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Abstract

The micromechanics of reinforcement of model carbon fibre / epoxy composites has been
investigated using the technique of Remote Laser Raman Microscopy. The technique

allows in situ axial stress monitoring in highly crystalline fibres, such as carbon.

For this purpose a remote fibre -optic probe was designed and tested. Tailor -
made optics have been introduced at both input and output positions of each fibre - optic
to provide laser collimation and maximum efficiency. The probe design takes advantage

of the pinhole nature of the optical fibre to achieve depth discrimination.

A full characterisation of the high modulus M40 fibres using conventional testing
and Raman Spectroscopy preceded the study of the stress transfer. The study was
performed as a function of fibre sizing, coupon geometry and elevated temperature.
Model composites were subjected to incremental tensile loading, while the stress in the
fibre was monitored at each level of applied strain. The stress transfer regime was studied
in the elastic domain using the short fibre coupon test and shear lag approach was
employed to model the stress transfer efficiency of the interface through the use of the
shear-lag parameter . The study of the long fibre coupon test led to the identification of
interfacial failure mechanisms which were also investigated by Scanning Electron
Microscopy (SEM). Finally, the stress build-up in the fibre in the presence of energy
dissipation mechanisms was modelled, and the stress-transfer efficiency was assessed at

different levels of applied composite strain.
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transfer or ineffective length

Weibull shape parameter

M40 sized high modulus carbon fibre
Micro-Indentation Test

M40 unsized high modulus carbon fibre
Coulomb friction coefficient

unmodified liquid epoxy resin

number of atoms in a polyatomic molecule
refractive index

numerical aperture

frequency

wavenumber

frequency of the incident or excitation light
matrix Poisson’ s ratio

frequency of a component of the scattered light
reference zero stress frequency values obtained for the Ez; band
optical density

electric dipole moment

axial force

maximum axial force

polyacrylonitrite

poly(p-phenylene benzobisoxazole) fibre
poly(p-phenylene benzobisthiazole) fibre
poly(p-phenylene terepthalamide) fibre; trade name Kevlar®49
thickness of the cantilever beam

contact angle

real levels

radius of the fibre

interfibre distance

confocal aperture radius



Nomenclature

Ry

R,

R;

R,
ReRaM
RT

P

S

SEM

s (1=1,2)

O-Z) O-r, 0-0

Qi
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TEM
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fibre optic core radius

laser beam radius

laser spot radius

radius of the shear perturbation cylinder
Remote Raman Microprobe

Room Temperature

density

shear force

Scanning Electron Microscopy

constants depending on the elastic properties of the material.
normal stress

fibre axial strength

mean fibre strength

maximum axial stress

matrix tensile strength

threshold stress

tensile strength

constant

normal stresses in cylindrical coordinates 7, 6, z

average axial stress over the cross-sectional area of the fibre
far field stress

sized intermediate modulus T800 fibre

Transmission Electron Microscopy

unsized intermediate modulus T800 fibre

shear stress

matrix shear strength

shear stresses in cylindrical coordinates 7, 6, z

potential energy function

displacement components in cylindrical coordinates r, § z
virtual levels

fibre and matrix volume fraction respectively

far field axial displacement in the matrix -
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y penetration depth of an incident beam
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¥y stress function

¢ index of stress transfer efficiency



Chapter 1: Introduction

Composite materials play a very important role in nature as well as engineering
applications. Reinforcement in preferential directions allow for the tailoring of the
composite according to the needs of specific applications, providing high specific
strength and stiffness in comparison with monolithic materials. Central to an
understanding of the mechanical behaviour of a composite is the concept of load sharing
between the constituent phases. This requires the study of the interface, or the common

boundary between the distinct phases.

The aim of this research was to investigate the adhesive properties of carbon fibre
/ epoxy interfaces with a view to identify and model the micromechanics of stress
transfer. For this purpose, the technique of Laser Raman Spectroscopy (LRS) was used.
LRS is by now a well established tool used to assess the level of interfacial adhesion in

polymer based composites, as it can provide in situ stress measurements with a resolution

of one micrometer.

In order to describe the necessary aspects of the technique used, chapter 2 is
concerned with the fundamental principles related to LRS. The theory of Raman
scattering is outlined, together with general considerations related to the properties of
the scattered light. The fundamental theory regarding the stress dependence of the
Raman frequencies is subsequently presented. It is this property of the Raman scattered
light that provides the possibility of local stress monitoring. Thus, highly crystalline fibres
can be used as internal strain gauges providing experimental information about the stress
state in fibrous composites, as well as the mechanisms of load transfer between the fibre

and the matrix.
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With a view to exploiting fully the potential of stress monitoring with LRS, the
realisation of a remote Raman microprobe based on flexible waveguides was undertaken
as part of this work. The rationale, design and testing of this probe is given in detail in
chapter 3. The remote Raman microprobe uses the versatility of optical fibres in order to
enable the use of the unique properties of the Raman light away from the optical table.
The design of the probe aims to the optimisation of the optical components used. Thus,
through the use of interchangeable optics, the microprobe is capable of exploiting the
maximum resolution offered by the objective lens. At the same time, using the confocal
nature of the optical fibre endface, the user is capable of choosing the optimum
combination for efficiency and depth discrimination. Various applications of the Remote

Raman Microprobe prove its versatility as a complete alternative to conventional

systems.

In chapter 4, an overview of carbon fibres and their properties is given. Aspects
of their manufacturing processes, structure and morphology, as well as their Raman
activity and its sensitivity to applied stress are covered. The experimental part of the
chapter, deals with the characterisation of the high modulus carbon M40 fibres, which
were used for the purposes of this investigation. This involved the measurement of the
gauge length dependence of the strength of the fibres, microscopy studies and a full
Raman characterisation of the fibres. Indications about the surface morphology of the
fibres were obtained through the study of vibrational modes related to the structural
disorder of graphite. Finally, the response of the Raman spectrum of the fibres to stress,

strain and temperature was quantified.

