI). If the displacement at the crack tip, 61, is known, then the strain energy in

the ligament is represented by the shaded area in Figure 3.2L. The slope of the

plot represents the inverse of the compliance. It should be remembered that the

1L0
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ligament transfers all the residual moment beyond the crack tip (ignoring the

small contribution from the uncracked region above the curved crack front).

By measuring the angle of twist of the two half-specimens the strain energy

contained in them can be determined. The technique for doing this is discussed

in section 3.4 and the means of analysis has been discussed in section 3.2.7. The

final non-dissipative component that is known is the work done by the load.

load, P

0 
load-point deflection, 6

6=6t

Figure 3.21. Representative load versus displacement plot showing strain energy

in ligament. Q. ir the load-point deflection equal to the deflection at the crack tip

and Pl is the equivalent residual load in the ligament'

Having calculated. the strain energy in the ligament and the two half-specimens,

and knowing the work done by the load, the energy in the fibres is the remainder

of the total energy in the system, i.e',

P
L
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3.39Wf=WP-Wr'-W'

where: W6 is the strain energy in the fibres,

Wp is the work done bY the load,

W1 is the strain energy in the ligament, and

W" is the strain energy in the already cracked half-specimens.

For the case of the crack arrested at the fibre plane, the terms for Wp, W1, W" are:

WP=I/2P6 P=load, 3'40

6 = load-point deflection

wL = 1/2PL6L Pr = uq.tivalent residual load 3.41'

in the ligament, i.e,
/r\pr= 6rtco-l

6L = deflection at the crack tip

* 
"= 'l+rw 

*e')- \z+ | g'is the angle of twist between 3'42

the load plane and the fibre Plane
Pw,n
z is the moment applied to each half

When the crack has propagated beyond the fibre plane, the energy in the cracked

half-specimens is made up of components either side of the fibre plane. In this

case, the moment applied to the specimen beyond the fibre plane must be

calculated using the compliance change method described earlier. The angle of

twist is then that between the fibre plane and the crack tip. An altemative to this

is to calculate the strain energy in the specimen beyond the fibre plane, treating it

as a specimen with a certain crack length and an apptied moment based on the

slope of the cracked portion.

112
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To determine the magnitude of the dissipative mechanisms, the difference in

work done to load and fracttare the specimen and to just reload the specimen to

the same displacement is taken. The contribution of the interfacial failure is then

the difference between the amount of energy needed to fracture the unreinforced

specimen, as described earlier in this section, and the amount of energy to

fracture the reinforced specimen.

It should be noted that the stress field about the fibre, be it due to residual stress or

the change in specimen compliance at the fibre plane, will partly corrupt this

calculation. Flence, there will be a slight difference in the energy required to

propagate a crack through unreinforced matrix compared to reinforced matrix'

Another energy approach is to consider the work done by the fibres to keep the

crack closed. The work done by the fibres in closing the crack faces is a measure of

the energy in the fibres. The difference between the energy required to close the

crack at the fibre plane (no debondiog) and the energy at the crack opening

displacement after debonding has occurred is the energy absorbed by the

debonding process. This requires that the fibre force be known at the intact and

debonded state. This is achieved by measuring the change in compliance across

the crack plane as described in Section 9.2.L.. The work done by the fibres to keep

the crack closed is equal to half the force in the fibres times the crack opening

displacement that would exist if the fibres were not present. The half is needed

because the load is assumed to increase linearly from zero.

Energy methods have the potential for calculating the relative behaviour of

unreinforced and reinforced specimens' They can produce a comparative

measure of the effect the reinforcement has on the double torsion specimen and

some quantitative data on the strength of the interface'

11,3
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The previous three sections have described the analytical techniques that have

been developed to study the behaviour of the double torsion specimen

containing fibres. In order to confirm some of this behaviour, ffid to aid the

understanding of the effect fibres have, a finite element model was generated.

The finite element model was particularly useful for confirming the fibre loads,

thus verifying the compliance change analysis methodology.

7t4
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3.3. Finite element modelling

Finite element analysis is a useful tool for providing stress and strain

information on unconventional, and otherwise difficult to analyse, components'

Finite element analysis has previously been applied to the double torsion

specimen to calculate the stress intensity factor. In this study, its use was

principally to confirm the displacement characteristics and to provide

information on the loads on fibres bridging the two halves of the specimen'

Because of symmetry, only one half of the specimen was modelled'

3.3.1.. Previous attempts at modelling

Finite element analysis has previously been used to test the validity of the double

torsion specimen as a means for determining fracture toughness. Three different

techniques have been used. The first was Trantina's (1977) three-dimensional

elastic finite element stress analysis. There were three aims to this study: to

determine which crack front configurations produced a constant stress intensity

factor along the crack front (even though the "strength of materials" analysis does

not necessarily require such a condition), to compare this value to the "strength

of materials" value, and finatly to determine the variation of K along the

specimen length and thus find the range of constant K behaviour. Trantina

avoid.ed the complications of modelling the crack tip by placing a small hole in

this region. K was calculated. using the crack surface displacements near the crack

tip, i.e.,

v e {(zr)
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where: v = displacement perpendicular to the crack surface,

r = distance from the crack tip,

E = Young's Modulus, and

v = Poisson's Ratio.

K is calculated at the three nodes closest to the crack tip (r/T - 0.1, 0.15, 0.25). This

equation was originally intended for use on the double cantilever beam specimen

but was applied unchanged to the double torsion specimen.

Trantina studied four crack shapes: three linear ones at 90" (vertical),45", and 30o,

and one bilinear one where the lower quarter was at an angle of 40" and the

upper three quarters were at 30" (see Figures3.22 and 3.23). The results showed

that the bilinear model gave the most uniform K although, in all cases, the K

rapidly decreased in the upper half of the specimen. A vertical crack front, as is

used in the strength of materials analysis, produced a K twice that which would

be determined using the analytical solution. Of interest was the fact that the

maximum K occurred away from the surface, except for the vertical crack front

case. Trantina concludes that the bilinear model gave the best results and also

was the most representative of the experimental curves. Glass, PMMA, steel,

vitreous carbon, alumina and silicon nitride curves were presented for

comparison. Whilst it may be true that the bilinear profile is somewhere in

between the crack shapes that he compares it to over the lower half, where his K

value is constant, the upper part of the ligament is not very representative at all.

The effect of this on the K value is difficult to determine and its use is criticised by

the two other workers who have carried out finite element studies.

Tseng & Berry (1979) used a special three-dimensional crack tip element and

modelled the crack profile as a quarter ellipse. The quarter-elliptical or semi-

elliptical crack models are commonly used for corner or surface crack studies

(Broek 1984) and give a reasonable fit to experimental data (see Figure 3.23).
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Figure 3.?2. Crack shapes modelled by Trantina; left to right: bilinear 40o+30",

30",45o, and 90" (vertical).
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Figure 3.23. Crack shapes used by Trantina and Tseng & Berry compared to an

experimental shaPe.

Again, the crack opening displacements adjacent to the crack tip were used

calculate the stress intensity factor, i.e',

3.M

u- and uv are displacements at the mid-side and the vertex nodes,

respectively; mid-side and vertex nodes are located at a distance of t/2r

and r, respectively, from the crack tip,
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E = Young's Modulus, and

v = Poisson's Ratio

Results showed more variation of K along the crack front than Trantina's but the

maximum K tended to be closer to the top surface (depending on the particular

specimen geomefy). An analysis was also carried out on a vertical crack front

model in order to verify the analytic solution. It was determined that in order to

obtain finite element results, the analytical solutions had to be multiplied by 1'65'

The multiplication factor for the quarter elliptic model was, however, l'.0.

The third and most recent technique used line-spring analysis (white 1984). This

technique allows the three-dimensional problem to be modelled using shell

elements. White analysed Trantina's bi-linear crack and produced similar results

with the maximum stress intensity factor being approximately equal to the

analytical solution and occurring about one quarter of the thickness up from the

lower surface. White criticises both Trantina's and Tseng & Berry's analyses for

having crack profiles which were not representative of experimentally observed

ones. In particular, the fact that the quarter elliptic model does not penetrate the

upper surface is noted. In testing carried out on polymers for this thesis it was

found, however, that the top surface was not cracked. White's second analysis

was on a "true" profile which had an aspect ratio of five (see Figure 3.24)- The

results showed a very even stress intensity factor over most of the lower half,

much like Trantina's bi-linear model, but at a value 20"/" lower than that

pred,icted by the analytical solution, i.e., the analytical solution would need to be

multiplied by 0.8 to obtain the finite element solution.

A1 of the above papers concentrated on determining the stress intensity factor

variation along the crack front. This is important in ascertaining if the double

torsion specimen is a valid means of obtaining fracture toughness values. In this
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study, however, the emphasis is not specifically on fracture toughness

determination at the crack tip, but more on the crack surface displacement away

from the crack tip where the effect of the fibre is more closely studied'
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Figure 3.24. Double torsion crack profiles for polyester compared to those used by

White and Tseng & Berry.

9.3.2. Reasons for finite element analysis

A finite element model was used in this study to aid in the analysis of the double

torsion specimen. The aim was to determine the crack opening displacements of

a cracked specimen without fibres from which the amount of closure due to the

presence of fibres could be compared. Put simpty, the work done by the fibres in

closing the crack could be estimated and, hence, the amount of energy in the

fibres could be calculated as was shown in Section 3.2.3.. Aiso, by modelling the

specimen with fibres, load and displacement characteristics could be studied and

compared^ to theoretical and experimental results. Of particular interest was the

variation of compliance across the fibre plane when bridging of the matrix crack

occurred.
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3.3.3. Description of model

The finite element model used to study the double torsion specimen was made

up from three-dimensional solid elements. Thuy were chosen because they have

sufficient degrees of freedom to accurately model the twisting of the double

torsion specimen. Because of the symmetry about the crack plane, only half the

specimen was modelled. The 20-node solid element is depicted in Figure 3'25

showing the axis orientation and node numbering system.

The crack was modelled by constraining the uncracked portion of the specimen to

the symmetry plane. This modelled the ligament beyond the crack plane and the

uncracked hinge that exists between the load plane and the crack tip. The

remaining unconstrained nodes represented the stress-free fracture surface' The

degrees of freedom constrained at the ligament and hinge nodes were:

- X disPlacements,

- Y disPlacements, and

- X, Y, artd Z rotations.

A typical mesh is shown in Figure 3.26.

Initially the curved

crack front showed

from the crack tip.

analysis.

crack front was modelled but comparisons with a vertical

that the displacement characteristics were very similar away

Hence, for simplicity a vertical crack front was used in the

Various mesh arrangements were tried in order to determine the effect mesh size

had on displacement, especiatly the effect of the element density about the crack

front. It was found, in line with another study (Tseng & Berry 1979)' that coarser
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meshes were as accurate as fine ones'

definition obtained at the crack tip but

not justify their use.

121

The only value in finer meshes was the

the increase in computational time could
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Figure 3.25. 2O-node quadratic displacement brick'

Figure 3.26. Finite element mesh showing boundary nodes. The X-Y plane is the

crack plane and the sYmmetry Plane.
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Because the region of most interest was away from the crack tip' the use of

specialist crack tip elements was not necessary' Results from a model with crack

tip elements showed that the displacement characteristics were the same as

standard elements with elements concentrated at the crack tip' These results are

discussed more fullY in ChaPter 4.

To model the loading on the double torsion specimen two nodes were

constrained in the vertical, or Y, direction so as to represent the load plane

support and. the support at the free end, the end away from the load points' A

single load was then applied near the symmetry plane to represent the upper load

point. The load and the load plane suPPort are shown in Figure 3'26' The

purpose of the support at the free end was to prevent rigid body rotation of the

whole model. This could occur due to numerical inaccuracies even though the

model was in equilibrium without the free end support'

Finite element modelling proved to be a very valuable aid to understanding the

behaviour of the double torsion specimen as well as providing an independent

assessment of the analytical techniques developed. Any computer modelling is,

however, only an adjunct to experimental testing'
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3.4. Experimental procedure for double torsion testing

The experimental testing of the double torsion specimen consisted of three parts'

The first was testing of unreinforced specimens to determine the compliance and

fracture toughness of the matrix materials studied. This provided the data for

comparative tests on reinforced specimens. Secondly, specimens reinforced with

fibres were tested to develop an understanding of the behaviour of various fibre

configurations as discussed in section 3.2. The interaction of the main crack with

the fibres and the debonding characteristics of the various fibre orientations was

studied. The technique of acoustic emission was used to verify the observed

behaviour. In conjunction with this, experimental techniques were developed to

record the crack opening displacement along the tension side of the double

torsion specimen. Finally, having determined the configuration of fibres that

produced the most useful results, a number of tests were carried out to evaluate

the strength characteristics of the interface. This section details the experimental

techniques used and discusses the manufacture of double torsion specimens'

3.4.1. Experimental equiPment

The experimental equipment used in this study is shown in Figure 3'27' It

consisted of two lower supports which were mounted on the crosshead of an

Instron L185 Universal Testing Machine (# H4123), and an uPPer loading unit

which had a pivoting arm with two ball bearings attached' The loading unit was

attached to a load cell. Additional support was Provided by two arms on the

lower supports which held the specimen level as the load was applied' Under

ideal conditions these would not have been necessary once the moments are

applied as there is no net force on the specimen. In the course of testing'

however, it was discovered that, through misalignment of the upper and lower
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load planes, the specimen would either lift trp slightly, or alternatively, the lower

end supports would prevent the specimen l'rom tilting down. The effect on the

test method was deerned to be negligible because the moment arm of the

misalignment was very much smaller than that for the gross twisting.

Figure 3.27 . Experimental apparatus.

The experimental information required dr-rring a test is a load vs crosshead-

displacement graph and the crack opening ciisplacement along the length of the

crack. The load vs crosshead-displacement graph was generated by the Instron

testing machine. To measure the crack opening displacement, a photographic

tecl'rnique was developed. The arrangcment used is shown in Figure 3.28. It

consisted of a camera, fitted with a Tessovirr microscopic lens, attached to the

crosshead. A front-silvered mirror was necessary to enable viewing of the crack

within the limited space under the specirnen. In order to measure the crack

opening displacement, a gauge wire, typically 0.25 mm in diameter, was attached



Chapter 3 The Double Torsion Test r25

to the specimen adjacent to the crack (see Figure 3.29). This allowed the crack

opening displacement to be scaled from photographs taken of the underside' The

crack opening displacement has to be known in order to calculate the load in the

fibres.

Figure 3.28. Apparatus used to photograph crack opening displacement'

The specimen could be photographed during the test procedure or after the crack

had stopped propagating. In the latter case, the specimen could be reloaded to a

desired "critical" load and the crack opening displacement profile recorded'

The photographic technique was chosen because it enabled the complete crack

opening displacement profile to be measured. lt also overcame some of the

problems associated with other techniques. For example, the use of a clip gauge

attached to blocks requires either the mor.rnting blocks to be on the edge of the

crack or the angle of rotation to be measured concurrently in order to determine
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the actual crack opening displacement (see Appendix E)' Also, because no groove

was used to guide the crack, the direction of crack propagation was not precisely

known prior to testing and, thus, the mounting blocks would have to have been

attached after the crack had propagated. In the photographic technique' the gauge

wire could simply be repositioned such that it was close enough to the crack to be

within the frame of the photograph. By using a wire gauge, problems with

parallax were effectively eliminated'

Figure 3.29. Specimen with gauge wire attached'

Prior to testing, sPecimens were scored width-wise in even graduations along

their length. The copper gauge wire, 0'25 mm in diameter, was taped loosely to

the lower surface and the specimen was located in the loading rig' The

microscope was then aligned with the starter notch below the specimen and

focused. The specimen was loaded and after initiation the crack was allowed to

grow to a predetermined length. Loading was stoPPed and, if necessary' while the

load was held constant, the Sauge wire was repositioned to be within the photo

Afrs'tttrr?rlF-'
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frame. Photographs were taken at each of the graduations' A typical print is

shown in Figure 3.30.

Measurement of the gauge wire and crack was done in an X-Y digitiset and the

data scaled accordingly to obtain the crack opening displacement'

Figure 3.30. Photograph used to determine the crack opening displacement'

For specimens containing a bundle of fibres located in a concentrated position,

the ,,rod of fibre" case, an estimate of the fibre volume fraction within the "rod"

was made using an X-Y digitiser. The size of the rod and the proportion of fibres

within the rod were measured.

Photographs of the crack interacting with the fibres were taken using an angled

lighting technique. These produced images whereby the crack was in shadow so

that its front could be clearly identified. It also highlighted the amount of

debonding, although some skill was required to interpret this feature with any

confidence. Examples of these photographs appear in chapter 4.
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3.4.2. Specimen PreParation

One of the major advantages of the double torsion specimen is the ease of

specimen preparation. Specimens were cast between two flat plates separated by a

spacer (see Figure 3.31). Each section of the mould produced two specimens

allowing up to six to be cast at any one time'

Fibres were thoroughly wetted out prior to positioning within the mould' The

fibres were held in position by wrapping them around a rod at the top and bottom

of the mould. The resin was then poured around them to fill the mould' For

specimens where the fibre plane was in the same plane as the sPecimen, the fibres

Figure 3.31. Apparatus for casting of double torsion specimens.
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were simply wetted and placed on one face of the mould' Polyester specimens

were cured at room temperature. Epoxy specimens were cured at elevated

temperatures in accordance with manufacturers' recommendatiOns'

some specimens were cast with a foil strip at one end in order to cast in a starter

crack. It was found that, on curing, a crack would develop about the foil strip'

This reduced the amount of load need.ed to initiate a crack along the double

torsion specimen compared to using a machined notch, thus reducing the length

of crack "jump-in". IumP-in occurs because the resin has an inherent notch

sensitivity. As was discovered during testing of pure resins (Brown 1989) even a

well machined notch produces fracture toughnesses at initiation of up to three

times the value for a real crack. Crack initiation proved to be a most difficult

obstacre to controlled testing. Although in some instances the initiation from the

starter notch extended a crack beyond the fibre plane, information about the

interfacial performance could still be obtained. This and other test results are

discussed in the following chapter'
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4. Experimental Results and Analysis

This chapter presents the results obtained from the finite element analysis'

experimental work carried out on double torsion specimens, and the acoustic

emission analysis, which shows how the failure Processes can be identified'

Much of the experimental work was Purely developmental and' as such' did not

provide direct results that could be applied to the theory developed' Where

appropriate, worked examples of the use of experimental values in the analytical

solutions have been included. The first section describes the finite element

analysis and shows how it was possible to study the behaviour of the specimen

without the need for extensive experimental testing'

r.30
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4.L. Finite element modelling

Finite element analysis was carried out on the double torsion specimen in order

to develop an understanding of the mechanics of deformation of the reinforced

specimen. Various fibre orientations were modelled, analysis of which provided

valuable information regarding the mechanisms of fibre bridging and the

interaction between cracks and fibres.