Chapter S deals with the micromechanics of reinforcement in model composites.
A detailed review of the literature concerning the fibre interface is presented, regarding
the nature of the interface / interphase and the mechanisms of stress transfer. Existing
models describing the behaviour of the interface and methods of interfacial testing are

subsequently described, together with references regarding the use of LRS as a means of

assessing the interface in fibrous composites.
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The evaluation of interfacial adhesion in carbon fibre epoxy systems was
performed by means of a single fibre composite coupon. The model composite
incorporated either a short or a long carbon fibre. The coupon geometry and the
temperature of the environment were studied as a function of the fibre sizing. Initially,
modelling of the behaviour of the interface in the elastic domain was undertaken. This
was performed by applying the shear lag theory [Cox, 1952] to data obtained using the
short fibre coupon. The interface was successfully modelled through the use of a single
parameter f. Theoretical evaluation of the local properties of the matrix attributed the
higher efficiency of the sized fibre interface to local property variations leading to

considerably higher ‘interfacial’ shear modulus.

Subsequent axial monitoring of the long fibre coupon led to the evaluation of the
Interfacial Shear Strength (IFSS) in room temperature as well as in 60°C. The stress
transfer characteristics provided information about the nature of interfacial damage
mechanisms and distinct failure mechanisms were identified and verified with Scanning
Electron Microscopy (SEM) observations. The final part involved the modelling of
interfacial adhesion using an energy approach. The comparison of the measured energy
values to those predicted by assuming an elastic stress state led to the quantification of

interfacial efficiency as a function of applied strain.

The conclusions and final remarks of the performed research are summarised in
chapter 6. The overall evaluations related to the parts of this study are independently
outlined, together with suggestions for further work in fields covered throughout the

course of this investigation.
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2.1. THE RAMAN EFFECT

Raman Spectroscopy is concerned with the phenomenon of a change in frequency when
light is scattered by molecules. If the frequency of the incident light is v, and that of a
component of the scattered light is v, then, the frequency shit Av = v,-v, is referred to

as a Raman Frequency and is considered to be a property of the scattering medium.

The Raman Effect was theoretically predicted by Smecal [1923] and
experimentally verified by Raman and Krishnan [1928]. The phenomenon may be
visualised by considering the incident light as photons with energy #v,, where h is
Plank’s constant. When the photons collide with molecules, the collision may be elastic
1.e. no energy exchange takes place; this gives rise to the Rayleigh line. If however the
collision is inelastic, the energy exchange causes a quantum transition of the molecule to
a higher energy level, and the photon is scattered with a lower energy (4v negative),
referred to as the Stokes line. If the molecule is at an energy level above its lowest, an
encounter with a photon may cause it to undergo a transition to a lower energy, in which

case the photon is scattered with higher frequency (4v positive) inducing the anti-Stokes
line [Szymanski, 1967].

2.2. THEORY OF RAMAN SCATTERING

If a molecule is subjected to an electric field E‘ , an electric dipole moment ;’ is
induced [Svanberg, 1992]:
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;’=al_§ 2.1

where a is the polarisability of the molecule.

For an oscillating field E = E, sin(27v,t), the polarisation varies at a frequency
Vo resulting in the emission of light of the same frequency, i.e. the elastic or Raleigh

scattering. The polarisability « of a molecule may vary as the molecule vibrates, or as it

rotates in relation to an electric field. We may in this case regard:

a=a,+a, sin2nv,,t) a, << a, (2.22)
for a vibrating molecule and, similarly:

a=a,+a, sinnv,t) a, << a, (2.2b)

for a rotating molecule where the variation occurs at twice the rotational frequency.

Combining equations 2.2 with equation 2.1, we acquire [Svanberg, 1992]:

For vibration,

1
P = a,E, sin(2nv,, t) + Ea,vE,,cos{Zn( Vo = Vo M =21V, + v, )t} (2.32)

and for rotation

1
P=a,E,sin(2nv,t)+ —z-a,vE,cos{Zm( Vo = Vi -2V, + V,, )t} (2.3b)

The first term in equations 2.3 is the Rayleigh scattering, the second is the Stokes
scattering and the third is the anti-Stokes scattering.

Obviously the molecule is Raman active when ay, # 0, which forms the selection
rule in the classical theory of the Raman scattering. It should be noted that, in the general

case, the polarisability & in equations 2.1-2.3 is replaced by the polarisation tensor and

the electric dipole moment ;is not parallel to the electric field E’ .
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A usual way to visualise the change in polarisability is with the use of a
displacement coordinate £ which is a measure of the bond extension [Banwell, 1983].
Thus, for a stretching motion, £ is positive when the bond is extended and negative when

the bond is compressed. The variation of @ with £ is shown in figure 2.1. For small

ca
displacements, the (—-) derivative defines whether the equilibrium position £= 0 is a

24
stationary point for the function a (figure 2.1a) or not (figure 2.1b), defining, thus, if the

vibration is Raman active.

However, a full explanation of the phenomenon can only be obtained in quantum
mechanical terms. According to Plank’s law, the energy £ that is gained or lost during

the scattering is :
AE=hv, (2.9)

In this way, transitions are allowed between distinct energy levels. A full quantum
mechanical model for the Raman effect can be achieved with the introduction of virtual
levels. In figure 2.2, the allowable Raman transitions are shown [Svanberg, 1992]. The
interaction with light induces the transitions from the real levels r,, to the virtual levels
v12 . When the molecule returns to the real levels, it emits the respective line where 4v <

0O for Stokes, Av = 0 for Rayleigh and Av > 0 for anti-Stokes.

The usual representation of Raman frequencies is in wavenumbers. The

wavenumber V' corresponds to the number of waves per centimetre and is:

=L 2.5)
=~ ,

where v is the frequency and ¢ the velocity of light. Delta wavenumbers AV correspond
to the wavenumber shift and are therefore a material property regarded as generally

independent of the excitation frequency w.
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2.3. GENERAL CONSIDERATIONS ABOUT THE RAMAN EFFECT

Taking into consideration equation 2.1 for an oscillating field E = E, sin2zv,t),

the total radiating energy I from the dipole is:

2 &P
3¢ di?

) (2.6)

where ¢ is the velocity of light. The bar denotes time averaging. Since

sin® 2avyt) = Y

167
I= 37;4ca2Ef, @7

c
Here the relation v= 7 is used, where A is the wavelength of light. An

examination of equation 2.7 shows the expected proportionality of the Raman bands to
the intensity of the excitation line; they are both proportional to E?, that is, to the square
of the electric vector of light. An important factor that has to be taken into account is
that there is an upper bound of the excitation source intensity, above which the sample

will decompose faster than the time needed to record the spectrum [Loader, 1970].

The Raman scattering is also proportional to the fourth power of the inverse of
the wavelength A or the frequency v, of the excitation line. Changing from excitation of
the spectrum operating at 647.1 nm to an argon ion laser operating at 514.5 nm results

to a 3.7 times increase of the intensity of the recorded spectrum [Loader, 1970].

The quantum theory of Raman Scattering gives information about the
temperature dependence of the Raman Scattering. According to the Boltzmann
distribution law, the relative population in the real levels depicted in figure 2.2 is a
function of temperature [Colthup, 1975]. Increased temperature results to increased
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intensity of the anti-Stokes line, since the probability of the anti-Stokes transition event is

higher. This is due to the increase in population at higher energy levels.

The quantum theory of the Raman scattering also predicts that the Rayleigh light
is coherent, in contrast with the Raman light which is incoherent [Szymanski, 1967].
This observation is important since no interference is expected from Raman lines; the

intensities of individual spectra are added to produce the composite spectrum.

As mentioned before, the Raman effect consists of a complex phenomenon if we
consider the possible vibrations of a polyatomic molecule. If we regard a molecule of N
atoms, there are 3N-6 degrees of freedom excluding simple (in phase) translations and
rotations. Therefore 3N-6 possible vibrational modes exist. If, for reasons of symmetry,
two or more vibrational modes coincide, they are called degenerate. Non-degenerate
modes are designated by the letters A or B, doubly degenerate modes by E, and triply
degenerate by F. By virtue of its set of symmetry properties, a molecule can be assigned
to a so-called point-group. Point-group theory is beyond the scope of this study, but it
should be noted that the number of independent possible vibrations is reduced by the
existing symmetry operations to provide the minimum number of linearly independent
vibrations that may fully describe the system. This is called an irreducible representation

of the point-group. By assigning a molecule to a specific point-group, one may predict all

its vibrational properties.

2.4. STRESS DEPENDENCE OF THE RAMAN SPECTRUM

2.4.1 The Harmonic Oscillator

As mentioned earlier, there are 3N-6 possible vibrations in the general case of a
polyatomic molecule. Each one corresponds to an internal displacement co-ordinate. In
the purely linear elastic case, the displacement may be regarded as directly proportional

to the restoring force. The 3N-6 set of constants of proportionality are called the force
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constants. In this case, all vibrations are purely harmonic and the potential energy of the

system is the sum of the quadratic terms whose coefficients are the force constants.
Let us regard one simple vibrational motion. According to the above,
F =k (x-x;) (2.8)

where F is the restoring force, & is the force constant, and (x-x,) is the distance from the
equilibrium position x,. Integrating equation 2.8 with respect to x provides the potential

energy function U:

U,=7k(x-x,) (2.9)

D | —

which is the parabola shown in figure 2.3a. This oscillation is harmonic and its frequency
v is independent from the distance from the position of equilibrium x,. The quantum
theory of the harmonic oscillator only allows one transition from one energy state to

another Av = £ 1. These energy states are shown as dotted lines in figure 2.3a and are

equidistant.

It is, however, well known that phenomena like overtones, combination bands, or
difference bands [Colthup, 1975] cannot be explained by the simplistic harmonic theory.
In addition, concepts like bond breaking at high deformations demand a different
approach to the potential energy function. Such an approximation is the Morse function,

where the potential energy is a function of the dissociation energy D., or the energy

required to break the bond:
U, =D,(1-e"*%)) (2.10)
where b is a constant.

In figure 2.3b, the potential energy of the anharmonic oscillator is depicted. The
dotted lines represent the allowable energy levels. The quantum theory accounts for

more than one transition between energy levels.
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2.4.2 Stress dependence of the vibrational frequency

The second derivative of the Morse anharmonic potential energy function

provides the equation for the force constant [Tashiro, 1990]:
k =2b7D,(2e72(%) . g (*%)) (2.11)

As can be seen, the force constant is no longer a constant in the anharmonic case.
Moreover, it is a function of the internuclear displacement and its dependence is depicted
in figure 2.4a. For small positive internuclear displacements, x = x-x;, > 0, the force
constant is monotonically decreasing. For positions near the equilibrium, the Morse
function resembles the harmonic oscillator function, and the frequency v can be regarded
as proportional to Jk [Colthup, 1975; Tashiro, 1990]. This results to a low frequency
shift Av of the vibration. On the other hand, when the bond is compressed, that is when

Ax <0, the force constant increases causing a high frequency shift Av.

The above principle provides the theoretical background for the frequency shift
of distinct Raman bands when the molecule is subjected to external load. Theoretical
determination of the expected shift Av has been presented for simple molecules [Wool,

1975; Tashiro, 1990]. More complicated analyses include the lattice dynamical theory to

predict stress induced shifts in polymer chains.

For small displacements (figure 2.4.b), the stress dependence may be regarded to

a good approximation as proportional to the applied stress field o. Bretzlaff and Wool
[1983] propose the following:

av=a,0 (2.12)

where a, is the proportionality constant.