A number of models were analysed and the results from these are presented in

this section. The output from the finite element analysis is presented in two

main ways: vertical displacement along the top of the specimen at the symmetry

plane (which is also the crack plane) and the crack opening displacement

measured from the symmetry plane to the lower edge of the cracked section of

the specimen (see Figure 4.1). Both of these measurements are referred to the

initial position of the specimen. A typical mesh geometry was shown in Figure

3.26. The meshes are described by the number of elements along the X-axis

(length), Z-axis (width of the half of the specimen modelled), and Y-axis

(thickness), e.g.,24x6x4 elements for the X,Z, and Y axes respectively. The node

planes along the length of the specimen are numbered from the loaded end to the

free end. Through the thickness of the specimen, the node planes are numbered

from zero at the "hinge", i.e., the top face of the specimen, to the relevant node

plane number at the bottom face of the specimen (refer Figure 4.14, Section 4.L.2).

The specimen length is shown normalised with respect to crack length, i.e., a/L.

For most of the finite element models, the crack tip is located at a normalised

length of 0.5. A typical input file is listed in Appendix F. The first stage in

developing the finite element model was determining the appropriate element

type and mesh size.

L31
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displacement

front elevation

Figure 4.L. Measurement of a) vertical displacement and b) crack opening

displacement on the finite element model'

A.I.L. Element and mesh verification

As was discussed in Chapter 3, three-dimensional solid elements were used so

that the torsion capabilities could be well modelled. Along with the 2o-node

bricks mentioned previously, 8-node brick models were also investigated' The

main benefit was the saving in computational time afforded by 8-node bricks' It

would be expected that 8-node bricks were less accurate than 20-node bricks' This

is because of the lower order of the 8-node bricks, which have linear interpolation

between nodes, as opposed to quadratic interpolation for the 20-node bricks' The

deformation characteristics were verified by modelling a flat plate (of similar

proportions to the double torsion specimens to be studied) under an applied

moment. A variety of meshes and load application methods, either a single

couple or a distributed load, were checked. Results were compared to the

a)

b)
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analytical solution given by Timoshenko & Goodier (1982)' The variation from

the analytical solution ranged from 0.1 - 2'6%' For most meshes 20-node bricks

were more accurate than 8-node bricks. The exception was a 24x5x4 mesh of 8-

node bricks which was equal to the best of the 20-node brick models' Having

verified the accuracy of the elements, the effect of the boundary conditions along

the symmetry Plane was examined'

The double torsion specimen has a plane of symmetry along the crack plane so

only half the specimen need.s to be modelled. To model the symmetry plane the

cracked portion and the uncracked ligament must be given appropriate boundary

conditions. The ABAQUS finite element package that was used in this work'

allows for symmetry planes to be simply modelled using a symmetry plane

boundary condition. This ensured that any nodes constrained to the symmetry

plane were not able to have displacements away from the symmetry plane' As

was shown in Figur e 3.26, the crack plane was the X-Y plane' Other nodes on the

X-Y plane that were not constrained represent the crack surface' These could' of

course, displace in the Z-direction and this represents the crack opening

displacement (COD). The results presented in this thesis use the Z-displacement

as measured from the symmetry plane which means the CoD is actually only half

the total COD as was measured experimentally' As well as the symmetry plane

boundary conditions, the load points and specimen supports must also be

modelled.

The full double torsion specimen was suPPorted at four points (refer Figure 3'27)'

Two of these acted as reaction points to the applied loads whilst the other two

held the specimen level. In the finite element model one of each of these was

modelled by using a pinned boundary condition. This meant that these nodes

could not displace from their original positions but the element was free to rotate

about the pinned node. A point load was applied to a node on the top of the



Chapter 4 Experimental Results and Analysis \U

specimen, one node plane away from the crack plane. The applied moment was

defined as the d.istance between the load point and the support point at the loaded

end of the specimen multiplied by the magnitude of the applied load' No

correction was made for the change in moment as the specimen displaced'

The effects of the boundary conditions were examined by modelling the double

torsion specimen as if it were a cantilevered plate with what would be the free

end of the specimen fully constrained' Two aspects were considered' The

,,hinge" that exists along the cracked portion of the double torsion specimen was

applied along the full length of the specimen and, secondly, the boundary

conditions to represent the uncracked ligament were applied to the half of the

specimen nearest to the built-in end of the cantilever. The vertical displacement

along the crack plane and the displacement normal to the crack plane along the

lower edge of the specimen for these two conditions and for 8-node and 2O-node

brick models are shown in Figures 4.2 and 4'3 respectively' For a simple

cantilever with the hinged boundary condition there is little difference between

the two element types. The interesting feature here is that when the ligament

boundary conditions are added, the vertical displacement characteristics are very

different for the two element types. This variation is not so strongly reflected in

the crack opening displacement. A likely explanation for this is that with just the

hinged boundary condition the model is not constrained to any degree,

particularly since the plate modelled was relativety thin' When the ligament

boundary condition is added, the degree of constraint is, obviously, increased' In

these cases the 2O-node element appears to be more compliant' This is reinforced

by the similarity of the CODs. The only way the two deformations can be

different is if the element deforms more readily' It would apPear that the use of

g-node bricks is inappropriate for modelling the vertical deformations of the

double torsion specimen. The similarity between the crack opening

displacements along with the significant reduction in computational time,

however, made 8-node bricks useful for studying various features of the double

torsion specimen.



Chapter 4 Experimental Results and Analysis 135

8 node: encaslre, hinge

20 node: encastre, hinge

8 node: encastre, hinge, 1/2 cracked

20 node: encastre, hinge, 1/2 cracked
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Figure 4.2. Comparison of vertical displacement for a cantilever plate with

different boundary conditions'

Two finite element modelling techniques were investigated to determine the

most appropriate mesh arrangement for modelling the double torsion specimen'

Firstly, different mesh densities were tested to ensure convergence of the

deformation and, secondly, meshes which had elements biased towards either the

crack tip or the load points were examined. Biasing of the elements is where the

ratio of adjacent element lengths is equal to some constant, for example' if the

bias is two an element will be twice as long as its neighbour. Figures 4'4 and 4'5

show the vertical displacement for different mesh densities. For both element

types, there is little difference for the higher element densities. This is in line

with a finite element study by Tseng & Berry $979) which showed that coarser

meshes performed as well as the finer meshes did'
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g node: encastre, hinge

20 node: encastre, hinge

8 node: sncastre, hinge, 1/2 cracked

20 node: encastre, hinge, 1/2 cracked
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Figure 4.3. Comparison of crack oPening displacements for a cantilever plate

with different boundary conditions'
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Figure 4.4. Comparison of vertical displacement for different mesh densities and

between 8-node and 20-node bricks'
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Figure 4.5. Comparison of vertical displacement for different mesh densities for

8-node bricks showing good convergence'

The second technique studied was to vary the bias of the elements along the

length of the specimen. Elements could be concentrated at the load end (bias < 1)

or near the crack tip (bias > 1). If the bias was one then elements were distributed

evenly along the specimen. The bias across the width of the specimen was 0'8'

which weighted the elements towards the crack plane. Through the thickness the

bias was one. Because the area of highest stress variation is around the crack tip'

concentrating the elements around the crack tip may be expected to provide better

modelling. Figure 4.6 shows the vertical displacement for three different biases of

a L6x6x4 element model made up of 8-node bricks. Although the differences in

displacement are not great it should be noted that where the elements are

concentrated near the loaded end the deformations around the crack tip are less

well defined. This effectively increases the stiffness of the model resulting in a

reduced displacement at the loaded end. Figute 4.7 presents the same results for a

L0x4x3 model using 20-node bricks. Clearly, the higher order element is relatively

unaffected by the variation in element concentration.

^
Eo
6)
H

rA

Q
L
a)

+ 24x0x4

# 34x6x4

# 50x6x4



Chapter 4 Experimental Results and Analysis 138

5.0e-3

4.Oe-3

3.0e-3

2.0e-3

1.0e-3

0.0e+0
0.00 0.25 0.s0 0.75 1.00

Normalised specimen length

Figure 4.6. Comparison of vertical displacement for different mesh biases for

t6x6x4 element model using 8-node bricks.
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Figure 4.7. Comparison of vertical displacement for different mesh biases for

10x4x3 model using 20-node bricks.

These results again show that 20-node bricks are more robust for modelling of the

double torsion specimen. The results presented so far have been for a model

where half of the symmetry plane represents the ligament, and is, thus,
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constrained to the symmetry plane, and the other half has the nodes along the

top edge constrained to the symmetry plane to represent the hinge of the cracked

section of the specimen. The crack front profile is, therefore, vertical (refer Figure

3.26). This is not an accurate representation of real double torsion specimens (see

Figure 3.5). It is, however, the most simple to model and affords a degree of

consistency between meshes of different bias. If curved profiles are modelled

either the mesh must be deformed to an aPProPriate shape or nodes on a regular

mesh can be constrained to the symmetry plane as for the rest of the ligament'

The latter approach was used to check the effect of the simplifying assumption of

a vertical crack front. A 24x6x4 8-node brick model was analysed with additional

nodes constrained about the crack tip to provide a "curved" crack front (see

Figure 4.8). Compared to polyester resin, the finite element model is overly

constrained in that the uncracked portion of the specimen is less than the

experimental Profile.
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Figure 4.8 Comparison of experimental crack profile for polyester resin and a

finite element "curved" profile'
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Figures 4.9 and 4.1,0 show the vertical displacement and the crack opening

displacement for a vertical crack front compared to the "curved" profile analysed'

The effect of the vertical profile is to increase the deformation around the crack

tip. The compliance of the specimen away from the crack tip is, as would be

expected, unaffected by the local stiffening effect caused by the curved crack

profile.

one other finite element analysis facility that was investigated was the use of

specialised crack tip elements at the crack tip' These elements are able to

reproduce the singularity that exists at the crack tip' The mesh used for this work

is shown in Figure 4.1"L. 2O-node bricks were used in this model'
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Figure 4.9. Vertical displacement for vertical and "curved" crack fronts'

The results from the singularity model are comPared to models made from 20

and 8-node bricks in Figure s 4.12 and 4.13. The crack opening displacement is

virtually identical for the singularity model and the 20-node brick model' Both

models had vertical crack profiles. The vertical displacement of the singularity

model suggests that the different mesh configuration did not have suitable
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torsional deformation characteristics. This may have been a result of the

skewness of the elements around the crack tip. The result is similar to the

comparison between 20-node and 8-node brick models where' although the crack

opening displacements were similar, the vertical displacements were markedly

different.
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Figure 4.1,0. crack opening displacement for vertical and "curved" crack fronts'

Figure 4.11. Finite element mesh with crack tip elements

singularity.

to model the crack tiP
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# singularitY model

"# vsrticalcrack model: bias=2
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Figure 4.L2. Comparison of crack opening displacements of singularity model

and vertical crack front with 2o-node elements biased towards ffack tip (bias=2)'

From this examination of the various elements and mesh arrangements it can be

concluded that 20-node elements are better suited to modelling the deformations

of the double torsion specimen. From the mesh refinement analysis it is

apparent that a moderately coarse mesh is equally capable of modelling the

double torsion specimen. The penalty for using 20-node bricks is a computational

intensity one. 8-node bricks, whilst not modelling the vertical deformations as

well as 2o-node bricks do, allow quicker analysis and a reasonable rePresentation

of the deformations of the crack surface. They lend themselves to use for

investigating the effect of fibres in the double torsion specimen'
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Figure 4.13. Comparison of vertical displacement for singularity model and 8-

node and 20-node brick element models'

4.1..2. Modelling of fibre reinforced specimens

One of the benefits of finite element modelling is that a variety of specimen

configurations can be analysed without the need to physically test real specimens'

In this section a number of reinforced double torsion specimens are examined in

order to develop an understanding of the effect fibres have on the displacement

characteristics and also to gain an insight into the variation of load in fibres in

relation to their position in the specimen'

Fibres were modelled in two ways. For the cases where fibres were bridging the

crack, the fibres were simply modelled by tyittg nodes to the symmetry plane' In

effect this represents a point fibre of infinite stiffness at the crack plane' For this

type of model, no fibre was added to the resin block to reflect the added stiffness'

To do this would have required severe mesh refinement to adequately reflect the

+ 20 node singularitY model

# 20 node: 10x5x2 mesh

# 8 node:24x6x4 mesh
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small size of the typical fibre bundles tested experimentally' single nodes were

tied to represent small bundles or a vertical plane of nodes was tied to represent a

full plane of fibres.

The second method of mod.elling fibres was used to examine the case where the

crack tip was at the fibre plane. In this case, element stiffnesses were increased so

that the local effects at the crack tip could be examined' A heavily biased mesh

(bias=2) was used to concentrate the nodes at the crack tip' By increasing the

stiffness of the elements at the crack tip and across the width of the specimen' a

"bundle" of fibres running normal to the crack plane could be modelled' The

element stiffness of the fibre elements was set to the Young's modulus of real

fibres rather than the lesser stiffness of a fibre/matrix bundle. This effectively

models the extreme values of fibre stiffness, i.e., from a solid rod of fibres to fibres

with the stiffness of the surrounding matrix'

Figure 4.14 shows the notation used to identify the node planes through the

thickness and along the specimen for a 24x6x4 mesh. Through-the-thickness

planes are numbered from zero at the top (hinge) to four at the bottom of the

specimen. Along the specimen, node planes are numbered from one at the

loaded end to 2 at the free end-

8 1.0 L2 14 L6 18 20 22 24

node plane

Figure 4.14. Node plane notation fot a24x6x4 mesh' Nodes are rePresented by ''

The first result presented comPares the crack opening displacement for a 24x6x4

element mesh generated from 8-node bricks without fibres to one with a plane of
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,,fibres" through the thickness of the specimen (Figure a'15)' The fibre plane is

located at node plane eight of thirteen along the crack from the loaded end' The

COD at the fibre plane is zero by definition of the boundary conditions that model

the fibres.

The change of compliance across the fibre plane is clearly evident' The slope of

the COD from the loaded end to the fibre plane is approximately the same as that

of the unreinforced specimen. This is to be expected because the specimens are

subjected to the same moment; so the twist per unit length should be the same'

There is a local distortion at the fibre plane and then the COD oPens out before

decreasing to zero at the crack tip' The slope from node plane 9 (adjacent to the

fibre plane) to the crack tip is then less, reflecting the red'uced moment beyond the

fibre plane. Both slopes are reasonably linear with local non-linearities about the

crack tip, loaded. end, and, in the reinforced case, about the fibre position' This

result confirms the basis for the change in compliance analysis presented in

Chapter 3 which calculates the moment transferred by the fibres'
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Figure 4.15. Crack opening displacements for no fibres and full vertical plane of

fibres at node Plane 8.
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The following results are all for a 24x6x4 mesh of 8-node bricks containing a

single fibre. The fibre position is varied in two directions: through the thickness

of the specimen and lengthwise along the crack with the fibre at the bottom of the

specimen. These two case$ reflect the range of fibre-crack positional

combinations. The 8-node bricks were chosen because the node-point reaction

forces were the most consistent. The 20-node bricks exhibited an instability along

the hinged boundary condition' This is probably due to the fact that the hinge is

attempting to model an area of interpenetration (stephenson L991)' The higher

order element may be unstable because the compressive forces are being applied

along a single edge of the element. The first set of results shows the effect of

moving the fibre along the length of the crack'

Figure 4.16 shows the change in crack opening displacement as the fibre position'

located at the bottom of the specimen, is varied along the crack length' It should

be noted that the crack length is half the specimen length' The coDs before the

fibres are very similar for the different fibre positions. Again, this reflects the

moment being transferred along this section of the specimen' Beyond the fibre

plane the slope of the graph is relatively linear and is proportional to the

moment beyond the fibre plane. To verify this, the displacements of the

unreinforced specimen can be scaled by the ratio of the moment beyond the fibres

to the applied moment. The resulting moment represents the moment being

applied to the specimen beyond the fibre plane. Figure 4'17 shows this for the

case of the fibre located at the bottom of node plane 6' The correlation of the crack

opening displacements is very good, particularly about the crack tip' There is a

slight variation close to the fibre but this can be attributed to distortions due to

the point force at the fibre node'
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Figure 4.16. comparison of crack oPening displacements with fibres at various

positions along the bottom of the sPecimen'
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Figure 4.1,7. Comparison of crack opening displacements for a fibre at the bottom

of node plane 6 and an unreinforced specimen with a moment equal to the

moment beyond the fibre Plane'
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two changes in slope: at the fibre and at the crack tip. In the latter case there is a

smooth transition into the ligament region as the moment is distributed into it.