The key feature that links the stress dependence of the molecule to any
macroscopic deformation is whether this deformation affects the material to a molecular
level. Whereas amorphous materials are not expected to show detectable stress

sensitivity, highly crystalline materials, such as Kevlar® [Galiotis, 1985] or carbon
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[Robinson, 1987b], are reported to exhibit measurable stress sensitivity. Provided that a
suitable reference value is provided for the unstressed material, experimental calibration
curves enable us to translate Raman frequency shifts to absolute strain. In most cases, a
direct proportionality of the shift to the applied strain is adequate [Galiotis, 1983],
although higher order dependence has been proposed in the literature to account for non-

linear elastic behaviour [Melanitis, 1994].
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Figure 2.1: The variation of the polarisability @ with the displacement coordinate &, (a)
Raman active vibration; (b) Raman inactive vibration.
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Figure 2.2: The Raman Effect: the marked transitions are responsible for the respective
lines.
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Figure 2.3 (a)The potential energy function U, for the Harmonic Oscillator. The dotted
lines mark the allowable energy levels and are equidistant. (b) The potential
energy function U, for the Anharmonic Oscillator. The dotted lines mark
the allowable energy levels and are no longer equidistant.
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Figure 2.4 (a) the variation of the force constant as a function of interatomic distance;
(b) for small displacements, the stress dependence may be regarded to a

good approximation as proportional to the molecular deformation [Vlattas,
1995).



Chapter 3: Remote Raman Microscopy;

Design and Testing of a Confocal Microprobe

3.1. INTRODUCTION

Laser Raman Microscopy has become an active research area over the past ten years; the
incorporation of high resolution optics to a Raman spectrometer allows sampling from
areas of submicron dimensions and enhances greatly the Raman scattering. The use of
lasers coupled with high magnification objectives allows the application of the confocal
principles [Minsky, 1988], which have the additional advantage of depth
discrimination. By rendering the laser Raman microscope confocal and using the

appropriate optics, the axial resolution can be reduced to submicron level [Sharonov,

1994].

Although Raman Microscopy is a powerful tool for material characterisation, the
user is limited by the inflexibility and the restrictions which are inadvertedly part of
working on the optical table. More recently and in order to overcome these difficulties,
various researchers have been trying to incorporate optical fibres in Raman spectroscopy
set-ups. The advantages of the use of optical fibres are (a) flexibility and ease of
alignment, and (b) decoupling of the Raman probe from the optical tables, which allow
remote sampling in diverse (and occasionally hostile) environments. Various geometries
are used such as fibre bundles, incorporating delivery and collection fibres (figure 3.1a)
[Dai, 1992; Williams, 1990; Schopp, 1990], or systems where the collection path is
physically different from the delivery path (figure 3.1b, ¢, d) The optical paths may be
either parallel to each other [Carraba, 1992] or at an angle up to 180° [Myrrick, 1990].
The efficiency of the fibre optic probes depends on the relative position of the laser
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delivery and collection fibres, and may be enhanced by the use of capillary tubes, which
confine the laser illumination to a small volume [Hendra, 1988]. In the case of fibre
fluorometric sensors, the effective depth and equivalent path length are both
experimentally and theoretically assessed, both for a single [Zhu, 1992a] and for a
double fibre configuration [Zhu, 1992b]. The angular dependence, as well as the
optimum fibre geometry are theoretically simulated for maximum signal acquisition

[Plaza, 1986].

However, when spatial resolution is important, as in the case of microprobing or
Raman imaging [Barbillat, 1994], it is essential to focus the excitation beam to a finite
size spot which limits the resolution of the system. In this case the delivery and collection
paths are distinct [Galiotis 1994], and interchangeable microscope objectives may be
used to account for sampling efficiency, resolution and working distance [Da Silva,
1994]. The efficiency of the remote probes is retained for more than 100 m away from

the sampling area [Everall, 1994].

Attempts have also been made to apply the principles of confocality to set-ups
incorporating fibre optics where the actual fibre-optic tip is used as the confocal aperture
[Gu, 1993]. Appropriate matching of the optical components of the system can lead to
high resolution set-ups, where the use of single mode fibres may even be beneficial due

to increased coherence [Gu, 1993].

The combination of the aforementioned principles led to the in-house design and
testing of a new fibre-optic confocal laser Raman microscope. This remote Raman
Microprobe (ReRaM) has been designed so that specimens of any size and shape and
under a variety of different environments can be interrogated. The incorporation of
tailor-made optics at both input and output positions of each fibre, ensures laser
collimation, maximum efficiency and enhancement of the Raman scattering. The purpose
of the ReRaM is to combine the versatility of optical fibre Raman sensors with high
resolution microprobing and depth discrimination, through the application of confocal

principles. Finally, the incorporation of a CCTV camera may allow optical observations
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of the specimen during Raman data acquisition, rendering the system a fully functional

optical microscope.

The system design primarily aims to obtain Raman spectra from polymer
composite materials while they are subjected to various mechanical loading conditions.
However, it can also be used for a whole variety of technological applications, such as,
to conduct remote Raman measurements in chemically hostile environments or elevated
temperatures, to monitor curing of polymer resins and the crystallisation of polymers
during solidification, to provide non-destructive health monitoring of sections of large

structures (e.g. aircrafts, ships, bridges, etc.) and to assess the quality of oil supplies or

other chemical media.

3.2. THEORETICAL CONSIDERATIONS - DESIGN RATIONALE

3.2.1 The Raman System and its Basic Elements

A typical conventional Raman set-up is shown in figure 3.2a, where the distinct
parts of the system are shown. These comprise the excitation source, the microscope, the
spectrometer with the data collection devices, and, finally, the data processing

equipment.

The excitation source is in most cases a laser. The laser is the acronym for Light
Amplification by Stimulated Emission of Radiation. The development of lasers in the
last decades has provided Raman spectroscopists with the perfect source for their
studies. This is because lasers provide highly monochromatic coherent light of given
frequency and polarisation. Lasers operating at single mode have the minimum

bandwidth and, thus, provide the maximum resolution.

The Raman microscope is the key element of the system. As it comprises the
excitation and collection optics, it is responsible for the efficiency and the resolution of

the system. Since the development of the first practical systems in the early 1970s, the
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Raman microscope has emerged as a powerful sampling system with applications in
many different fields [Andrews, 1992]. A typical Raman Microscope is shown in figure
3.2b. The Raman Microscope combines spatial sensitivity with high local power
densities, depending on the spot size of the focused laser beam. The beamsplitter is
commonly a 50/50 white light beamsplitter, which automatically reduces the efficiency of
the system by 50%. Other transmission to reflection ratios may also be used. However,
the use of dichroic or holographic beamsplitters can enhance the efficiency of the Raman
system dramatically [Guenther, 1990]. These beamsplitters exhibit preferential
transmission / reflection ratio to the wavelength of the incident light, reflecting maximum
laser light and, at the same time, allowing maximum transmission of the Raman light. An
important feature of these beamsplitters is their transmission edge, which determines the

efficiency near the laser frequency. Holographic beamsplitters achieve edges as near as

100 cm™! from the laser line.

The spectrometer is responsible for the analysis of the spectrum. Its ability to
analyse the frequency of the light depends on the entrance slit width, on its f number,
namely the ratio of its focal length to the first collection mirror diameter [Young, 1993],
as well as on its dispersive element. In most cases, this is a holographic grating. The
surface of the grating is etched with parallel grooves which diffract the incident beam.

The number of grooves per mm (usually 300 to 1800) determine the resolving ability of
the grating.

Since its introduction, the Charged Coupled Device (CCD) has replaced the
photomultiplier as a photon counting device. The CCD has essentially zero dark current
and better quantum efficiency than other devices. It is a two-dimensional / metal-oxide
semiconductor device, which operates in a charge storage mode [Andrews, 1992]. The
readout provides information of the stored charges in the CCD pixels. The main
disadvantage of the CCD is that it is prone to blooming, which is caused by charge
‘spilling’ into adjacent pixels, if the potential well of a pixel fills. This is hardly a problem
as far as Raman bands are concerned, but it does not allow observations near the intense

laser line, in which case other filtration techniques are needed. Finally, the data
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processing equipment consists of the appropriate image analysis software, operating on

dedicated hardware platforms.

All the distinct components described earlier play a key role to the requirements
needed for the Raman set-up. The source is limited by the user requirements. Powerful
lasers are usually bulky and, in most cases, constant cooling water supply is needed. The
physical size of the spectrometer is directly related to its resolving ability. In order to
avoid compromises regarding the efficiency of the set-up, the decoupling of the Raman
Microscope from the optical table is needed. The use of flexible waveguides for the
Laser-Microscope-Spectrometer coupling, is the obvious solution that provides the

versatility of remote probing, without compromising in excitation or resolving power.

3.2.2 The Raman activity of Optical Fibres

The main problem associated with the use of optical fibres in Laser Raman
Spectroscopy, is the high background noise generated by the optical fibre. Although it is
perfectly feasible to detect the Raman Shift of strong scatterers, such as aramid
[Jahankhani, 1991], the Raman signal of weak scatterers, like that obtained from
polycrystalline carbon fibres, is swamped by the background features of the optical fibre.

The main cause of background activity associated with the optical fibre is
believed to be the Raman activity of pure silica. The Stokes Raman shift of silica extends
over a large frequency range (up to 40 THz) with a broad peak near 13 THz or 440 cm’!
(figure 3.3). This behaviour is attributed to the non-crystalline nature of silica glass,
where the molecular vibrational frequencies spread out and create a continuum
[Agrawal, 1989]. The Raman activity scales inversely with excitation wavelength and
depends on the specific laser power which is launched into the optical fibre. In this
respect, optical fibres are known to act as broad band amplifiers. The background level
and features may differ even by one order of magnitude, due to the presence of a variable

amount of additives or impurities in them [Williams, 1990].

The activity of the optical fibres may be blocked out by placing a narrow
bandpass filter at the output of the delivery fibre to cut out any unwanted scattering. This
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eliminates the fibre-optic activity and only allows the excitation frequency to reach the
sample. In order to eliminate completely the Rayleigh scattering which may be strong
enough to excite traceable Raman activity from the collection fibre, a notch filter can be
placed before the launching of the laser to the collection fibre. The bandpass and the
notch filter act in a complementary fashion; the former ‘cleans’ the exciting light while
the latter only permits the inelastically scattered light to enter the collection fibre-optic.

The filter configuration is shown in figure 3 4.

The blocking efficiency of the bandpass filter must be sufficient to eliminate the
activity of the laser delivery fibre. An Optical Density (OD) of the order of OD = 3
proved to be satisfactory (that is, allowing 10™ of the intensity of the light of other than
the bandpass frequency). It is, however, worth mentioning that the collection fibre-optic
is extremely sensitive to the Raleigh backscattered light. Experimentation with filters of
increasing optical density showed that the optical density of the notch filter has to be of
the order of OD = 6. Otherwise, Raman activity from the optical fibre is still present
when weak scatterers are interrogated. This is because the expected order of magnitude
for the Raman shift of weak scatterers lies in this area. In the course of this study and for
the chosen combination of filters, the bandpass filter was found to reduce the
background level whereas the notch filter reduces the intensity of the recorded fibre-
optic features (figure 3.5). The two filters reduced the background noise at least to the
dark current noise level of the Charged Coupled Device (CCD). Thus, Raman spectrum
acquisition even from weak scatterers was perfectly feasible and independent of laser

power and/or exposure time (see § 3.4).

3.2.3 Optical Design of the ReRaM

Once the Raman activity of the optical fibres is eliminated, the efficiency of the
remote probe depends solely on the careful coupling of the optical components of the
system. A single mode polarisation preserving fibre laser may be used for laser beam
delivery. In order for the laser beam to propagate efficiently in a single mode fibre, the
beam must be focused onto the entrance face of the fibre with approximately the same

numerical aperture and, therefore, spot size as the fibre. If the numerical aperture of the
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beam is too large, the spot size is smaller than that of the fibre and this results in
efficiency loss. Similarly, if the numerical aperture of the beam is too small, the spot size
is larger than that of the fibre and loss also results [Young, 1993]. Careful coupling of
the launching optics may result in throughput efficiency higher than 70% [Pointer,
1990]. The output of the single mode optical fibre is coherent and can be very well
approximated by a Gaussian profile. In addition, the launching of the laser into the single
mode fibre leads to the creation of a plane wavefront at the exit point (figure 3.6). In this
way, it provides spatial cleaning of the beam, as the optical fibre plays the equivalent role

of a pinhole spatial filter [Guenther, 1990].