As for the crack opening displacement profiles, the slope of the vertical

displacement before the fibres is the same for the different positions. This is

purely a function of the applied moment.

Consider now the behaviour of the double torsion specimen when the position

of the fibre is varied through the thickness of the specimen. The fibre was placed

at four positions through the specimen: t/4, t/2,3t/4, and t. These Positions

correspond to the thickness planes "1,,2,3, and 4 respectively (see Figure 4.14). The

crack opening displacement profiles are shown in Figure 4.19. The most obvious

feature is that the crack does not close at the fibre plane except when the fibre is at

the bottom of the specimen. The profile of the crack opening displacement

through the thickness is shown in Figure 4.20. This shows the amount of closure

that occurs at the fibre plane. From an energy point of view, the amount of

closure should reflect the moment transferred by the fibre. From Figure 4.20, the

moment for the fibre at thickness plane 3 (that is the fibre at 3t/4 from the top)

should be higher than for the fibre at thickness plane 4 (the bottom of the

specimen). From the finite element analysis, the moment for the fibre at plane 3

is 1.61 Nm and for plane 4 it is 1.58 Nm. This is also reflected in the vertical

displacement where, for the fibre at thickness plane 3, the maximum vertical

displacement is less than that for the fibre at thickness plane 4 (Figure 4.21).
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Figure 4.1,8. Variation in vertical displacement with a single fibre at various

positions along the cracked portion of the specimen' The fibre is always located at

the bottom of the sPecimen'
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Figure 4.19. Yanation in crack opening displacement with a single fibre at

various positions through the thickness of the specimen' The fibre is always at

node Plane 8.
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Figure 4.20. Yariation of crack opening displacement through the thickness for

fibres at different thickness planes.
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Figure 4.21.. Variation in vertical displacement with a single fibre at various

positions through the thickness of the specimen.

As for the variation of fibre position along the specimen, the change in slope

across the fibre plane is related to the moment transferred by the fibres. Figure

4.22 shows the crack opening displacement profile along the bottom of the
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specimen with a fibre at thickness plane 3 and the crack opening displacement for

an unreinforced specimen with the same moment as exists beyond the fibre

plane. The correlation of the crack opening displacements beyond the fibre plane

is, again, very good.

The final example for the modelling of fibres bridging the crack compares the

vertical displacement for a vertical plane of fibres and a single fibre at thickness

plane 3, Figure 4.23. Interestingly, the displacements are very similar. The forces

and moments transferred by the fibres for these two cases are listed in Table 4.1..

Another feature of the fulI plane of fibres is that, although the moment increases

with increasing depth through the specimen, the force in the fibres reaches a

maximum at thickness plane 3. This suggests that the fibre located at the bottom

of the specimen closes less of the specimen than the fibre above it. This is

reasonable because the fibre at thickness plane 3 closes crack surface above and

below its fibre plane whereas the fibre at the bottom can only affect the crack

surface above itself.

0.0 0.1 0.2 0.3 0.4 0.5
normalised crack length

Figure 4.22. Comparison of crack opening displacements for a fibre at thickness

plane 3 and an unreinforced specimen with a moment equal to the moment
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Table 4.L. Forces and moments transferred by fibres for a single fibre at thickness

plane 3 and a vertical plane of fibres'

# onefibre
'* plane of fibres

0.00 o.25 0.s0 0.7s 1'00
normalised specimen length

Figure 4.23. Comparison of vertical displacement for vertical plane of fibres (all

nodes tied) versus one fibre at thickness plane 3 (greatest closure for a single

fibre).
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force such that the moment at the fibre plane was equal to that caused by the fibre

at thickness plane 4, i.e., the bottom surface. Figure 4.24 shows the crack opening

displacement for the original case, highlighting that the crack opening

displacement is less for the fibre at thickness plane 3. Figure 4.25 shows the result

for the equal moment at the fibre plane case. In this instance, the crack opening

displacement profiles are very closely aligned except at the fibre position. This

affirms the premise of change in slope across the fibre position being related to

the moment caused bv the fibre or fibres.

The fibre bridging the crack in the double torsion specimen is an important

scenario in the analysis of interfacial performance. The most important outcome

of the finite element analysis is the proof that the change in slope across the fibre

plane is directly related to the moment the fibres transfer. For single fibres, the

load in the fibre can then be calculated. For the plane-of-fibres case, the

distribution of fibre forces is related to the amount of crack closure that each fibre

causes. The other important crack-fibre scenario is where the crack tip is located

at the fibre plane.

C\

U
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0.0e+0
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normalised specimen length

Figure 4.24. Crack opening displacement for a fibre at thiclness plane 4 and

thickness plane 3. Note that the maximum COD is less for the fibre at thickness

--tF fibre @ plane 4

fibre @ plane 3

plane 3.
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Figure 4.25. Crack opening displacements for a fibre at thickness plane 4 and a

fibre at thickness plane 3 with a fibre load to cause the same moment in both

cases.

To analyse this case, elements representing fibres must be positioned at the crack

tip. The model used for this analysis was a 10x4x3 mesh with a bias of 2 using 20-

node bricks. The row of elements at the bottom of the specimen at the crack tip

were given a modulus typical of glass and carbon fibres and the displacement

characteristics were examined. Figure 4'26 shows a detail of the crack opening

d.isplacement at the crack tip. The effect of the fibre is to reduce the nonlinearity

of the crack opening displacement at the crack tip. This is due to the increased

stiffness of the elements at the crack tip. The stiffness change is limited to the

crack tip, as is shown by the slope of the crack opening displacement away from

the crack tip being equal regardless of which fibre type is modelled' The more

linear crack opening d.isplacement profile of the fibre models is reminiscent of

the profile generated by having a curved crack fibre (see Figure 4'10)' The reasons

are the same; there is a local increase in stiffness at the crack tip' Figwe 4'27

shows the variation of vertical displacement for the different fibres at the crack

tip and shows the localised effect around the fibre position'

# fibre @ Plane 4

with equal momsnt
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Figures 4.26. Detail at crack tip of crack opening displacements for finite element

model with glass fibre, carbon fibre, and no fibre at crack tip, bias - 2'0'
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Figare 4.27. Comparison of vertical displacements for finite element model with

glassfibre,carbonfibreandnofibreatcracktip.

The results from

torsion specimen

this section show that finite element modelling of the double

with fibres either bridging the crack plane or at the crack tip can
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on this foundation,predict the expected displacement characteristics. Based

comparison with experimental measurements can be made.

4.1,.3. Comparison with experimental results

This section presents a comparison of finite element analysis results with

experimental results typical of the double torsion specimen with and without

fibres. For the unreinforced specimen, polyester resin and Poly-

methylmethacrylate (PMMA) were tested. The reinforced specimen examples

were polyester resin with a glass fibre bundle located at the mid-plane and the

bottom. Typical experimental data is listed in Appendix G.

The finite element model was a 24x6x4 mesh using 8-node bricks. To keep the

aspect ratio of the elements reasonably constant along the length of the specimen,

the number of elements either side of the crack tip was adjusted. The crack

length was set to be the same as the PMMA specimen at the time the COD was

measured. Also, because the crack lengths varied between specimens, the results

are presented with the crack length normalised.

Figure 4.28 shows the crack opening displacement profile for a PMMA specimen.

The experimental results for this specimen are a combination of measurements

made using the microscopic technique described in Chapter 3 and the crack

opening displacement at the load plane based on the crosshead displacement of

the loading machine. The overall agreement is fair. The measurements taken

from the microscope suggest the specimen is more compliant than the finite

element prediction. This trend is arrested somewhat by the measurement made

at the load plane. The other important observation is that the nonlinearity at the

crack tip predicted by the finite element analysis does not appear in the

experimental measurements. This was shown in Figure 3.1.6.
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The second unreinforced example is for polyester resin, Figure 4.29. The

difference between the ABAQUS finite element analysis and the measured

values is quite marked. Possible reasons for this are: the boundary conditions

applied along the cracked portion of the specimen applying too much constraint,

inaccuracy in the material properties used in the finite element model, an

opening effect caused by the component of the load normal to the crack plane as

the specimen twists, and an incorrect load applied to the finite element model

because of the problem of load relaxation of the material tested.

3.0e-4

2.5e4

; 2.0e-4
H

f t.t"-o
ou l.oe-4

5.0e-5

0.0e+0
0.0 0.2 0.4 0.6 0.8 1.0

nomralised crack length

Figure 4.28. Crack opening displacement versus norrralised crack length for

finite element analvsis and measured values for PMMA.
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Figure 4.29. Crack opening displacement versus normalised crack length for

finite element analysis and unreinforced polyester resin.

Similar behaviour was observed in the reinforced case when the crack was

arrested at the fibre plane, Figure 4.30. This occurs when the fibre plane extends

to the bottom of the specimen.

The final example is when the crack extends across the fibre position, Figure 4.31.

In this case the fibre bundle was located at the mid thickness of the specimen.

The lower compliance effect is apparent again between the load point and the

fibre plane. From the fibre to the crack tip the agreement is very good, even to

the degree of nonlinearity, although on close examination the experimental COD

is slightly more than the finite element model.
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Figure 4.30. Crack opening displacement versus normalised crack length for

finite element analysis and glass reinforced polyester with the fibres at the

bottom.
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Figure 4.31. Crack opening displacement versus normalised crack length for

finite element analysis and glass reinforced polyester with the fibres at mid
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The discrepancies between the finite element model and the experimental

measurements are difficult to quantify. Some of the more plausible explanations

relate to the opening effect of the load in the twisted position and the accuracy of

the boundary condition along the "hinge". Finite element analysis is, however,

only one aspect of the experimental and analytical process. The interaction of the

crack with reinforcing fibres and the subsequent behaviour of the interface is the

raison d'€tre of the double torsion specimen containing fibres.
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4.2. Double torsion testing

The testing programme undertaken as part of this thesis involved a variety of

specimen types and material combinations. The aim was to determine the

viability of using the double torsion specimen to study crack interaction and

interfacial behaviour of fibre reinforced plastics. A number of development steps

will be examined in this section as well as the results from the specimens tested

whose performance could be predicted from the analysis presented in Chapter 3.

The progression from testing of unreinforced specimens to the configuration

which ultimately provided quantifiable data provided valuable information on

the process of crack arrest and debonding at the interface initiated by the principal

matrix crack. Much of this produced qualitative rather than quantitative results.

4.2.L. Unreinforced specimens

As part of the development of the double torsion testing technique, a testing

programme using four different fracture toughness specimens was performed on

vinyl ester, polyester, and polymethylmethacrylate (PMMA) (Brown 1989). The

four test methods were: compact tension, three-point bend, double cleavage

drilled compression, and double torsion. The PMMA was used as a control

material because its fracture properties have been well characterised by double

torsion testing (Williams & Evans L973). Two specimen thicknesses were tested

(5mm and L5mm) as a check for thickness effects even though the minimum

thickness for plane strain conditions according to ASTM E 399-83 was less than

0.3mm. A summary of the results from the fracture toughness testing is given in

Table 4.2. The double cleavage drilled compression and double torsion tests were

carried out, almost exclusively, on 15mm and 5mm specimens respectively. No

valid results were obtained for PMMA from the DCDC test. The complete results

are found in Appendix C.
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Table 4.2. Summary of fracture toughness tests on unreinforced polymers.

SPECIMEN 3PB CT DCDC DI
K1. ltvPa ml/2) K1" 6MPa mli2; K1" lMPa ml/2) K;" lMPa ml/z)
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VII{^YL
5mm

15mm

MEAN

POLY
5mm

15mm

MEAN

PMMA
MEAN

1.6
2.5

2.O

0.6
0.6

0.6

1.6
1.6

r.6

0,6
0.6

0.6

0.3

0.3

o.:

0.3

o_u

0.6

o_t

0.5

t.41.7 1.0

The results show a good correlation between some tests but a poor relationship

between others. As was discussed in Chapter 2, the three-point bend and compact

tension tests of the vinyl ester and PMMA specimens were affected by the initial

state of the notch. Unlike the polyester resin, which developed real cracks about

the notch tip (Figure 4.32), the notches machined in the vinyl ester resin and

PMMA were smooth and well rounded. Plane strain fracture toughness varies

with the inverse of the square of the crack tip radius (Kinloch & Williams 1980),

so the values obtained from the vinyl ester would be expected to be

overestimated. Thus, because no "fatigue cracks" were created, the fracture

toughness measured was of a crack with a large crack tip radius (approximately

0.03mm). Fatigue cracking was not feasible on the thermosetting polymers

because of their brittle nature. Fatiguing also has an effect on the fracture

toughness of brittle materials, decreasing the fracture toughness of precracks

(Outwater et al. 1974). For the polyester resin, the cracking at the notch root
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meant that the fracture toughness measured was

true fracture toughness of a natural crack.

a better

r63

representation of the

Figure 4.32. Cracks at the notch tip in polyester resin.

An interesting feature of the three-point bend and compact tension testing on

polyester and PMMA was that the failure was not catastrophic; the vinyl ester

was. The crack in these two materials would decelerate and stop before fracturing

the specimen in two. The position where the crack was first arrested, or more

correctly, the transition between fast and slow crack growth, could be clearly seen

on the fracture surface (Figure 4.33). Using that crack length and the load after

crack initiation, additional values of K1. could be calculated. These values, being

based on a real crack, would provide a better measure of the fracture toughness.

The results are listed in Table 4.3. The correlation with the values obtained from

the double torsion test is very good. This suggests accurate fracture toughness

values can be obtained on polymers using the double torsion specimen.
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Figure 4.33. Fracture surface of PMMA compact tension specimen showing the

transition between fast and slow fracture.

The double torsion specimen results indicate that this method produces the most

consistent values of fracture toughness. The variation between the double

torsion specimens was only of the order of.2-4%. This is very good for fracture

toughness testing, especially considering the limited number of tests performed.

The double torsion fracture toughness values for polyester were slightly lower

than for the three-point bend and compact tension tests. One reason for this is

that the double torsion tests were carried out at slow crack growth rates whereas

compact tension and three-point bend tests were at fast crack growth rates.

Fracture toughness tends to increase with increasing crack velocity (Kinloch &

Williams 1980). The difference was, however, small, which supports the premise

that a machined notch with cracks present behaves like a fully precracked

specimen.

tu
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Table 4.3. Fracture toughness based on first crack arrest length and load after

initiation.

SPECIMEN CRACK LENGTH LOAD STRESS INTENSITY
(mm) (N) FACTOR (MPamt/z;

L65

POLY CT
5mm

POLY 3PB
5mm

l-5mm

PMMA CT
5mm

0.7
0.5
0.5

1.4

L5
L9

24
22
2l

3
4
5

0.4
0.4
0.4
0.5

0.5
0.6
0.5
0.6

11

L2
13
15

48
45
49
55

38
u
32
24
40

27
22
22
2:1,

21
23
22
23
20

2
3
4
5
6

21,

2l
22
21,

12
l4
11

L9

L6
T7
18
t9

1.1
1.0
1.1
1.0
r.0

POLY MEAN Kr" = 0.5 MPa mr/z (c.f. DT Kr" = 0.5 MPa mL/z)

PMMA MEAN Kr" = 1..0 MPa m7/z (c.f. DT Kr" = L.0 MPa mL/z\

Two different mechanisms of crack growth were observed in the double torsion

test. These were:

(i) stable crack growth, where the crack extends slowly at a constant load

which is proportional to the rate of crosshead displacement, and

(ii) unstable crack growth, where the crack jumps between slow and fast

crack growth and the load varied in a "saw-tooth" manner (Figure

4.U).
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CROSSHEAD DISPLACE

Figure 4.34. Graph of typical load versus crosshead displacement for polyester

double torsion specimen.

The fracture surface of the double torsion specimens clearly showed the

transition between fast and slow crack growth (see Figure 3.E). Fast crack growth

regions are glassy and highly reflective whereas slow crack growth regions are

matt. The reasons for unstable crack growth are not fully understood. One

theory is that it is caused by crack blunting when the material has a sufficiently

Iow yield stress. Kinloch & Williams (1980) have quantified the degree of

blunting and found that the fracture toughness of slow fracture, or fracture at

constant load, is equal to the fracture toughness when the fast fracture is arrested

in the unstable crack growth mode. Values of fracture toughness were based on

the minimum load during crack growth.

REGION OF CONSTANT K1
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In double torsion testing, polyester fracture always consisted of unstable, slow/fast

behaviour. Vinyl ester and PMMA produced mainly stable fracture with the

crack growing slowly until the specimen reached a critical condition, at which the

crack propagated rapidly to failure. Given that the strain rates were similar for

the two materials, this behaviour indicates a lower yield stress for the polyester

resin based on the Kinloch & Williams model. A lower yield stress enables the

crack blunting mechanism to occur and hence unstable, slow/fast crack growth

occurs. Other complications that occurred were crack ju-p-it at initiation, crack

wandering, and specimen uplift caused by slight misalignment of the load points

and lower supports at the loaded end. As was discussed in Chapter 2, the effect of

this misalignment was considered to be insignificant. These factors are discussed

tully in Chapter 5.

The double cleavage drilled compression specimen results were consistently low.

The reasons for this were believed to be functions of the low yield stress and the

inappropriateness of the analytical method used. These were more fully

discussed in Chapter 2.

From the testing performed on unreinforced plastics, a number of important

results were obtained. Firstly, the double torsion specimen provided the most

controllable crack growth, even though some unstable crack propagation was

observed. The initiation from starter notches would sometimes produce a large

load drop with a correspondingly long jump in crack length. Attempts to reduce

this by introducing a cast-in natural crack had mixed success. Double torsion

testing on PMMA showed that fracture toughness values over a range of crack

growth rates can be obtained. Finally, and most importantly, the double torsion

specimen produced the most reliable and reproducible values of fracture

toughness. Having developed an understanding of the behaviour of double

torsion testing of unreinforced specimens, fibres were introduced in a number of

configurations and the subsequent behaviour was examined.
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4.2.2. Developmental fibre configurations

A number of fibre configurations are possible with the double torsion specimen.