The optical fibre delivers a plane polarised beam at the entrance of the
microscope, which is filtered by the bandpass filter and reflected by the beamsplitter to
fill the objective. The choice of the beamsplitter should be made after taking into
consideration the following parameters: available laser power, transmission of the
backscattered Raman light, and operating requirements regarding detection close to the
laser line. The use of holographic beamsplitters provides both high laser line reflection
(90%) and Raman light transmission (90%).

The use of exchangeable collimating optics at the delivery fibre output, provides
the desirable expansion of the beam, to fit the numerical aperture of the objective. This is
particularly important in order to exploit fully the resolution capabilities of the given
objective. The laser spot radius R;, which is defines the lateral resolution of the system,

can be calculated as:

__f
R = TR, G.1)

where A is the incident wavelength, fis the focal distance of the objective, and 2R; is the

A

diameter of the beam. It is obvious that the spot is minimum R, = 7 (na)

where the

numerical aperture of the beam na is identical to the numerical aperture of the objective.
Overfilling the objective may cause power loss and vignetting [Young, 1993], due to
diffraction of the incident laser beam by the pupil of the objective. Hence, the delivery



Chapter 3: Remote Raman Microscopy 44

single mode fibre serves the dual purpose of spatial filtering of the laser and expanding

the beam so as to match the objective aperture.

The choice of the objective is the most important parameter, affecting the
efficiency of any Raman microscope. In particular, the numerical aperture of the
objective defines the spot size and, consequently, the spatial resolution of the system. A
small spot delivers higher specific power of the sample and, thus, enhances the Raman
scattering. Moreover, the numerical aperture of the objective defines the solid angle of
the Raman light collection. Its magnitude defines the efficiency of the system as far as the
collection of the backscattered radiation is concerned. For example, if ultra-long-
working-distance lenses are to be used to avoid close contact with the specimen, then

this can only be accomplished at large numerical apertures, and leads, therefore, to less

efficient light collection.

Finally, in order to receive the total Raman signal collected by the objective, the
numerical aperture of the collection fibre has to match or supersede the numerical
aperture of the launching lens (figure 3.7). A single mode fibre cannot be used since the
core size and the numerical aperture would reduce dramatically the efficiency of the

system by reducing the collection solid angle.

3.2.4 The Confocal Principle

In figure 3.7, the solid collection angle is shown. In practice, the collection fibre
is underfilled, and, in that sense, acts as a finite size aperture [Gu, 1993] rendering the
system confocal, without dealing with the fibre profile dependent pupil function. The
above is assumed to be true for a multimode fibre where, for bound rays, we regard the

ideal case of a step pupil function ®(r) [Wilson, 1990]:

Lr<l

0,otherwise

Nr) ={ (.2

A confocal arrangement used in reflection, is shown in figure 3.8. The pinhole is

placed before the detector, providing depth discrimination. The idea consists of using a
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second microscope to image a pinhole aperture on a single point of the specimen
[Minsky, 1988]. As has been proved both experimentally and theoretically, the
application of the confocal principle improves the resolution at the expense of field of
view. Stokes light is generally regarded as incoherent [Szymanski, 1967] and has a
longer wavelength. However, the resolution results essentially from the primary incident
radiation [Wilson, 1990]. Thus, although the numerical values are different and the
sectioning strength is generally weaker, the principles of scanning and confocal imaging

may be applied to Fluorescent and Raman Spectroscopy [Wilson, 1990].

For a given objective, the depth discrimination depends on the size of the pinhole
aperture and the magnification of the system on the pinhole plane. Thus, spatial filtering
at the collection fibre plane can be achieved by changing the focal length of the launching
lens. This is understood as projecting the optical fibre tip with the proper magnification
on the object plane. The magnification is dependent on the ratio of the launching lens
focal length divided by the objective focal length and is proportional to the depth of
focus (figure 3.9):

ff Rfo
—— o —— 33
f oby Rca ( )

where 2Ry, is the fibre optic core diameter, 2R., is the confocal aperture diameter, and f;

and £, are the focal lengths of the launching and objective lenses respectively.

The confocality of the system is demonstrated in figure 3.10, where the Raman
spectrum of a carbon fibre embedded in an epoxy resin matrix, is obtained. As can be
seen, a four-fold improvement in confocality is observed by reducing the confocal
aperture from 2.8 um to 1.8 um. It is also important to note that the spatial filtering
occurs before the actual launching in the multimode fibre and, as a result, the loss of
coherence is not regarded as important. The collected light is subsequently launched via
the delivery fibre optic to the single monochromator (figure 3.11). Matching the aperture
of the optical fibre to the f number of the spectrometer has the additional advantage of
making the output optics redundant.
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3.3. EXPERIMENTAL SET-UP

The principles described in detail above, were used for the construction of the
Remote Raman Microprobe (ReRaM) shown schematically in figure 3.11. The 514.5 line
of a linearly polarised and operating at single mode argon ion laser (a) 1.3 mm in
diameter, is directed through a 1/2 A waveplate (b) and is focused onto a 10 um single-
mode polarisation-preserving optical fibre. The coupling between the incident laser beam
and the fibre optic is achieved by the use of pre-focused fixed optics [Pointer, 1990].
The lens (c), with focal length f; = 10 mm, focuses the beam down to a 2.5 um spot,
achieving a maximum throughput efficiency of 70%. The optimisation of the throughput
efficiency is performed by using a four axis positioner. The same configuration at the
output (d) produces a collimated beam of 3.0 mm in diameter, using a lens with focal
length f; = 20 mm. The beam passes through the bandpass filter (e), is reflected on a
holographic beamsplitter (f) and fills the aperture of the objective (g). The latter is a 80x
Olympus MS Plan ultra-long-working-distance (4.7 mm) objective of numerical aperture
of 0.75, which has been corrected for infinity. This experimental set-up results to an

optimum focal spot diameter of approximately 0.5 um on the objective focal plane.

As far as collection is concerned, the 180° backscattered light goes through the
holographic beamsplitter which attenuates the 514.5 line, and is then reflected by the
mirror (h). The mirror (h) may be slid out for white light imaging. The longpass filter (i)
(edge at the red side: 99 cm™) further blocks the remainder 514.5 nm light to avoid
excitation of the collection fibre optic. The beam is then focused to a 50 um multimode
fibre (j). A selection of lenses may be used to provide the appropriate magnification of
the sampling area and, at the same time, spatial filtering of the Raman signal (f; = 30 ~ 63
mm,; the equivalent confocal aperture is calculated from equation 3.3). The output of the
fibre is collimated again (k) and is focused at the slit of a SPEX 1000M single
Monochromator. Signal acquisition is performed with a Wright Instruments air-cooled

CCD (300x1200 pixels) (I) and the spectral features are analysed by a Personal

Computer.
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3.4. APPLICATIONS

The confocality of the system has been demonstrated earlier (figure 3.10).
Although the system was designed to monitor in situ stresses in composites, its versatility
can be demonstrated in a variety of applications. Here the sensitivity and throughput of
the ReRaM is shown by reference to the Raman spectra of a number of commercial

materials.

Ceramics

The spectrum in figure 3.12a was acquired using the experimental parameters
described earlier and 1 mW of laser (514.5 nm) power. The integration time was 5 s. The
data of figure 3.12a illustrate the fundamental vibration at 520 cm™ together with the
first overtone at approximately 950 cm™. In figure 3.12b spectra from commercial ceria-
stabilised (Ce-TZP) and yttria-stabilised (Y-TZP) tetragonal phase zirconia are shown.

Again, 1 mW of laser power and 5 s of integration time were used.

Carbon Fibres

In figure 3.13, the Raman spectra of three different Courtaulds Graphil carbon
fibres of low (LM), intermediate (IM) and high (HM) Young’s moduli are demonstrated.
The spectra were taken with 1 mW of laser power and 30 s of integration time. The main
Raman peaks of the first order region at 1360 cm™ and 1580 cm™ are illustrated. In the
case of the high modulus / high crystallinity carbon fibre, the second order overtone of
the 1360 cm™ at 2705 cm’1 is also clearly obtained.

Commercial Polymers

In figure 3.14a, the spectra of commercial nylon 6,6 fibres used in carpets are
illustrated within the 500-1700 cm™ spectral window. This data were collected using the
ReRaM with 1 mW laser power and an integration time of 30 s. All Raman features
corresponding to amide, C-CO stretch, C-C stretch, N-H wagging, CH, bending
vibrations are seen. Backbone vibrations are sensitive to the laser polarisation direction

as shown in figure 3.14a. In figure 3.14b, the 1000-1400 cm™ fingerprint spectral region
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of commercial polyethylene fibres taken with 1 mW of laser power and 10 s of
integration time are shown. The C-C stretching (1000-1130 cm™), CH, rocking (1170
cm™), C-H twisting (1200 cm™), and CH, bending (1420 cm™) vibrations can be clearly

seen in the spectra.
High Performance Polymer Fibres

Finally, in figure 3.15, the spectra of three different rigid and semi-rigid rod
polymer fibres in their fingerprint spectral region of 1000-1700 cm’, are presented. The
fibres are: (a) the poly(p-phenylene terepthalamide) (PPTA) fibre, known by the trade
name of Kevlar®49, (b) the heat-treated poly(p-phenylene benzobisoxazole) fibre (PBO),
and (c) the poly(p-phenylene benzobisthiazole) fibre (PBZT). The data were collected
using a laser power of 0.3 mW and an integration time of only 0.5 s. The intensity of the
Raman bands indicates that these polymer fibres are extremely strong Raman scatterers.
However, as reported earlier [Vlattas, 1994], both PBZT and PBO fibres exhibit
considerable fluorescence which is particularly exarcebated at low excitation
wavelengths, such as the 514.5 nm line employed in this work. The phenyl ring
stretching vibrations of all three fibres within the frequency range 1600-1620 cm™ are
prominently featuring in figure 3.15. The very strong bands at 1474 cm’ for the PBZT
and 1559 cm™ for the PBO fibres, correspond to heterocyclic ring and C=N stretching

vibrations, respectively.

3.5. SUMMARY

A new remote Raman microprobe was designed and tested. Fibre-optics were
used as flexible waveguides for transporting the incident laser beam and for collecting the
inelastically scattered (Raman) light. The high background noise generated by the
delivery optical fibre was successfully eliminated by the use of a narrow bandpass optical
filter. A notch filter located at the entrance of the collection fibre optic was also
employed to block the elastically scattered (Rayleigh) radiation. By careful selection of
the optical density of the optical filters the background noise from the fibre optics was

reduced to the dark current noise level of the CCD detector. The polarisation direction
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of the incident laser beam wvis-a-vis a specimen reference axis was controlled by
employing a polarisation preserving delivery fibre optic. The use of a single mode fibre
had also added the advantage of delivering a plane wavefront at the delivery fibre optic
exit point, providing spatial ‘cleaning’ of the incident beam. The use of interchangeable
collimating optics provided the desirable expansion of the beam to fit the numerical
aperture of the objective. The collection fibre optic was selected to match the numerical
aperture of the objective for maximum efficiency. With the use of tailor made optics the
collection fibre was underfilled, so as to exploit the confocal nature of the optical fibre
endface. The confocal aperture was shown to be controlled by the ratio of the focal
distance of the launching lens to that of the objective lens. Finally, the ability of the probe

to provide high quality data from different classes of materials was demonstrated.
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4.1. LITERATURE REVIEW

4.1.1 Introduction

The discrepancy between the theoretically calculated strengths of materials and those
measured is attributed to flaws within the bulk of the materials. By aligning fibres along
specific direction of the material, the large flaws lying in this direction are minimised. As
a result, fibrous materials exhibit high strengths and moduli in the direction of the
reinforcement [Savage, 1993].

Carbon fibres provide an ideal candidate for fibrous composites, since they offer
high specific strength and modulus. This has led to an increased use of carbon fibre
composites in structures where weight saving is important, as in acrospace applications.
Carbon fibre / resin composites offer strength to weight properties superior to those of
any other material (table 4.1).