In Chapter 3 some of these orientations were discussed and shown pictorially

(Figure 3.12). The principal fibre arrangements studied in this work were fibres

normal to the crack plane and either through the thickness of the specimen or in

the plane of the specimen (refer Figure 3.12 (a) and (b) respectively). The other

fibre crack combinations, fibres at an angle to the crack and fibres in line with the

crack (Figure 3.12 (c) and (d) respectively), were given less credence. The latter

was examined in one instance and the former has been sfudied by other workers

as previously discussed. The two main fibre configurations were studied in a

number of ways. Initially ftrll planes of fibres were studied with the fibres located

at various depths. The results are discussed below.

The first set of results is for specimens of polyester resin reinforced with a plane

of fibres normal to the crack plane and at the top, middle, or bottom of the

specimen. In all cases a notch was cut into the specimen to a length of

approximately 15mm using a fine hacksaw. The root of the notch was cut with a

razor blade. Propagation of the main matrix crack was not necessarily coincident

with the razor cut (see Figure 4.35). In most cases the fibres covered the whole

specimen, the exception being one of the specimens where the fibres were at the

mid-thickness. The first fibre position is the fibres in a plane at the top, or

compression face of the specimen.
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Figure 4.35. Debonding near the notch tip. Note how the matrix crack is offset

from the razor cut.

The most significant observation is that the crack was able to propagate under the

fibre plane when it was at the top. Propagation of the main crack along the entire

length produced debonding along the entire length (Figure 4.35). The crack could

propagate only under the fibres. Although debonding was achieved, the failure

mode was likely to be quite complicated and not simply fibre pull-out. The

reason for this is that the fibre plane, despite being thin, has a relatively high

bending stiffness. Because the crack did not pass through the fibre plane, the stiff

fibre plane would not fail unless an excessive bending stress was applied. From

the deformations during testing, this would not occur. Because of the stiffness

mismatch between the fibre plane and the resin block beneath it, a probable mode

of failure would be a peeling one where the fibre plane is resisting the applied

moment more than the adjacent resin. This is analogous to a mode I

interlaminar failure which can be tested using a double-cantilever beam

specimen.
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Figure 4.36. Debonding along crack in double torsion specimen with a plane of

fibres over the top of the specimen.

From Figure 4.36, it can be seen that the amount of debonding varied along the

length of the specimen, being greatest at the loaded end and tapering away to

nothing where the crack ran through to the free end. The variation is

approximately linear but varies according to the local fibre density. This

variation would be expected given the linear variation of crack opening

displacement along the crack length. Because of the uncertainty regarding the

t70
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failure mode in this configuration, the specimen was also tested with the fibre

plane at the mid-thickness and on the lower, tension face. In these positions,

because of the support from the surrounding matrix, the debonding failure was

more likely to be due to a pull-out-type action.

When the fibres were at the mid-plane, the crack was able to propagate under the

fibre plane but was arrested before it could propagate the full length. The

propagation occurred in two jumps: from the notch to the fibre plane, then a

second jr*p of the matrix crack under the fibre plane. Like the previous

configuration, the crack did not propagate through the fibre plane. Figue 4.37

shows how the crack front follows the uneven plane of the fibres. Debonding,

which occurred to a lesser degree than in the previous case, is not obviously

apparent in Figure 4.37 even though it was clearly visible on the specimen. A

slight variation in shade can be made out in Figure 4.37, parttcularly at the right

hand side approximately 4mm above the dark shadow of the matrix crack. This is

the debonding along the fibres.

171

Figure 4.37. Interference of crack front with fibre plane.
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When the crack is arrested by fibres, the load in the specimen increases until

some event occurs. Normally, the load in the double torsion specimen will be

constant if the crack is propagating along the specimen. For a large crack jump,

the load drop is rapid and significant. When the debonding occurred the load

variation was almost imperceptible but could be seen as small flat spots in the

load trace (see Figure D.L in Appendix D). The fibres at the mid-plane represent

the intermediate case; the fibres at the top surface allowed the crack to propagate

along the specimen whilst the mid-plane fibres allowed the crack to propagate

until the constraining effect of the fibres arrested it. The final configuration using

a full plane of fibres was the same as with the fibres positioned on the bottom

face.

When the fibres were at the bottom (tension face), the crack could not initiate

because of the excessive constraint of the fibres. The specimen would fail in

overload about the load points and starter-notch tip. Such overload failure

would also occur in the mid-plane configuration if the load was allowed to

increase excessively. The fracture in the matrix was consistent with a torsional

overload.

From the three full-plane cases came an understanding of the basic principles of

reinforced double torsion specimens. Crack propagation, and thus interaction

with the fibres, was severely limited by the presence of fibres, particularly the

position through the thickness. Full planes of fibres, whilst having the capability

to generate significant amounts of debonding, can overly restrict the propagation

of the matrix crack. If crack interaction were to be studied in more detail, smaller

fibre groupings were considered to be more appropriate. To this end, fibre

bundles and vertical planes of fibres were studied.

L72
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As for the full-plane fibre configurations, fibre bundles or vertical fibre planes

could be positioned at various levels through the thickness. The crack arrest

capability of the fibre plane was again exhibited in a number of specimens. This

was particularly apparent when the fibre plane extended to the lower surface of

the specimen where the bridging effect would limit the crack opening

displacement to such an extent that the main crack could not propagate. When

the fibres were not at the bottom the crack could pass underneath the fibre plane

and, if it passed far enough past the fibre plane, could then continue on beyond

the fibres. In most cases, however, the bridging effect was dominant and the crack

would still be arrested because of the interaction with the fibre plane.

Figure 4.38 shows an example of fibres bridging the matrix crack. Debonding was

clearly visible as "whitening" along the fibres. This is caused by air penetrating

between the fracture surfaces. The debonding proved difficult to photograph but

can be detected in Figure 4.38 as an intermediate darkness zone on the fibres (light

band) at the bottom of the dip in the dark shadow (matrix crack). Figure 4.38 also

shows the presence of a crack opening displacement at the fibre plane. Ttris was

possible because the fibre plane did not extend to the lower face of the specimen.

Figure 4.39 shows an example of a fibre bundle positioned at the lower surface.

The crack was arrested at the fibre plane and some debonding occurred. The dark

shadow at the crack tip is not debonding but is due to a surface flaw on the

specimen. The important feature of this figure is the manner in which the

matrix crack follows the profile of the fibre bundle. This again highlights the

interaction of the crack and fibres.
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Figure 4.38. Crack surrounding fibre bundle.
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Figure 4.39. Crack arrested at fibre bundle.
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Problems encountered initiating the crack from the notch meant that the crack

would usually jump in a considerable distance, in some instances beyond the

fibre plane. In these cases, the built-up strain energy was sufficient to drive the

main crack through the fibre plane. It was unclear whether the failure processes

that occurred in this type of crack growth were the same as that when the fibre

had propagated slowly. The specimens were still of use because once the crack

had been arrested the specimen could be further loaded to develop the debonding

of the interface.

Fibre bundles provided good examples of interfacial debonding and of crack

arrest. The behaviour of the specimen with, essentially, a point source of fibres

provided the foundation for the development of the analytical solutions

presented in Chapter 3. The deformation of the specimen along with the load

record provides the ingredients for analysis of the interfacial properties and the

toughening effect of the fibres.

4.2.3. Experimental calculation of interfacial properties

The number of specimens from which the interfacial properties could be

calculated was limited. Many of the developmental configurations did not

provide a well defined failure process. Hence, for these cases, the formulation of

an analytical technique was not done. From their behaviour, however, the most

appropriate, and also the most capable of being analysed fibre configurations were

developed. The analysis techniques for these specimens were detailed in Chapter

3. The configurations from which information about the interface and about the

toughening effect of the fibres could be obtained were ones where there was a

bundle of fibres positioned at the mid-plane or at the bottom face of the specimen.
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The first case is where the fibre plane is bridging the matrix crack. The

compliance change method developed in Chapter 3 can be applied to obtain the

moment transferred by the fibre bundle. This can subsequently be used to

determine the load in the fibres. The fibre load is then applied to a fibre pull-out

analysis. Consider Figure 4.40 which shows the measured crack opening

displacement for a case of a fibre bundle located about the mid-plane of the

specimen.

3.Ae-4
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6
U
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normalised crack length

Figure 4.40. Crack opening displacement versus normalised crack length for glass

reinforced polyester with the fibres at mid thickness.

Superimposed on the experimental curve are two linear approximations to the

compliance either side of the fibre plane. The curve fit from the fibre plane to the

crack tip is difficult to accurately assess. In this example, the curve has been taken

directly to the crack tip. This represents one extreme of the slope. The other

extreme can only be estimated from the behaviour observed in the finite element

analysis. To achieve this would require an iteration of finite element solutions

in order to get a best fit on the experimental analysis. The curve fit in this region

* experimental
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is also affected by the behaviour of the curved crack front which tends to cause

slight non-linearities at the crack tip. Lr this example, this is exacerbated by the

proximity of the fibre plane, which also introduces non-linear distortions.

Based on the curye fits shown in Figure 4.40, the following results were obtained.

The subscripts a, b, and c refer to the positions of the load point, fibre plane, and

crack tip respectively. COD is the crack opening displacement measured from the

specimen centreline and a is the normalised crack length measured from the load

plane.

CODa = 0.367mm

CODb = 0.055mm

CODC = 0.0mm

&a=0

aa=o'726

ac = 1'0

The slope of the COD versus crack length from the load plane to the fibre plane is

glven by Equation 3.32, i.e.,

CODb - CODa 0.055e:3:_Q367e-3 
= _0.43e_3mslopeu6=--_ft---------:=k:-v..+,

4 
_TT_

and from the fibre plane to the crack tip by Equation 3.33, i.e.,

. -CODb -0.055e-3 tslope6"= l; = Tlffi= -0.20e-3m

I --

The angle of twist at the load plane is then given by Equation 3.34,
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This angle represents the moment being transferred by the specimen beyond the

fibre plane. The moment is calculated from Equation 3.24, where 0g is equivalent

to 0',

e'w t'G 9.13e-3 x 0.0693 x 0.0063 1.481e9T'=6(%-ab)= =l'o3Nm

and at the fibre plane by Equation 3.36,

Note that the actual crack lengths are used, not the normalised ones. The

moment canied by the fibre, T1, is the difference between the applied moment, T,

and the moment beyond the fibre plane, T',

Tf = T - T' = 1.30 - L.03 = 0.27Nm

The force in the fibre bundle located about the mid-plane is thus

0.27Pr=ffi=90.0N

From the finite element analysis the "fibre" load was 199N. This represents a

significant discrepancy. The major reason for this is the estimation of the slope of
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the crack opening displacement between the fibre plane and the crack tip. If a

curve fit is made from the fibre position and through the two data points adjacent

to the fibre plane, a second estimation of the compliance can be made. The effect

of this estimation is to produce a longer crack. The difference can be considered

to represent the extra closing effect of the curved crack front, The crack opening

displacements and crack lengths for this arrangement are:

CODa = 0.367mm

COD5 = 0.055mm

CODC = 0'0mm

aa=0

aa=0'726

ac = 1'16

Based on these values, the moment beyond the fibre plane is given by

179

i, o'w t3 G
I 

=-=- 6(a.-au)
9.18e-3 x 0.0693 x 0.0063 1.481e9

= 0.65Nm
6 ( 0.1384 - 0.086s )

This results in a moment carried by the fibres of 0.65Nm and, hence, a fibre load

of 212N. The correlation with the finite element result is greatly improved but

does highlight the range of variation possible depending on the estimate of the

slope beyond the fibres.

Having calculated the range of forces transferred by the fibre bundle, an estimate

of the individual fibre force is required so that the fibre pull-out analysis can be

applied. For the fibre bundle arrangement, the load in all the fibres is considered

to be the same, as was discussed in Chapter 3. By viewing the edge of the

specimen under a projection microscope, the size of the bundle was measured

and a reasonable estimate of the volume fraction was made. The diameter of a
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using the projection microscope. The following

= 0.86mm2

= 30o/o

= 7r (0.032)2 /4 mmz

= 320 fibres

= 90/320 = 0.28N or for the other extreme,

=217/320 = 0.68N

single fibre was also measured

results were obtained:

Area of bundle

Volume fraction

Area of single fibre

therefore, the number of fibres is

and so the load on a single fibre is

The stress range for the fibre is then 0.35 - 0.85GPa. Applying these stresses to the

Outwater pull-out equation (Equation 2.27)

,
o^d

G= u

8E

with a Young's Modulus, E, of 70GPa and fibre diameter, d, of 0.032e-3m, the

strain energy release rate, G, is in the range of 7 - 41N/m. The valuebased on

the finite element result is 34N/m. The strain energy release rate of the

unreinforced resin can be calculated from the fracture toughness using Equation

2.12, i.e.,

^K2-=E-

From the testing on unreinforced resin, K = O.SMPa{m and E = 3.95MPa, so G is

63N/m. This says that the interface is considerably less tough than the matrix,

which is consistent with the observation that the interface fails about the fibres

rather than failure occurring in the matrix region about the interface.
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The compliance change method is suitable for the configuration where the

matrix crack runs across the fibre plane. This was the fibre configuration that was

expected to occur. If the crack is arrested at the fibre plane then the compliance is

constant along the crack length and so the compliance change method does not

apply. Finite element analysis, as was discussed in the previous section, provides

some insight into the effect of fibres located at the crack tip. The alternative to

this is calculating the force at the crack tip from the energy distribution within the

specimen in comparison with an unreinforced specimen. To do this requires that

the vertical displacement at the crack tip be measured. This was not within the

scope of the experimentation carried out in this study as the focus was on the

development of the compliance change method. The theoretic analysis presented

in Chapter 3 is intended to form the foundation for future work in this field. One

of the energy methods can, however, be applied without the need to measure the

vertical displacement at the crack tip: the Griffith energy approach.

Three specimen configurations are considered in the application of the Griffith

approach: an unreinforced specimen, a specimen with a bundle of fibres at the

bottom of the specimen and one with the fibre bundle at the mid-plane. The

Griffith energy approach is expressed by equation 3.37, i.e.,

Gr"={
AA

where G1" is the mode I critical strain energy release rate, AU is the change in

strain energy for a corresponding change in fracture surface area, AA. For the

double torsion specimen it was shown that AA = t Aa where t is the thickness and

Aa the change in crack length. For the three configurations considered here, the

change in crack length is based on the difference between the final crack length

and the crack length after the crack jump-in. Table 4.4 shows the results of the

Griffith analvsis for the three cases considered.

181
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Table 4.4. Results from the application of a Griffith energy approach.

r82

j*p-i.length (mm)

final crack length (mm)

Aa (mm)

thickness (mm)

area under curve, AU, (Nm)

strain energ"y release rate,

LU/tLa, (N/m)

pure resin

30

105.2

75.2

5.9

0.0082

18.5

fibres at bottom

42

90.6

48.6

5.8

0.339

7203

fibres at mid-plane

50

179.2

69.2

6.0

0.104

ET

Some comments about these results are necessary. The inclusion of fibres across

the crack plane greatly increases the value of the strain energy release rate. This

is, however, misleading because the area under the graph depended on how high

the specimen was loaded. Because the main crack was arrested, the specimens

could be loaded up until either some secondary matrix failure occurred or to

some arbitrary level where the specimen was downloaded. The majority of the

failure was through the matrix with only a few millimetres of debonding along

the fibres. The difference in G between the resin and the unreinforced

specimens does not represent the toughness of the interface but the toughening

effect of fibres interfering in the crack growth in the matrix.

This section has shown that the compliance change method is capable of

estimating the moment change across a fibre bundle which is bridging the matrix

crack. The application of this technique can produce an estimate of the toughness

of the interface based on a simple pull-out method. The application of a Griffith

type analysis showed the effect fibres had on the pure resin. From the testing

performed as part of this study, interfacial debonding was clearly observed

visually. To confirm this observation, acoustic emission analysis was used on
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pure resin and fibre reinforced specimens. The other aim of the acoustic

emission analysis was to determine if the different modes of failure could be

discriminated.
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4.3. Acoustic emission testing

Acoustic emission was used in this study to determine if the double torsion

specimen was generating the three failure modes associated with this type of

model system, namely: matrix cracking, interfacial debonding, and fibre failure.

Proof of these results combined with physical observation provides a level of

confidence that the double torsion specimen can be used to study the interaction

of a crack with a fibre bundle and the interfacial failure mechanisms associated

with fibre pull-out. This section discusses the experimental techniques used and

the results that were obtained.

4.3.1,. Experimental technique

Acoustic emission testing was carried out on a number of double torsion

specimens using a Locan AT 8900 Acoustic Emission computer manufactured by

Physical Acoustics Corporation (serial number 158). The Locan system performs

the necessary signal processing of the acoustic emission signal and has a number

of output options. The sensor used was a PAC R6I (serial number 920). This is a

lead zirconium titanate (PZT) piezoelectric transducer with a 60kHz resonant

frequency and has a built-in preamplifier. As for other testing, the specimens

were loaded in an Instron testing machine with the output from the load cell

connected to the Locan computer. A schematic diagram of the experimental

apparatus is shown in Figure 4.41.

7U
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Load
cell

Acoustic emission
sensor

Specimen Locan AT computer
and display

Figure 4.41.. Schematic diagram of apparatus for acoustic emission testing.

The following information was recorded by the computer: acoustic emission hits,

counts, amplitude of hits and counts, energy, duration of hit, and load. The data

was then processed by the computer, in real time, to produce the following

graphical output:

- load versus time,

- number of hits versus time,

- number of hits versus amplitude of the hit,

- number of counts versus time,

- number of counts versus amplitude,

- number of hits versus energy, and

- duration of hits versus time.

Typical examples of these graphs are given in Appendix B. The data, orice

recorded, could also be replayed so that the progression of acoustic emission could

be plotted. Not all of the information calculated by the computer was used in the

analysis of the acoustic emissions. As was discussed in Chapter 2, parameters

such as counts, energy, and duration are functions of the measurement system as

well as the actual acoustic event. The analysis, therefore, concentrated on the hits

and their amplitude.
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The acoustic emission testing was limited by the availability of equipment and

the software capable of interpreting the information received from the sensors.

This meant that a single, broadband sensor was used rather than a sensor

designed specifically for research work. Given the size of the specimens, it also

meant that only one sensor was used. This precluded, therefore, any attempts at

locating the source of the acoustic emissions. A fair interpretation of what

physical event caused which acoustic event could be made, however, from

correlating the physical observations to the acoustic emission time record.

The sensor itself was located approximately on the centreline and 20mm from the

free end of the specimens. This meant that the edges and the free end were

equidistant from the centre of the sensor. Petroleum jelly was used as an acoustic

couplant and the sensor was held in place with an elastic band to maintain a

reasonable contact pressure. The sensor was also tied to the loading frame so that

if the specimen broke in two, the sensor would not fall and be damaged.

One of the principal concerns with acoustic emission testing is the occurrence of

spurious noise. This may be electrical or mechanical noise from the loading

apparatus and crosshead driving mechanism. In an effort to minimise the

transmission of noise through the loading points, the loaded end of specimens

were wrapped in a layer of electrical insulation tape. Noise isolation was checked

by performing a pencil lead break test on the loading structure. No acoustic

emission was observed with the crosshead at rest. To check the isolation when

the crosshead was moving, PMMA specimens were loaded. Again, no acoustic

emission was observed. PMMA was used because it was "quiet" in acoustic

emission terms. Having shown that the testing technique isolated the specimen

from the testing mechanism, acoustic emission analysis was carried out on resin

and reinforced double torsion specimens.
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4.3.2. Acoustic emission results

Acoustic emission tests were performed on unreinforced polyester resin and on

polyester resin reinforced with fibres in a number of configurations. Because of

the limited access to acoustic emission equipment, an exhaustive set of tests was

not feasible. The results that are presented in this section are intended to show

the principal results and major trends. Of particular importance is the

differentiation of acoustic emission signals from matrix failure and interfacial

failure. Significant fibre failure did not appear to occur, nor did the acoustic

signals that would have been expected from such failure.

To determine the acoustic emission signature of pure matrix material, a polyester

resin was tested. The specimens were 130mm long by 65mm wide by 5mm thick.

A starter notch 20mm long was cut into the specimen with a thin bandsaw and a

razor blade was driven into the notch root to produce a sharp notch tip. The

specimens did not contain a groove along the length. Loading was at a constant

crosshead speed in the range O.2mm/min to Lmm/min. Failure was

characterised by a rapid initiation from the notch which generated a crack more

than half the length of the specimen before arresting. The crack quickly

reinitiated and propagated smoothly towards the end of the specimen. The

majority of hits occurred as the crack accelerated towards the free end of the

specimen (approximately 650 of the 700 hits).

Figure 4.42 shows the number of hits versus amplitude distribution for the

unreinforced polyester resin. The distribution is cumulative over the duration of

the test and therefore includes the initiation and the rapid failure as the specimen

broke in two. The overall distribution shows a reasonably broad amplifude range

which is weighted towards the lower amplitudes (35-55dB). Note that the lower

threshold was set at 35dB and the upper threshold at 100dB. Any hits of
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amplitude higher than 100dB were included in the value of 100dB whereas at the

lower threshold data was filtered off. Prior to the rapid propagation, the hits were

all lower than 50dB except for at the crack jump-in. This event produced high

amplitude hits (100dB or more). Acoustic emission was also detected before the

crack jumped-in. This can be attributed to localised cracking about the notch tip.

These hits were also at low amplitude (<50d8).

40 50 60 70 80 90 100
Amplitude (dB)

Figure 4.42. Number of hits versus amplitude for duration of test for an

unreinforced polyester resin.

Tests were also done on specimens containing fibres. The fibre configurations

tested included ones where fibres were laid-up over the entire specimen at the

upper surface and at approximately the mid-plane. Other specimens had a small

bundle of fibres at the mid-plane thickness and approximately halfway along the

specimen length. Results from two of these cases are presented below and give a

good indication of the characterisation ability of the double torsion specimen.

Figure 4.43 shows the progression of acoustic emission from a specimen of

polyester resin rein-forced with glass fibres positioned at approximately one third

tt)

q-r

k()

z

30



Chapter 4 Experimental Results and Analysis 189

of the thickness from the top surface (compression side) and over the entire

specimen. The three time periods shown relate to the three failure stages of this

specimen. The three stages were distinguished by rapid crack propagation within

the matrix which occurred in two distinct steps producing two major matrix

cracks. At initiation of the main matrix crack, which propagated along the

specimen centreline, secondary cracking also occurred about the notch tip. As the

specimen was loaded further, one of the secondary cracks extended at an angle of

approximately 25" to the centreline. The breakdown of the progression of

acoustic emission hits into time periods is shown in Figure 4.44, The correlation

between these time periods and the physical events observed is discussed below.

Hits from 0s to 213s

30 40 s0 60 to 80 90 100

Amplitude (dB)

Figure 4.43. Cumulative hits versus amplitude for specified time period.
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Hits from 0s to 152s
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Figure 4.t14. Progression of acoustic
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Hits from 209s to 2l3s
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Figure 4.M. Progression of acoustic emission with time (continued).

0s<time<1.52s:

The specimen was loaded and during this time period the first major matrix

crack initiated and propagated along the specimen centreline. The majority

of the hits were of low amplitude. The single hit at 100dB may have been a

fibre failure because it produced more than 90% of the counts in this time

period which suggests a single, high energy event.

l.52sctime<l^83s:

The load increased linearly and interfacial debonding was observed near the

notch tip. No significant progression of the matrix cracks was observed. The

hits are in two groups: most at low amplitude (35-60d8) but also a

discernable grouping at medium to high amplitude (75-90d8). The hits

occurred steadily over this time period as did the development of

debonding.

183sStimeS1.91s:

The load continued to increase linearly. This time period ranges up to, but

not including, the propagation of the second major matrix crack. Further
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debonding was observed. The bimodal distribution is clearly defined

between the low amplitude region and the medium-high region.

19Lsctime<192s:

At this point the second matrix crack extended. Hits were concentrated,

again, mainly around the low and medium-high regions.

l92s<time<196s:

During this period the load dropped away as the crack extended and then

started to increase again. Further debonding occurred around both the

matrix cracks. The hits continued to follow the bimodal distribution with a

few hits dispersed between the two peaks.

l96s<time<209s:

Load continued to increase linearly. A large burst of hits occurred part way

through this period. The source of this burst was not readily determinable.

The contribution to the amplitude distribution, however/ followed the

bimodal form of the previous outputs.

209s<time<213s:

The load continued to increase linearly until the crosshead was stopped. A

few hits were recorded within the regions of the bimodal distribution.

The overall result from this test produced a clear bimodal distribution.

Returning to Figure 4.43, the development of the bimodal distribution is well

defined. The time period 0s to 152s represents the initiation of the main matrix

crack without significant interfacial debonding. The second time period, 152s to

'J.9"1.s, was where significant interfacial debonding occurred whilst the matrix crack

was arrested. A broad band of hits is apparent between 70 and 100d8. Hits were
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also recorded at the low amplitude. The third plot, 191.s to 213s, covers the second

crack extension and continued interfacial debonding. The bimodal distribution is

clearly evident. When Figure 4.43 is compared with Figurc 4.42, the amplitude

distribution for the pure resin, the discrimination of the interfacial signature is

marked. For the pure resin there is very little acoustic activity above 75dB; for the

composite specimen a distinct peak between 75 and 100d8 exists. These hits also

correlated to observations of interfacial debonding.

The second type of reinforced specimen tested contained a bundle of fibres at

approximately the mid-plane of the specimen and halfway along the length.

Figure 4.45 shows the amplitude distribution for this specimen for two loading

cycles. The first loading initiated the matrix crack from the starter notch. The

crack jumped up to and beyond the fibre plane before being arrested. Some

debonding was observed as the load was increased. Before significant failure

occurred, the specimen was unloaded and then reloaded in an attempt to

generate debonding without further propagating the matrix crack. This was based

on the observation that the matrix crack appeared to be arrested due to

interference with the fibre bundle.

The amplitude dishibution for the initial loading is reasonably broadbanded over

the amplitude range 30-70d8 but slightly skewed towards the lower amplitude.

On reloading, the amplitude distribution is, again, euite broadbanded over the 30-

70dB range. There is, however, more acoustic activity in the centre of this range.

The discrimination between matrix failure and interfacial failure is less distinct

than in the previous case but points towards interfacial failure effecting a higher

proportion of mid amplitude hits.
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Figure 4.45. Number of hits versus amplitude for reinforced polyester resin

loaded twice.

The results from the acoustic emission analysis of the double torsion specimen

have shown that two failure modes can be discriminated. The implications of

this are discussed in the following section.

4.3.3. Discussion of acoustic emission results

The results from the previous section emphasise two important aspects regarding

the interpretation of acoustic emission analysis. Firstly, different types of signals

produce discernably different acoustic signatures. As was discussed in Chapter 2,

this phenomenon has been observed by a number of workers. The results from

this testing are in line with the generally accepted view that matrix failure is

associated with low amplitude acoustic emissions and interfacial failure is

associated with mid-amplitude emissions. This observation must be made with

caution when considering the second aspect of acoustic emission interpretation

which is system dependence.
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If the results from the two composite specimens are compared, it is apparent that,

even though both the specimens were of glass reinforced polyester resin, the

amplitude distributions are quite different. Given that the failure processes were

the same in both cases, i.e., matrix failure and interfacial failure, the difference

can be attributed to the manner in which the acoustic emission was detected by

the sensing system. The structural differences of the two specimens may well

have contributed to this difference, i.e., one specimen contained a full plane of

fibres and the cracking and debonding occurred near the notch tip whereas the

other contained a small bundle of fibres located close to the acoustic emission

sensor. This type of behaviour reinforces the need to correlate physical

observations with the acoustic emission information.

Another observation from the testing of reinforced specimens is that although

the two failure modes most prevalent generated two identifiable regions of

acoustic emission, in no instance did one occur to the complete exclusion of the

other. This is evident in both the composite specimen results presented here. It

suggests that either the failure of the interface involved failure of the interface

and of matrix material adjacent to the interface or the main matrix crack was

propagating at an imperceptible rate producing the observed low amplitude

acoustic emission. It is likely that the former case applies to the testing of the full

plane of fibres specimen. In this case, the main crack or cracks, as there were,

were fully arrested by the fibre plane and, given the higher stiffness of this

specimen compared to the bundle one, additional propagation was unlikely.

There was, however, significant debonding and, because of the secondary cracking

about the notch tip, additional matrix cracking near the crack tip was likely. The

bundle specimen was, perhaps, more likely to have behaved according to the

second scenario. The main matrix crack could have continued to propagate at a

low rate because as the debonding along the fibre bundle developed, increasing
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the craek.opening displacement, energy wae made available at the crack tip to

drive the matrix crack.

The final point to be made is ttrat the double tsrsion sp.eciinen reinforced with

fibres prodtrces two distinguishable failure mode* matrix failute followed by

interfacial failure. Tttis provides a sound basis for stating that the double torsion

specilnen is a practical and valuable tool for the investigation of intedacial failure

in fible reinfarced composites.

tgi6
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5. Discussion

The fibre reinforced double torsion specimen was developed with a number of

aims in mind. The principal one was to investigate the toughening effect of a

fibre bundle or plane of fibres on an advancing crack. The determination of the

strength of the interface was also desirable. The way this was achieved was by

placing fibres in the path of the crack in a double torsion specimen. As the crack

reached the fibre plane, the interaction between the crack and the fibre bundle

and the resulting interfacial debonding was observed and measured. This basic

aim raises some points of discussion.

The reasons for wanting to determine the interfacial strength performance were

detailed in Chapter 2. The interfacial strength is an important parameter for

inclusion into composite failure models and for the optimisation of composite

toughness. For the present, techniques which further the understanding of

interfacial failure are required. The double torsion specimen provides an

alternative way of studying this failure mode and is different from other

techniques in the following ways:

- by using a fibre bundle, the state of stress around the fibres is more

representative of a real composite than single fibre specimens,
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- the initial condition of the interface is not affected by the meniscus effects

found in single fibre specimens. As such, the pull-out of the fibres in the

double torsion specimen can be considered to occur from a semi-infinite

half-space (see Figure 3.10),

- the failure process can be reasonably well controlled, even though crack

instability presented some control problems, and

- the interaction of an advancing matrix crack with a fibre bundle includes

the stress field about the crack tip whereas the fibre pull-out method is

simply an interfacial overload. This will create a more realistic failure

initiation of the interface.

The double torsion specimen can potentially be used with any fibre/matrix

combination. Some designers (Hart-Smith 1992a), and other test methods,

require that the matrix must have a strain-to-failure greater than the fibres so that

the fibres will fail first. This limits the range of fibre/matrix combinations

available to the engineer and also ignores the possibility of significant matrix

flaws developing and being responsible for the ultimate failure of the structure.

Given this, it is important that a wide range of material combinations can be

tested. Also, because fibre dominated composite failure cannot be guaranteed in

real structures, effects like matrix initiated failure and fibre bridging must be

studied.

The double torsion specimen, in the configurations tested as part of this work,

has highlighted the effect fibre bridging has on increasing the apparent fracture

toughness of composites. The testing has shown that bundles of fibres can arrest

an advancing crack. This is due to the energy distribution within the system

when there are a number of energy paths available, e.9., increased strain energy in

the fibres or matrix, debonding of the interface, friction between debonded

surfaces, matrix crack extension, and, possibly, fibre failure. In some fibre
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geometries of the double torsion specimen it is clear that insufficient energy is

available to extend the main matrix crack once fibre bridging occurs. Secondary

matrix cracking would often occur if a specimen which had an arrested main

crack was overloaded. Whilst secondary matrix cracking does occur in composite

systems, this type of failure in the double torsion specimen only served to

indicate the degree of crack arrest being experienced by the main matrix crack.

Because the specimen was almost entirely unreinforced resin, the secondary

failures were unlikely to be overly representative of real composite failure

Processes.

If the double torsion specimen were reinforced with only a single filament, crack

arrest would be less likely to occur. This is because there may be insufficient

scope for providing alternative energy paths. In a real composite there are, of

course, many different mechanisms available. As such, the type of behaviour

that can occur in a single filament test is unlikely to occur in a composite. For

example, Harris et al. (1975\ using a double cantilever beam specimen containing

five or six individual fibres concluded that the main contribution to the work of

fracture was the frictional work done by fibres putling out of the debonded

matrix. This will only occur at the very large crack opening displacements

possible in a nominally reinforced specimen. In a real composite, the component

would need to contain a completely through-specimen matrix crack before this

mechanism could contribute to any large extent. Therefore, this mechanism does

not explain the improved crack growth resistance of fibre reinforced composites.

Guiu & Stevens (1991) argue the same point and state that it is the process of crack

shielding that effectively increases the toughness of the composites.

Crack shielding is the process whereby the local value of the crack extension force

is reduced. In the case of fibre reinforced composites, this is due to the effect of

fibre bridging. It essentially toughens the material by redistributing the stresses
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that are tryirg to drive the matrix crack. This is analogous to the formation of a

plastic zone about the crack tip in a ductile material. In the essentially brittle-

brittle composite system, the plastic zone is, instead, a damage zone where the

various failure mechanisms can combine together to redistribute the stresses

about the crack tip. As long as there are sufficient intact fibres to bridge the crack,

stresses can be carried away from the damage zone.

The double torsion specimen is a model composite system. Some of the

differences between it and the more widely used single filament model system

have already been discussed. The use of these types of specimens must always be

tempered by the applicability of the results to real composites. As was mentioned

earlier, single filament tests, whilst having an apparent simplicity, may not

provide information on the failure process that is valid to a real composite. That

is why a bundle of fibres was preferred in this study. The bundle, however, has

its own disadvantages. The state of stress within the bundle is virtually

impossible to predict and the failure processes within the bundle are difficult to

quahfy. If the bundle is treated as a single entity, however, its overall behaviour

can be assessed and applied to composites in general. In terms of failure models,

the fibre bundle behaviour is in between the laminate model, which is usually

used to predict composite behaviour, and the purely micromechanical model,

which attempts to completely analyse each component of the failure process.

From the results obtained in this study, the fibre bundle model provides some

quantitative data but, more importantly, a qualitative assessment of the

composite toughening mechanism, fibre bridging.

The quantitative assessment of the reinforced double torsion specimen has come

mainly from the compliance change analysis presented in section 3.2.1.. This can

be applied when fibres are bridging the matrix crack. Its efficacy is dependent on

interpreting the slope of the crack opening displacement between the fibre and
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the crack tip. This is likely to be more accurate for cracks which extend a

significant distance past the fibre plane.

For fibre configurations where the compliance change analysis does not typically

apply,such as the bundle located at the bottom of the specimen or a plane of

fibres through the thickness of the specimen, other experimental data would be

required in order to obtain information on the strength performance of the

composite system, e.g., the vertical displacement at the crack tip. Some energy

methods to do this were presented in section 3.2.3.

The specimen configuration that produced the most useful results was where a

bundle of fibres was located at mid-thickness and at approximately halfway along

the specimen length. This configuration could be further developed to obtain

more information on the failure processes in composites. The most significant

adaption would be to reduce the size of the fibre bundle. The reason for this is to

try and achieve fibre failure. Fibre failure was not widely apparent in the testing

performed in this study as was confirmed by the acoustic emission analysis. If

fibre failure occurred, other failure mechanisms, such as pull-out, could also be

observed. One complication of this is that once the bridging fibres begrn to fail,

the specimen cannot be reloaded to a similar state so that the crack opening

displacement profile can be photographed. A more sophisticated measuring

system would need to be used so that real-time measurements could be made. It

would also be desirable to monitor the crack length at the same time.

The measurement of the crack opening displacement by the use of a gauge wire

and photographs proved to be a reliable and repeatable technique. Measurements

made from identical photographs on two separate occasions gave a repeatability

of 98o/o, i.e., an error of 2%. Although a considerable amount of time is required

20r
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to take and analyse the photographs of the crack opening displacement, the

aforementioned accuracy confirms that the technique is a very effective means of

determining the displacement characteristics of the double torsion specimen.

The photographic technique also had the flexibility to follow the path of the

unguided crack. This was necessary if the crack were to wander away from the

specimen centreline. Crack wandering was one of the problems encountered

during the testing programme. The other problems worthy of mention were

specimen uplift and jump-in at crack initiation.

The testing performed as part of this thesis was on specimens that did not contain

a groove to guide the crack. The reasons for this were that the groove complicates

the state of stress at the crack tip and, more importantly, reduces the specimen

thickness through which fibres can be placed. This is particularly so if the most

effective groove, one on the tension side, was to have been used. Because no

groove was used, the main matrix crack would often stray from the specimen

centreline. To minimise the wander, the specimen had to be carefully aligned so

that the loading was symmetric about the centreline of the specimen. If

wandering did occur, it would tend to exponentially diverge from the desired

crack plane as the loading moment was applied to a narrower and narrower half-

specimen. Even when the crack was not on the specimen centreline, the

fundamental mechanics of failure still occurred in terms of the interaction of the

crack with the fibre plane and the development of interfacial debonding.

The two other experimental problems were specimen uplift and crack jump-in.

Specimen uplift occurred because of misalignment between the load plane and

the support plane at the loaded end of the specimen. Because the lifting moment

was considerably less than the moment applied to twist the specimen, it was

assumed that the misalignment had a minimal effect on the calculation of

fracture toughness. The result of the misalignment was that the specimen, upon
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loading, would lift off from the supports at the free end of the specimen. If the

misalignment was reversed, the specimen would be forced down onto the

supports at the free end. The latter case may have induced stress in the specimen

that would have been detrimental to the testing method. The other experimental

problem was the j*p-i. of the main matrix crack from the notch.

Jump-in was a problem because the matrix crack could propagate past the fibre

plane in one step. This negated the potential controlled crack growth capabilities

of the double torsion specimen. As has been discussed earlier, the fracture

toughness increases as the radius of the crack tip increases. Initially, notches were

cut using a thin handsaw which was then cut at the root with a razor to produce a

sharp notch. This did not ensure that the crack would initiate from the sharpest

point of the notch as was shown in Figure 4.35. Even though the razor notch was

quite sharp, jump-in would still occur. In an attempt to produce a sharper notch,

foil strips were cast into the specimens. During the curing process, a real crack

would develop about the strip. The drawback of this technique was that the

direction of growth of the natural crack was uncontrolled. The best method of

reducing the jump-in was to have a machined notch that was raked back such

that the notch was longest on the upper, compression face. The initiation stresses

were, therefore, concentrated on the smallest area of the notch root on the

tension side. To minimise the length of the jump-in, the notch could also be cut

with a razor during loading. If the fracture toughness of the material being tested

was known prior to testing, the load could be monitored so that it did not rise too

high above that which would be necessary to initiate fracture. This minimises

the amount of energy available to cause jump-in.

Some further comment on the correlation between the finite element analysis

results and the experimental results is warranted. The discrepancy between the

finite element and experimental results suggests that the finite element model is
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too stiff. To identify the reason for this, the results from the verification tests are

recalled. Firstly, the performance under pure torsion of the 8-node and 20-node

bricks in comparison with the analytic solution showed that, whilst the 20-node

bricks were better, the 8-node bricks were within 2.6% of the analytic solution.

The next comparison is the behaviour of the two element types with symmetry

plane boundary conditions applied. Figures 4.2 and 4.3 show that when only the

hinge boundary condition is present, the difference between the 8- and 20-node

bricks is slight. When half of the symmetry plane nodes are constrained, in order

to represent the uncracked ligament, however, the discrepancy between the two

element types becomes apparent. Of note is the fact that the variation was only in

the vertical displacement of the specimen centreline; the crack opening

displacements were still reasonably similar. The model used for comparison

with the experimental results was a 24x6x4 mesh using 8-node bricks. From the

above verification tests, the crack opening displacement characteristics of the 8-

node bricks compared well to those from a 2O-node brick model. The vertical

displacements, however, indicated that the 8-node brick model was stiffer than it

should be. This may cause problems in the modelling of the specimen

deformations because experimentally the specimen deflects more than is

predicted by the finite element analysis. The problem with this is that, in the

finite element analysis, the direction of the point load remains vertical. In the

experimental testing, as the specimen deforms, the direction of the loading

develops a horizontal component. This may lead to an extra opening component

in the experimental testing that is not reflected in the finite element analysis. In

support of this, the discrepancy between the two techniques increases as the load,

and, therefore, the deflection, increases.

The testing carried out has shown that it is possible to measure the fracture

toughness of the matrix material and study the behaviour of reinforced

composite specimens. An interesting observation made during the testing was
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that the stress field around the fibres could be studied. To do this, the load and

crack length would need to be monitored simultaneously. This would require a

significantly more complex crack monitoring system than the one used in this

study. Typically, the load to propagate the crack would decrease as the crack

approached the fibre plane (see Figure D.1, Appendix D). At the same time, the

crack accelerated towards the obstruction. The reasons for this must be attributed

to the stress field around the fibres. This is a function of two things:

i) residual stresses developed during the specimen manufacture. Given the

thermal mismatch between glass and polyester resin, residual stresses will

be tensile in the matrix. This will effectively lower the stress intensity

factor and, hence, the load to propagate the crack will decrease, and

ii) the presence of the obstruction alters the stress field, and deformation

field, of the specimen.

The rate of energy input to the system was constant , i.e., tests were carried out at

constant crosshead speed. Therefore, if. a more favourable means of fracture is

possible, the propagation rate will be higher

An interesting example of this was observed in a PMMA specimen which

contained a hole drilled across the width of the specimen. This was an attempt to

develop an understanding of the crack and "fibre" interaction. In this case, the

fibre was represented by the hole. In effect, it was a fibre of zero stiffness and zero

interfacial strength. The behaviour of the crack showed that it was responding to

the local stress state about the "fibre". This behaviour was subsequently observed

in reinforced double torsion specimens. As the crack approached the "fibre", the

load decreased and the crack was observed to accelerate towards the "fibre". In

this system, the thickness and, thus, the torsional rigidity of the specimen was

less at the "fibre" position by virtue of the missing material.
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The potential uses for the reinforced double torsion specimen are many and

varied. Because of its simple construction and testing technique it could be easily

used in a manufacturing as well as a research environment. It can be used,

without monitoring the crack opening displacements, to determine relative

performance of the interface as a quality control technique. It could also be used

in an environmental chamber to study the behaviour of various environmental

features in relation to crack growth and interfacial failure. Because the crack can

be arrested, the potential exists to grow a crack close to the interfacial region and

then allow controlled duration environmental attack before continuing the crack

growth. The fibres could be placed at different depths so that the rate of diffusion

could be determined. Another technique could be to grow the crack up to the

interface but limit the amount of interfacial loading. Again, the specimen could

be subjected to the desired environment before the interface was loaded to

determine the variation in interfacial strength due to the effect of the

environment.

Whilst there may not be conclusive experimental data to validate the

performance of the double torsion specimen, the developmental platform has

been created from which ongoing testing can be launched. Significant work has

already been achieved at the Universify of Auckland on propagating cracks stably

and refining the testing technique and most useful fibre configurations

(McKilliam 1993).
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6. Conclusion

The double torsion specimen has proved to be a useful testing method that

provides a valuable insight into the performance of the interface in composites.

Interaction between the matrix crack and fibres produced interfacial debonding

and crack arrest. The specimens are simple to prepare and produce a well defined

interface. Problems associated with the handling of single fibres were avoided by

using a fibre bundle. This also meant that the stress state was more

representative of real composite specimens. The testing technique is relatively

straightfonryard compared to other interfacial failure specimens.

The testing technique was chosen because of its performance in determining the

fracture toughness of unreinforced polymers. The double torsion specimen

offered the benefits of controlled crack growth, a well defined analytical base for

the calculation of fracture toughness, and simple specimen preparation and

testing.

A photographic technique was developed in order to measure the crack opening

displacement profile. By using a gauge wire, accurate and repeatable

measurements could be made.
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A number of fibre configurations were tested leading to a specimen which could

be analysed to give a quantitative estimate of interfacial strength in terms of the

fracture toughness parameter G, the strain energy release rate. The best fibre

configuration was where a fibre bundle was located on the mid-thickness of the

specimen and approximately halfway along the specimen length. Crack

propagation past the fibre position meant that the fibre bundle would bridge the

matrix crack. A compliance change analysis was developed so that the moment

being transferred by the fibre bundle could be calculated. From this, the force

distribution in the fibre bundle could be determined and, by applying a fibre pull-

out analysis, the fracture properties of the interface could be calculated.

The toughness of the interface and the toughening effect of having fibres

interacting with a matrix crack could be estimated by using a fibre pull-out

approach or a traditional Griffith type analysis. Results from this analysis

indicated that, for the material combinations considered in this study, the

interface was less tough than the matrix material. The toughening effect of fibres

gave an apparent increase in toughness of between ten and sixty times. This is

not a measure of the toughness of the interface but of the effect fibre bridging has

on the propagation of a matrix crack.

Finite element analysis helped explain some of the phenomenon observed in the

double torsion specimen. The most important results were that the loads in

fibres closing the matrix crack were proportional to the amount of closure

occurring. The other major result was that the change in the crack opening

displacement profile, i.e., the specimen compliance, was directly related to the

moment in the specimen beyond the fibre plane.
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The failure modes of the reinforced specimen could be discriminated by using

acoustic emission analysis. It was shown that mattix failure produced low

amplitude hits and interfacial failure produced mid amplitude hits. The actual

value of the amplitude distribution depended on the fibre configuration being

tested. Acoustic emission analysis also allowed the failure sequence to be

monitored.

The double torsion specimen reinforced with fibres has proved to be a useftrl tool

for the study of interaction between a matrix crack and fibres in a model

composite system. Interfacial failure and the toughening effect of fibres bridging

the matrix crack were observed and quantified. The double torsion specimen has

the potential for further analysis of the fibre/matrix interface in both the research

and industrial areas.
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7. Recommendations

A number of fibre configurations were tested in the development of an

appropriate test methodology for the reinforced double torsion specimen. For

future work, the recommended configuration is a small bundle of fibres located

away from the lower face of the specimen and within the first half of the

specimen length. This allows for a reasonable length of specimen beyond the

fibre plane so that the compliance of the specimen between the fibres and the

crack tip can be more accurately estimated. The fibre plane should be sufficiently

far from the crack tip so that the jump-in that typically occurs at initiation does

not extend to the fibres.

Crack jump-in and stability of crack growth should be addressed in the future so

that the interaction of the crack with the fibres is more discrete. This work has

already been instigated at the University of Auckland (McKilliam 1993).

The measurement of the displacement characteristics could be enhanced by the

simultaneous measurement of the vertical displacement at the crack tip. This

would allow more extensive calculation of the energy distribution within a wider

variety of specimen configurations. Ir particular, the energy analysis presented

2t0
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in Section 32.3 can be applied to specimens where the crack is arrested at the fibre

plane.

Ttre double torsion specimen eould find applicatisn in the field of qualit5r corrtrol

in the composite manufacturing industry. Prior to this, a range of fibrer'matrix

courbinations and interfacial conditions should be tested in order to verify the

various debonding processes that have beerr observed by other workers.



Chapter 8 References 2L2

8. References

References are listed in alphabetical order. Where an author is referred to more

than once, the listings are from the most recent. Standards and reference

documentation are listed after the alphabetical references.

Andreevskaya, G. D., & Yu. A. Gobratkina, (1,970). Proc. Ann. Conf., Soc. Plastics

Ind., Reinf. Plastics/Compos. Div., section 16F.

Andrews, E. H., (7979). 'Molecular Structure and Strength of Polymers' in
Developments in Polymer Fracture - L. E. H. Andrews, Ed., App. Sci.

Publishers, London.

Annis, C. G., & I. S. Cargill, (1978).In Fracture Mechanics of Ceramics" v.4, eds, R.

C. Bradt, D. P. H. Hasselmil, & F. F. Lange, Plenum Press, New York, pp.737-

M.

Beaumont, P. W. R., & R. J. Young, (1975). 'Failure of Brittle Polymers by Slow

Crack Growth. Part L Crack Propagation in Polymethylmethacrylate and

Time-to-failure Predictions', ]. Mats. Sci., v.10, pp.1334-42.

Berthelot, I. M., (1986). 'Relation Between Amplitudes and Rupture Mechanisms

in Composite Materials', Znd International Symposium on Acoustic
Emission from Reinforced Composites, The Society of the Plastics Industry,
Inc., Reinforced Plastics/Composite Institute, Montreal, Canada, luly 2l-25
1986,pp.126-33.



Chapter 8 References 2r3

Broek, D., (1986). Elementary Engineering Fracture Mechanics. 4th rev. ed.,

Dordrecht, The Netherlands, Martinus Nijhoff.

Broutman, L. 1., 0969). 'Measurement of the Fiber-Polymer Matrix Interfacial

Strength', Interfaces in Composites, ASTM STP 452, pp.27-41

Brown, N. R., & K. R. Mooney, (1990), 'The Use of Acoustic Emission Testing to

Monitor Fibreglass Cherrypicker Booms for Defects', Proc IPENZ Conf.

February L990.

Brown, N. R., (1989). 'Fracture Toughness Evaluation of Unmodified Resins',

Dept. Mech. Eng. Rep. MEG 89-08 Univ. Auckland ISSN 0111-0L28.

Brown, N. R., (1988). 'An Introduction to Acoustic Emission', Dept. Mech. Eng.

Rep. MEG 88-07, Univ. Auckland ISSN 0111-0136.

Brown, W. F. Ir, & J. E. Srawley, (1965). 'Plane Strain Crack Toughness Testing of
High Strength Metallic Materials', ASTM STP 410.

Caldwell, D.L., D. A. Babbington, & C. F. ]ohnson, (1989). 'Interfacial Bond

Strength Determination in Manufactured Composites', in'Interfacial
Phenomena in Composite Materials '89, Proceedings of an International
Conference sponsored by the journals Composites and International fournal
of Adhesion and Adhesives', ed., F. R. Jones, Butterworths.

Cook, |., & I. E. Gordon, (1964). 'A Mechanism for the Control of Crack

Propagation in All-Brittle Systems', Pro. Royal Soc. Lond. A 282, pp.508-20.

Cox, H. L., (1952). 'The Elasticity and Strength of Paper and Other Fibrous

Materials', Brit. I. Appl. Mechs., v.3, pp.72-9.

Drzal, L. T., & M. Madhukar, (L993).'Fibre-matrix Adhesion and its Relationship

to Composite Mechanical Properties', J. Mats. Sci., v.28, pp.559-610.

Drffy, A. R., (1969).'Fracfure Design Practice for Pressure Vessels', in Fracture L

ed. Liebowitz, Academic Press, pp.1,59-232.

Dugdale, D. S., (1960). 'Yielding of Steel Sheets Containing Slits', f. Mech. Phys.

Sol., v.8, pp.100-8.



Chapter 8 References 21,4

Eldridge, I. I., & P. K. Brindley, (1989). 'Investigation of Interfacial Shear Strength

in a SiC Fibre / Ti - 24AI - llNb Composite by a Fibre Push-out Technique', |.
Mats. Sci. Lett., v.8, pp.1451,-4.

Evans, A. G., (1972).'A Method for Evaluating the Time-dependent Failure

Characteristics of Brittle Materials - and its Application to Polycrystalline

Alumina', f. Mats. Sci., v.7, pp.II37-1,1,46.

Favre, I. P., (1989). 'Review of Test Methods and Testing for Assessment of Fibre-

matrix Adhesion', in 'Interfacial Phenomena in Composite Materials '89,

Proceedings of an International Conference sponsored by the journals

Composites and International fournal of Adhesion and Adhesives', ed., F.

R. Jones, Butterworths.

Favre, I. P., & J. Perrin, (1972\.'Carbon Fibre Adhesion to Organic Matrices', J.

Mats. Sci., v.7, pp.11 t3-18.

Frassine, R., (1992). 'The Application of Double Torsion Testing to
Unidirectionally Reinforced Composite Materials', |. of Comp. Mats., v.26,

n.9, pp.1339-50.

Frassine, R., T. Riccb, M. Rink, & A. Pavan, (1988). 'An Evaluation of Double-

torsion Testing of Polymers by Visualization and Recording of Curved Crack

Growth', ]. Mats. Sci., v.23, pp.a027-36.

Fuller, E. R. Jr., (1979). 'An Evaluation of Double-Torsion Testing - Analysis',

Fracture Mechanics Applied to Brittle Materials, ASTM STP 678, pp.3-18.

Graaf., K.F., (1975). Wave Motion in Elastic Solids. Clarendon Press, Oxford.

Greszczuk,L.B., (1969).'Theoretical Studies of the Mechanics of the Fiber-Matrix
Interface in Composites', lnterfaces in Composites, ASTM SW 452, pp. 4-58.

Griffith, A. A., (192I).'The Phenomena of Rupture and Flow in Solids', Phil.

Trans. Roy. Soc. of London, A22J.,pp.163-97.

Griffiths, R., & D. G. Holloway, (1970).'The Fracture energy of Some Epoxy Resin

Materials', f. Mats. Sci., v.5, pp.302-7.



Chapter 8 References 215

Gu6non, V. A., T-W. Chou, & I. W. Gillespie lr., (L989). 'Toughness Properties of

a Three-dimensional Carbon-epoxy Composite', |. Mats. Sci., v.24, pp.4168-

75.

of Fracture-tougheningGuiu, F., & R. N. Stevens, (1991). 'Physical Interpretation

Mechanisms', f. Mats. Sci., v.26, pp.a375-82.

Harris,8.1., J. Morley, & D.G. Phillips, (1975). 'Fracture

Reinforced Plastics', ]. Mats. Sci., v.10, pp.2050-61.

Mechanisms in Glass-

Hart-Smith, L. 1., $992a). 'The Ten-Percent Rule For Preliminary Sizing of
Fibrous Composite Structures', Douglas Paper MDC 92K0023, Douglas

Aircraft Company.

Hart-Smith, L. I., $992b).'How to Calculate In-Plane Strengths of Fiber-Polymer

Composite Laminates', Douglas Paper MDC 92K0023, Douglas Aircraft
Company.

Hindin, 8., (1984). 'Photoelastic Investigation of the Double-Torsion Specimen',

Eng. Fract. Mech., v.I9, n.L, pp.21-3.

Hine, P. I., R. A. Duckett, & I. M. Ward, (1984). 'A Double-Torsion Study of the

Fracture of Polyethersulphone', |. Mats. Sci., v.1.9, pp.3796-805.

Holroyd, T.I., & P. E. Cox, (1986). 'An Approach to AE Monitoring During the Rig

Shop Testing of Large CFRP Aero-Engine Components', 2nd International
Symposium on Acoustic Emission from Reinforced Composites, The Society

of the Plastics Industry, Inc., Reinforced Plastics/Composite Institute,
Montreal, Canada, luly 21,-25 \986, pp.189 -92.

Hsueh, Chun-Hway, (1990a). 'Fibre Pullout Against Push-down for Fibre-
reinforced Composites with Frictional lnterfaces', ]. Mats. Sci., v.25, pp.811-

17.

Hsueh, Chun-Hway, (1990b). 'Interfacial Debonding and Fiber Pull-out Stresses of
Fiber-reinforced Composites', Mats. Sci. and Eng. A 123, pp.L-fi..



] Chapter 8 References 216

Hsueh, Chun-Hway, (1990c). 'Interfacial Debonding and Fiber Pull-out Stresses of

Fiber-reinforced Composites. II: Non-constant Interfacial Bond Strength',

Mats. Sci. and Eng. A 12 ,pp.67-73.

Hsueh, Chun-Hway, (1990d). 'Effects of Interfacial Bonding on Sliding
Phenomena During Compressive Loading of an Embedded Fibre', J. Mats.

Sci., v.25, pp.a080-6.

Hsueh, Chun-Hway, (1988). 'Elastic Load Transfer from Partially Embedded

Axially Loaded Fibre to Matrix', J. Mats. Sci. Lett., v.7, pp.497-500.

Inglis, C. E., (1913). 'Stresses in a Plate due to the Presence of Cracks and Sharp

Corners', Trans. Inst. Naval Architects, v.55, pp.219-41.

Irwin, G. R., (195S). 'Fracture', Handbuch der Physik VI, Fltigge, ed. Springer,

pp.551-90.

fahankhani, H., C. Vlattas, & C. Galiotis, (1989). 'Interfacial Studies in
Aramid/Epoxy Systems with Laser Raman Spectroscopy', in 'Interfacial

Phenomena in Composite Materials '89, Proceedings of an International

Conference sponsored by the journals Composites and International fournal
of Adhesion and Adhesives', F. R. |ones, ed., Butterworths.

Janssen, C. M., (1980). 'Fracture Characteristics of the DCDC Specimen', Corning

Glass Works, Report no. R-8074.

janssen, C., (1974). 'Specimen for Fracture Mechanics Studies on Glass', Proc. Xth

Int. Congress on Glass, Kyoto Japan, luly 1974, pp. 23-30.

Kander, R. G., (1990). 'A Study of Damage Accumulation in Unidirectional Glass

Reinforced Composites Via Acoustic Emission Monitoring', E.I. du Pont de

Nemours & Co., Report.

Kelly, A., (1973). Strong Solids, 2nd ed., Oxford University Press.

Kies, I. A., & A. B. J. Clark, (1969).'Fracture Propagation Rates and Times to Fail

Following Proof Stress in Bulk Glass', Fracture 1969, Proc. 2nd Int. Conf. on

Fracture, Brighton, April 1969, ed., P.L. Pratt, Chapman and Hall ltd, London,
pp.483-91.



Chapter 8 References 217

Kinloch, A. 1., & I. G. Williams, (1980). 'Crack Blunting Mechanisms in

Polymers', f. Mats. Sci., v.1-5, pp.987-96.

Lawrence, P., (1972). 'Some Theoretical Considerations of Fibre Pull-out from an

Elastic Matrix', |. Mats. Sci., v.7, pp.1-6.

Lee, Shaw Ming, (1986). 'A Comparison of Fracture Toughness of Matrix
Controlled Failure Modes: Delamination and Transverse Cracking', I.
Composite Materials, v.20, March, pp.1,85-96.

Lee, S. M., (1982). 'Double Torsion Fracture Toughness Test for Evaluating

Transverse Cracking in Composites', J. Mats. Sci. Lett., v.1", pp.511,-1.5.

Leevers, P. S., (1986). 'Large Deflection Analysis of the Double Torsion Test', J. of

Mats. Sci. Letts., v.5, pp.19I-I92.

Leevers, P. S., (1982).'Crack-front Shape Effects in the Double Torsion Test', f.
Mats. Sci., v.17, pp.2a69-80.

Leevers, P. S., & I. G. Williams, (1985). 'Material and Geometry Effects on Crack

Shape in Double Torsion Testing', J. Mats. Sci., v.20, pp.77-M.

McKilliam, G., (1993). Ph.D. thesis in progress.

McKinney, K. R., & H. L. Smith, (1973).'Method of Studying Subcritical Cracking

of Opaque Materials', f. Amer. Cer. Soc., v.56, n.t, pp.30-32.

Marston, T. U., A. G. Atkins & D. K. Felbeck, (1974).'Interfacial Fracture Energy

and the Toughness of Composites', f. Mats. Sci., v.9, pp.M7-55.

Mitchell, f. R., & R. K. Miller, (1985). 'Acousto-Ultrasonics Principles and

Instrumentation', 2nd International Symposium on Acoustic Emission
from Reinforced Composites, The Society of the Plastics Industry, Inc.,

Reinforced Plastics/Composite Institute, Montreal, Canada, fuly 21,-25 L986,

pp.222-?25.

Montes-G., G.M., & R. A. Draughn, (1987). 'Slow Crack Propagation in Composite

Restorative Materials', |. Biomedical Mats. Res., v.21, pp.629-42.



Chapter 8 References 218

Mostovoy, S., P. B.

Specimens for
v.2,pp.661-681.

Crosley, & E. I. Ripling, (1967).

Measuring Plane-strain Fracture

'Use of Crack-line Loaded

Toughness', ]. of Materials,

Murray, M. J., & C. M. Perrott, (1976). Proc. Int. Conf. Hard. Mat. Tool Tech.,

Carnegie Mellon Univ., Pittsburgh, p.3'/..4.

Newaz, G., (1986). 'Analysis of Mode I Delamination Damage in Unidirectional

Composites Using Acoustic Emission', Znd International Symposium on

Acoustic Emission from Reinforced Composites, The Society of the Plastics

Industry, Inc., Reinforced Plastics/Composite Institute, Montreal, Canada,

luly 21.-?5 1986, pp.12-13.

Ono, Kanji, (1986). 'Acoustic Emission Behaviour of Flawed Unidirectional
Carbon Fiber-Epoxy Composites', 2nd International Symposium on Acoustic

Emission from Reinforced Composites, The Society of the Plastics Industry,

Inc., Reinforced Plastics/Composite Institute, Montreal, Canada, luly 21'-25

1986,pp.22-8.

Orowan, E., (1955), 'Energy Criteria of Fracture', Welding fournal, v.34, pp.I575-

605.

Outwater,I.O., M. C. Murphy, R. G. Kumble, &I.T.Berry, $974). 'Double Torsion

Technique as a Universal Fracture Toughness Test Method', Fracture

Toughness and Slow-stable Cracking, ASTM STP 559, pp.127-38.

Outwater,I.O., & M. C. Murphy, (1969).'On the Fracture Energy of Uni-
directional Laminates', 24th Ann. Tech. Conf . Reinforced
Plastics/Composite Division, Soc. Plastics Industry Inc., Sect. LL-C, PP.1-8.

Outwater,I.O., & D. I. Gerry, $966).'On the Fracture Energy of Glass', U.S.N.R.L.

Report Contract NONR 3219 (01) (X), AD640&18.

Penn, L. S., & S. M. Lee, (1.989). 'Interpretation of Experimental Results in the

Single Pull-Out Filament Test', J. Comp. Tech. Res., v.11, fr.\, pp.23-30.

Piggott, M. R., (1,957).'Debonding and Friction at Fibre-polymer Interfaces. I:

Criteria for Failure and Sliding', Comp. Sci. Tech., v.30, pp.295-306.



Chapter 8 References

Pitkethly, M. 1., & J. B. Doble, (1939). 'Evaluating the Maximum Bond Shear

Strength of a Fibre/resin Interface Using a Single Fibre Pull-out Technique',

Interfacial Phenomena in Composite Materials '89, F. R. fones ed., 5 - 7

September, Butterworths, pp.35-43.

Pletka, 8.1., E. R. Fuller Ir., & B. G. Koepke, (L979).'An Evaluation of Double-

Torsion Testing - Experimental', Fracture Mechanics Applied to Brittle

Materials, ASTM SW 678, pp.19-37.

Ponsot, 8., & D. Valentin, (1986). 'Acoustic Emission Analysis of the Dependence

of Damage Accumulation in Composites on Matrix Properties', 2nd
International Symposium on Acoustic Emission from Reinforced

Composites, The Society of the Plastics Industry, Inc., Reinforced
Plastics /Composite Institute, Montreal, Canada, luly 21-25 1986, pp.5-1 1.

Riccd, T., R. Frassine, & A. Pavan, (1990). 'Problems in Fracture Mechanics

Characterization of Rubber-modified Glassy Polymers Using Double

Torsion', ). Mats. Sci., v.25, pp.1,577-21,.

Rice, J. R., (1968). 'A Path Independent Integral and the Approximate Analysis of
Strain Concentration by Notches and Cracks', |. Appl. Mech., v.35, pp.379-86.

Rodgers, I., (1985). 'Acoustic Emission Monitoring of Flaw Growth in a Graphite-

Epoxy Experimental Wing Segment', f. Acoustic Emission, v.4, n.1, pp.1-8.

Scott, I. G., (1988). 'Basic Acoustic Emission' in Acoustic Emission: Understanding

and Applying the Technology. Advanced Technology Testing and Research

(ATTAR) Pty Ltd, Melbourne.

Scott, I.G., & G. G. Martin, (L991). Acoustic Emission From Fibre Composites.

Advanced Technology Testing and Research (ATTAR) Pry Ltd, Melbourne.

Shetty, D. K., & A. V. Virkar, (1978). Discussions and notes, J. Amer. Cer. Soc.,

v.61-, n.L-Z, pp.93-4.

Shiriajeva, G.V., & G. D. Andreevskaya, (1962). Sov. Plastics, n.4, p.40.

Sih, G. C., ed., (1981). Cracks in Composite Materials. Mechanics of Fracture. 5-

Martinus Nijhoff Publishers, The Hague.

219



Chapter 8 References ?20

Springer, G. S., (1990). Private communication.

Stalder, 8., & H. H. Kausch, (1982). 'Some Geometrical Observations on Crack

Front Profiles in PMMA Double Torsion Specimens', f. Mats. Sci., v.I7,

pp.2481.-85.

Stephensoh, R. A., (1991). Private communication.

Tait, R. B., P. R. Fry, & G. G. Garrett, (1987).'Review and Evaluation of the

Double-torsion Technique for Fracture Toughness and Fatigue Testing of

Brittle Materials', Expt. Mech., v.27, n.1., pp.1.4-22.

Timoshenko, S. P., & f. N. Goodier, (1982). Theory of Elasticity. 3rd ed., McGraw-

Hill, Singapore.

Trantina, G. G., (1977).'Stress Analysis of the Double-Torsion Specimen', f. Amer.

Cer. Soc., v.60,n.7-8, pp.338-4L.

Tsai, S. W., (1990). Composite Materials Workshop XIV. Continuing Education in
Engineering, University Extension, University of California, Berkeley.

Tsai, S. W., & H. T. Hahn, (1980). Introduction to Composite Materials.
Technomic Publishing Company, Lancaster, Pennsylvania.

Tsai, S. W., & E. M. rlffu, (L970). 'A General Theory of Strength for Anisotropic
Materials', f. Comp. Mats., v.5, n.1, pp.58-80.

Tseng, A. A., & I. T. Bety, (1979).'A Three-Dimensional Finite Element Analysis

of the Double-Torsion Test', f. Pressure Vessel Tech. Trans. ASME, v.10L,

pp.328-35.

Van den Boogaart, A., (1966). In Physical Basis of Glassy Polymers, ed. R. N.

Haward, hrst. of Phys., London.

Virkar, A. V., & R. S. Gordon, (1975).'Crack Front Profiles in Double-Torsion
Specimens', f. Amer. Cer. Soc., v.58, n.I'L-12, pp.536-7,



Chapter 8 References 22L

Wang, A. S. D., (1991). Lectures on Micromechanics in Composite Materials,

Centre for Composite Materials, Newark Delaware.

Wang, A. S. D., (1984). 'Fracture Mechanics of Sublaminate Cracks in Composite

Materials', Composites Technology Review, v.6, n.2, pp.45-62.

Warren, W. E., (c.1987)'Theoretical Analysis of the Double Cleavage Drilled

Compression Specimen', Sandia National Laboratories, Div. 1813,

Albuquerque, New Mexico 87185, US Dept. of Energy contract no. DE-ACO4-

76DP00789.

Weidmann, G.W., & D. G. Holloway, (1974).'Slow Crack Propagation in Glass',

Physics Chem. of Glasses, v.1.5, n.5, pp.1,1.6-22.

Westergaard, H. M., (L939). 'Bearing Pressures and Cracks', I. APpl. Mech., v.67,

pp.A49-A53.

White, C. S., (1984). 'Line-Spring Analysis of the Double-Torsion Specimen', EnB.

Fract. Mech., v.L9, n.4, pp.751,-753.

Whitney, I. M., I. M. Daniel, & R. B. Pipes, (1984). Experimental Mechanics of
Fiber Reinforced Composite Materials. Revised Edition, Society for
Experimental Mechanics, Brookfield Center, Connecticut.

Williams, D. P., & A. G. Evans, (1973).'A Simple Method for Studying Slow Crack

Growth', j. Test. Eval., v.1., n.4, pp.264-70.

Yam, Anthony Sze-Tong, & Sidney Mindess, (1982). 'The Effects of Fibre

Reinforcement on Crack Propagation in Concrete', Int. f. Cement Comp. and

Lightweight Concrete, v.4, n.2, pp.83-93.

Young, R. I., G979). 'Fracture of Thermosetting Resins' in Developments in
Polvmer Fracture - L. ed., E. H. Andrews, App. Sci. Publishers, London.

-

Young, R. I., & P. W. R. Beaumont, (1976). 'Crack Propagation and Arrest in
Epoxy Resins', J. Mats. Sci. Letts., v.I}, pp.776-79.

Young, R. I., & P. W. R. Beaumont, (1975). 'Failure of Brittle Polymers by Slow

Crack Growth. Part2',J. Mats. Sci., v.10, pp.13a3-50.



: Chapter 8 References 222

Young, Warren C., (1989). Roark's Formulas for Stress and Strain. 6th ed.,

Singapore, McGraw-Hill.

ABAOUS Reference Manual. Hibbit, Karlsson and Sorenson Inc., Philadelphia,

1990.

ASTM E 399-83,'Standard Test Methods for Plane-Strain Fracture Toughness of

Metallic Materials', ASTM, Philadelphia, PA, USA.

ASTM E 610-85, 'Definition of Terms Relating to Acoustic Emission', ASTM,

Philadelphia, PA, USA.

ASTM E 6L6-82,'Standard Terminology Relating to Fracture Testing', ASTM,

Philadelphia, PA, USA.

ASTM F 9L4-85, 'Standard Test Method for Acoustic Emission for hrsulated

Aerial Personnel Devices', ASTM, Philadelphia, PA, USA.



Appendices 223

Appendix A

Stress intensity factor equations

The equations used to calculate the stress intensity factor and, hence, the plane

strain fracture toughness for the fracture toughness specimens used in this work

are listed below:

Compact Tension (ASTM E 399-83)

",=(-J.r(Yw)

where P, W, and a are as defined in Figure A.1, B is the thickness, and;

r(/*)= V./*).fo*u + +.u/* -rst//wlz * uz//*l' -'4/*11

F vd%

0.6w

0.5w

Figure A.1. Notation for compact tension specimen.
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Three-Point Bend (ASTM E 399-83)

*,=l'l%'l.r(y*)
\n w'2,;

where P, S, W, and a are as defined in Figure A.2,8 is the thickness, and;

t(/w)=
s. (/wf*lr.r, - (/w). (r - (/w D 

,, (r.r, - 3.es . (/wl + 2.7. t7* )l]

-T
_L-

Figure A.2. Notation for three-point bend specimen.

Double Torsion (Williams & Evans 1973)

Kr = PWm(3(l+v)/W t+1t t z

where P, Ws1, W, and t are as defined in Figure A.3, and v = Poisson's Ratio

of the material.

2. (1 + z. (/y1)). (r -/*)%

2.1W 2.1W

a

S
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Figure A.3. Notation for double torsion specimen.

Double Cleavage Drilled Compression (Warren c.1987\

For the double cleavage drilled compression, DCDC, specimen, KI is based

on the results from a theoretical analysis carried out by Warren (c.1984. Ktc

is obtained from geometric factors based on new crack length, the aspect

ratios of hole and width, and the applied stress (see Figure A.4).

1.'t'-->-
att 

!t\=ti
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Appendix B

Typical graphs from acoustic emission testing

The following seven graphs show the form of the output from the Locan AT

acoustic emission computer. Note that in the first graph, the first parameter

(PARAM. #1) is the load recorded from the Instron. The reason for the load

dropping to zero was thought to be related to the data communication between

the Instron testing machine and the Locan AT. The magnitude of the load was

verified by comparison with the chart record of the Instron. The fact that the load

recorded did drop to zero was of no consequence to the other information

recorded.
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Figure 8.1. Load versus time for typical acoustic emission analysis.
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Figure B.2. Hits versus time for typical acoustic emission analysis.
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Figure 8.6. Hits versus energy for typical acoustic emission analysis.
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Appendix C
Results from fracture toughness testing
For the compact tension, CT, and three-point bend, 3PB, tests the results are
grouped into thickness and resin type. Means and standard deviations have been
ialculated for each thickness along with an overall mean and standard deviation
for each resin.

231,

SPECIMEN

Table C.1. Three-point bend test fracture toughness results.

CROSSHEAD SPEED TIME TO FIRST STRESS INTENSITY COMMENT

(mm/min.) FAILURE (s) FACTOR, K1 ltvlPa ml/2)

VINYL 5mm
I
la
z
2a

3

4
5

MEAN

VINYL 15mm
3a

6
7

8

9
l0
MEAN

POLY 5mm
4a

lt
t2
t3
t4
l5
MEAN

POLY l5mm
5a

l6
l7
l8
t9

2t7
216
57
28
2t5
2tl
2to

Kt = 1.6014pu *l/2 (excluding 2 and2a)

2
2
5

2
)
2

Kt = 2.52 14>u *1/2 (specimens 6-9)

STANDARD DEV.= 9.42 Wu ^ll2

6
24
9
22
23

t0

t.96
t.99
2.20
0.92
1.75

r.25
1.06

0.46
2.56
2.52
2.42
2.58
r.o2

0.59
0.58
0.59
0.59
0.83
0.59

0.64
0.56
0.57
0.60
0.55
t.20

razor cut

cracks at mot
cracks at root

razor cut

no cracking

approx. value

STANDARD DEV.= 6.67 tt{Pu *li2

ALLVINYLESTER
MEAN Kt = 1.95 14purnl/2 (specimens 1,1a,3,4,5,6,8,9) STANDARD DEV.= 9.57 14pu -l/2

2
2
2
2

I
I

KI = 0.59 MPu.l/2

5

5

5

)
t2
9

(excluding 14 and 15) STANDARD DEV.= 9.91 MP" otl/2

6

6
5

5

9
2

2

2
n

1

I

20 l0
MEAN Kr = 0.58 ypo.l/2 (excluding 20)

ALL POLYESTER

MEAN Kr = 0.5914p" ml/2 (excluding 14 and 20)

STANDARD DEV.= 9.94 1i1Pu rnl/2

STANDARD DEV.= 9.6214tu *l/2
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Tabte C.l. Three,polnt bend tset fracture to-ughness result$ (oont.).

SPECIMEN CROSSIIEAD SPtsED. TIITTTBTOFXRST STRESS N-ITEXETTY COMTIEIIIT

(mn/nin.) FAILLBE(s) PACTO.R" K1$aParnl/z)

PMIVTA,5es
I
2
3

4

PMITIA l5irnr
5

6
7
8

MEAN Kt = t.741Ynr6 5l/2

16 L.6T

l7 1.79

14 1.37 wn
16 l.8l

16 1.69

16 133
16 1.54 raztr
14 f.34 lw

STANDARD DEV',=0.IE 1416 iiil/2

2
2
2
2

2
2
2
2,
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Tab-le C.2. Compast tension test fractui toughness results.

CROSSHEADSPEED IIIvIETOFIRST STRSSSINTENSITY COMMENT
(mrn/min.) FAILTJRE(c) FACTOR, q poa muz)

VINYL 5mm
72
82
92
107
MEAI{ Kl = l.62lvilta 6l/2

VINYL 15nn
2
2
2
2
4L

2

Y1.= 1.621ru)a ml/2

ALT"VINYLESTER.

lvtEAN & = l.O2 lvPa mllZ

POLY 5mm
z
2
z
2
2
20

KI = 0:62 14P" ntl/2

2.07
1.81

l,l7 smail crack
1.45

STANDARD DEV.= 0.39 MPamlz

1.52
t-52
1.56
1.35
1.92
r.95

STAIIIDARD DEV.= 6.25 14r" -l/2

STANDARD DEV.= 6.36 XP, .1/2

0.60
o79
0,60
0.59
o13
0.86

STAI{DIIRD DEV.= 0.1'1,4r" -l'E

0.65
0.53
CI60
0.67
4.67
0"64

STANDARD DEI/.= 0.05 I\4'a m1/2

StefqDARD DEV.= 0.07 IvIPa mltr

l'l
15

t2
x3

I1
t2
l3
t4
t5
!6
MEAN

I
2
3

4
5
6

IVGAN

15

l4
r7
14

18

l8

(cxcluding 6)

6
7
7
6
7
1

7
v
7
7
.T

7

P.OLY l5mm
tvz
182
192
2,A2
272
222
IUEAN Kr = 0.63 MPa mUa

ALLFOLY-ESIER

IviEAN K1= 0.63 tr4tatoll? (exctudiag 6-)
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Table C.2. Compact tonsion test fractrrre toughness results (eont.).

CR.OSSIIEAD SPEED TIME TO FTRST STRESS INTENSITY COMIVGT.IT

(Eplnin,) FINLIIRE(s) FACTOR, K1 G,Paml/2)

PMMA 5mm
I
2
t
4
5;

6

PMMA lSinrn

13

13

1r[

15

t4
l4

2
'2

zCI

2
2
2

1.23
r.42
r.54
1.49
r.60
1.39

1.00
LN
1.30
t.28
1.35

STAIdDARD DEV.= 0.16 tvfPa nll2

72
E2
92
102
11 ?n

MEAII Kt = 1.36 h4Ps 6U2

t2
r4
t4
t4
1..2

If the first s,rack arrc.st lengfh and load arc uspd, the mean fiacturc toughrcss fo FMMA is 1.03 MPa mll2.
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Table C.3. Double cleavage drilled compression test ftacture toughness resrile.

spEeIruEN RnN CROSSITtrAD SPmDSTRESS n..IrrI{SiTY COMMEhIT

,(mdnrin.) FACTOR' K1'{tlrtra mla)

vlI\F[L srffm
I
2

VIISf,L l5mn
6
7

MEAN= g,231@o,-t/2

POLY Srmm

I
POI-Y 15mm

A
14

Ms.Al.[=O33 ltrh mr2

0.1
5

STANDARD DEV.= 0.06 MPa m1/2

0.ax
a.2r

o28
0.35

5
0.1

e
s

c
H

l5
13

B

B
B
e
B
B
c
D
D
D
F

| 432

! 0.39
r 0.26
I 0.35
t 0.28

0.1 o35
0.1 036
or 0.30
0.1 0:31
0.1 0.3.I
0.1 0.35

STAI{DARD DEly'.= 0.04 MPa ml2
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Table C.4. Double torsion test frachrrc tougbness rcsults.

Rt'N. CROSSHEAD SPEED STRESS INTENSTTY EOMIT,EI\|T

(mm/min.) neefo& Kl (MPaml/Z)

VINYLESIER 5mm
5

Iv,IEAIF 0.6O trfita mla

POIY'ESIER Srirm
I

STAr{DARD DEV.= g'91 141 .l/2

0.1

t

MEAN= 6.51 14Pa mu2 STAITID.ARD DEV.= 0.02 MPa mlf,

PNIMA (Crosshead s@s betrueen 0,1-2 nm/nin)

B 0.64
0.63

0.62
0,62
o.62
0152

0.62

0.1
0.5

0.2
5

a3
0.r

0.1
I

0.2
10

B
c
A
A
A

slour
slowfast

slow
slqw
slswlfast
slow
slon,

slodfaet
slow/fast
slodfast
slow./fast
slodfast
slowy'fast

B

c
D

2
6

7'

I

2
9
4

15

16
t7
2
t2
14
t6
6
3
5
!4
4
6

IvIEAN= 1.6216Prrr1/2

0.1
0.1
0.1

0'2
0;2
'0.2
0.2
0.5
I
I
I
42

2

STAI-0ARD,DEV.= glg7 tr1Pu 6I/2

0.53
0.51
0J1
o5,1
0.49
a.49

0.95
r.t2
1.04

LAz
Q,97
0,98
1.05
o.92
1.0J
0.97
1.13
r.07
o93
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Table C4, Double torsion test ftaature toug[ness results (oont.1.

RTJN CROSSIIEAD SPEED STRESS INTEI'ISNY COIt4Ii,gI{T

@m/mrn.) FACTOR" Q (MPanl2)

PMI\{A (&osshoad speedl <0.1and >2mn/mia)
t0
2
9
t7
4
6
t5
t7
7
7
t7
I
I
t0
12

0,88
0"89
0.87
0,9$
1.0?
0.93
1.14
1,28
l.l6
r.2t
T.M
1.38,

1.14
1.32

1.37

o2
.05
r05

05
7
2
s
5
t0
20
20
s0
100

r00
lm
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Appendix D

Typical load plot from double torsion testing

E
E
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IIJ
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I

;

i
I
I
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'I

I
I
I

I'.'t'
I

.i,,
'l!

i

ack

z
o
o
J

Figure D.1. Load plot for reinforced double torsion specimen showing load drops

from crack initiation and load variations from debonding.
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Appendix E

Choice of gauge for crack opening displacement measurement

To be able to measure crack opening displacements (CODs) from the crack tip to

the load points under both static and dynamic loading conditions, conventional

methods of COD measurement were inappropriate. Because grooves were not

employed to guide the crack, the crack propagation path could not accurately be

predicted. This precluded the use of a clip gauge, or similar device, which

required attachment blocks as the blocks would need to be directly adjacent to the

crack plane. If the COD is measured from blocks away from the crack plane (see

Figure E.1) then the angle of rotation or the vertical deflection must be measured

at the same time so that the actual COD can be determined from the measured

COD.

By photographing the COD along with a wire gauge, direct measurements from

the double torsion specimen were not required. A wire gauge was selected

because it overcame any problems associated with parallax error due to the

specimen rotation (see Figure E.2). The wire gauge could also be easily attached

close to the crack path, to be within the photo frame, once the crack had begun to

propagate.
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D' = measured COD

D = actual COD

t = specimen thickness

b = block thickness

For a)

For b) 0 must be measured

Figure E.L. Measurement of COD via clip gauge: a) clip gauge method with blocks

attached at crack plane, and b) clip gauge method with blocks attached away from

the crack plane.

viewpoint
D and L are actual gauge sizes

D' and L' are measured gauge sizes

D=D'
L *L,

Figure E.2. Comparison of actual and measured gauge sizes for circular and

240

DD'
-=-t t+b

b)

rectangular gauges.
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Appendix F

Finite element input file

-HEADING

8 NODE BRICKCRACKED LOAD=64N BIAS = 1.0 COMPABISON WITH SPEC 1(6/8)
*NODE

1, 0.
21, 0.12515
25, 0.1494
400'1, 0., 0.006
4021, 0.12515, 0.006
4025, 0.1494, 0.006
601, 0., 0., 0.03465
621, 0.12515, 0., 0.03465
625, 0.1494, O., 0.03465
4601, 0., 0.006, 0.03465
4621, 0.12515, 0.006, 0.03465
4625, 0.1494, 0.006, 0.03465
.NGEN, NSET=CRKEY
1 ,4001 ,1000
*NGEN, NSET=CRKW
21 , 4021,'1000
.NGEN, NSET=CRKFY
25,4025,1000
*NGEN, NSET=FREEY
601,4601,1000
*NGEN, NSET=FRETY
621,4621,1000
.NGEN, NSET=FREFY
625,4625,1000
.NFl LL, BIAS=1 .0,NSET=691414
CRKEY,CRKTY,2O,1
*NFlLL, BIAS=1 .0,NSET=UNCRKX
CHKTY,CRKFY,4,1
'NFILL, BIAS=1 .0,PSET=FRECRKX
FREEY,FRETY,zO,1
*NFlLL, BIAS=1 .0,NSET=FREUNCKX
FREW,FREff,4,1
*NFILL,BIAS=0.8

CRKX,FRECRKX,6,lOO
'NFILL,BIAS=0.8
UNCRKX,FREUNCKX,6, 1 OO* MOVE LOAD AND SUPPORT NODES TO COINCIDE WITH EXPT. MODEL
-NODE

102,0.006, 0., 0.00475
4502,0.006, 0.006, 0.025
4525,0.1494, 0.006, 0.025
,NSET, NSET=CRKUNCRK, GENEMTE
1,21,1
*NSET, NSET=A, GENERATE
'1 ,25,1
*NSET, NSET=B, GENERATE
1 001 ,1 025,1

24L
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*NSET, NSET=C, GENERATE
2001,2025,1
*NSET, NSET=D, GENERATE
3001 ,3025,1
-NSET, NSET=E, GENERATE
4001,4025,1
.NSET, NSET=OUTPUT
A,B, C, D, E, 1 02,4502,4525
-* 8 NODE LINEAH DISPI.ACEMENT BRICK

'ELEMENT, WPE=C3DB
1,1,1O1,102,2,1001,'t 101,1 102,1002
.ELGEN, ELSET=ALL
1 ,24,1,1 ,6,1 00,24,4,1000,144
'- MATERIAL PROPERTIES
*SOLID SECTION
-MATERIAL
.ELASTIC

3.95E9, 0.33

242

'* CONSTRAINTS ALONG PLANE OF SYMMETRY
.T SUPPORTS AT 4502 AND 4525 FIBRE AT 2016

'BOUNDARY
UNCRKX,ZSYMM
CRKUNCBKZSYMM
4502,2
4525,2
20l6,ZSYMM
'PLOT,COLOURS=11
-VIEWPOINT

-1,,-1.,-1.,0,,-1.,0.
*DRAW,HIDE
.STEP
*STATIC, PTOL=0.001
**LOAD IS CONC. LOAD OF 64N AT NODE 102

'CLOAD
102,2,64.0
.'LOT,COLOURS=11
-VIEWPOINT

-1,,-1 .,-1.,0.,-1.,0.
.DISPLACED,HIDE

U
*NODE PHINT,FREQ=1,NSET=OUTPUT
'EL PRINT,FREQ=O
"END STEP
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Appendix G

Experimental data for specimen 5(22 "). no fibres.

Typical experimental data

width
Length
Thickness
Loadpoint to crack tip
Load
Magnification

= 69.5mm
= 150.2mm
= 5.9mm
= 1,05.2mm

=100N
=37.0x

Score

Experimental data for specimen L(5 ^). fibres at mid thickness.

2
3
4
5
6
7
8
9

Crack Width
(mm)

19.4
t7.9
L5.2
t2,6
10.4
8.1
6.5
3.8

Crack Width
(mm)

25.7
22.8
L9.7
t7.2
t4.2
11..4

8.L
4.4
3.9
3.1
1.1

Actual COD
(mm)

0.52
0.48
0.41
0.u
0.28
0.22
0.18
0.10

Score to loadpoint
(mm)

24.8
34.7
M.7
54.7
64.9
75.1.

84.9
95.3

Score to loadpoint
(mm)

1,4.2

24.2
34.2
M.L
54.L
54.t
74.3
u.3
94.2

L04.3
L14.3

width
Length
Thickness
Loadpoint to crack tip
Loadpoint to fibre plane
Load
Magnification

= 69.3mm
= L49.4mm
= 6.0mm
= LL9.2mm

= 85.0mm
=128N
= 43,5x

Cross-section of fibre bundle = 0.86x0.90mm2

Score Actual COD
(mm)

0.s9
0.55
0.45
0.40
0.33
0.26
0.19
0.10
0.09
0.07
0.03

2
3
4
5
6
7
8
9
1.0

11

12
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Experimental data for sggcimen 3(29l8). fibr€s at bottom.
Width = 64.9mm
Length = 149.6mm
Thickness = 5.8mm
Loadpointto cracktip = 90"6.mm
troadpoint to fibrc plane = 91.0mm
Load =305N
Magnification =57.W.
Cross'section of fibre bundle = 1,48*1. zf-runz

Scote Crack Wtdth Actual COD Score to loadpoint
(mnr (rnm) (srm)

x.39 ,34.8

0.91 54.8
0.45 74.9
0,10 ffi:7

I 80,2
s 52.8
7 ?s.9
8.5 5.7
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