The exceptional properties of carbon fibres are attributed to the graphene
hexagonal layer networks, present in natural graphite [Fourdeux, 1973]. In this
hexagonal structure the strong sp> hybrid bonding within the hexagonal layer planes
(figure 4.1) generates the highest absolute and specific moduli and theoretical tensile
strength of all known materials (table 4.2). In the graphite crystal, the high value of the
axial modulus (1020 GPa) is combined with very weak shear properties, due to the weak
bonding between the neighbouring layers [Kelly, 1982]. These properties account for the

excellent properties of graphite powder as a lubricant. The calculated modulus and
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strength of graphite is decreased by defects in the graphitic lattice, stacking faults and

disclinations which simultaneously improve its shear properties [Fitzer, 1985].

4.1.2 Processing of carbon fibres

Carbon fibres have been produced inadvertently from nodural cellulosic fibres,
such as cotton or linen, for millennia. The first reported use of carbon filaments was by
Edison who used them in incandescent electric lamps. After 1910, when the tungsten
filaments started being used, the production of carbon fibres was terminated [Savage,

1993).

The exceptional properties of graphite in laboratory experiments renewed the
interest in carbon fibres. Today, all the continuous carbon fibres are produced from
pyrolised organic precursors. Three precursors are currently used: rayon,
polyacrylonitrite (PAN) fibres, and pitch, either isotropic or liquid crystalline
(mesophase). Rayon and isotropic pitch are used to produce low modulus fibres.
Mesophase pitch and PAN are used for the production of higher modulus fibres. The
major manufacturing stages of the carbon fibre made from polymer precursors are shown
in figure 4.2. In both cases, an oriented precursor is spun, stabilized by slight oxidation to
thermoset the fibres, and, subsequently, carbonised at temperatures higher than 800°C.
The High Temperature Treatment (HTT) that follows (1000° to 3000°C) increases the
modulus of the fibre but after a stage has a detrimental effect on the strength of the fibres
(figure 4.3).

The appropriate combination of processing parameters may provide a wide range

of properties for the PAN fibres. They are generally divided in three categories:

1. Low modulus (LM) with a modulus of 90-120 GPa , which are commercial quality
fibres.

2. Intermediate modulus (IM) with a modulus of 220-250 GPa, which offer in most

cases the ideal material for advanced composite structures.

3. High modulus (HM) with a modulus of 360-400 GPa, which offer extraordinary

stiffness at the expense of strain to failure which rarely exceeds 0.8%.
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The variety of properties of PAN fibres is due to the processing parameters used
in the conversion of polymer to carbon as well as to the high degree of orientation of C-
C bonds present in the precursor fibre. Pretension during the high temperature treatment
further enhances the orientation of crystallites. The Young’s modulus of the fibre is
directly related to the orientation of the graphene layers. This study is concerned with

PAN fibres, and all references will be mostly confined to these fibres.

4.1.3 The structure of PAN fibres

The orientation of the graphene planes along the fibres axis is almost a linear
function to the HTT of the fibre, as determined by X-ray diffraction [Savage, 1993]. As
mentioned earlier, this is directly related to the fibre modulus. A high strength fibre has
66% of the graphene layers aligned within 15° of the fibre axis for a Young’s modulus of
220 GPa. An increase of the modulus to 400 GPa would demand the same amount of
crystallites to lie within 6°. The difficulty of obtaining preferred orientation, of less than
10° in the case of PAN fibres, limits the modulus obtained to approximately 400 GPa.
The graphene layers alignment is shown in figure 4.4. The individual layers (figure 4.4a)
are aligned along the axis of the fibre (figure 4.4b). The three-dimensional arrangement is
shown in figure 4.4c [Bennett, 1978].

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy
(SEM) studies of carbon fibres have provided an insight into the structure of PAN fibres.
PAN fibres exhibit the skin-core effect, with the more oriented layers on the fibre surface
[Donnet, 1984]. The in-plane and c-axis coherence lengths L, at L., as defined in figure
4.5, as well as the curvature of the entangled planes create a three-dimensional structure.
The degree of ‘order’ together with L, and L. in three dimensions defines a high modulus
(figure 4.6a), or high strength(figure 4.6b) carbon fibre [Guigon, 1984].

4.1.4 Raman spectroscopy of carbon fibres

Apart from X-rays and Electron microscopy, Laser Raman Spectroscopy (LRS)

has been a very important method for the characterisation of carbon fibres [Tuinstra,
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1970a; Dresselhaus, 1988]. The major milestone was the invention of lasers, which
allowed for the first time Raman spectrum acquisition from black materials, such as

carbon [Tuinstra, 1970a].

4.1.4.1 The Raman spectrum of graphite

The Raman spectrum of graphite has been extensively studied. Pristine graphite
crystallises according to the Dg, point group [Dresselhaus, 1977]. The irreducible

representations for the optic modes of graphite have been previously determined and are

given by [Nemanich, 1977]:
Dopt = 2E; + Eqy + 2By, + Ay, 4.1)

The corresponding molecular vibrations are depicted in figure 4.7 [Dresselhaus,
1977]. The only Raman active modes are the E;; modes. The Raman spectrum of
graphite has been calculated theoretically [Al-Jishi, 1982; Lespade, 1982] and observed
experimentally [Tsu, 1978; Nakamizo, 1974; Tuinstra, 1970a].

As shown in figure 4.7, one of the E;; modes is a shear type rigid layer mode
occurring at approximately 50 cm” [Nemanich, 1977]. The second one corresponds to
the in-plane lattice vibrations [Vidano, 1981] and is observed at approximately 1580

cm™’.

4.1.4.2 Raman spectra of carbon fibres

In figure 3.13, the Raman spectrum of PAN fibres is shown. The first order
carbon fibre spectrum covers the area up to 2000 cm, whereas the second order

spectrum refers to higher wavenumbers.

The nature of the carbon fibre spectrum is evidently a function of the modulus of
the fibre. The high modulus fibre exhibits the well-characterised graphitic Ezg band. The
E;, mode at 50 cm™ is not shown, since spectral acquisition in the area within 100 cm™

from the laser line requires special techniques. However, the first order spectrum exhibits
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two distinct bands at circa 1360 cm™ and 1620 cm™. As the modulus decreases, these

two bands tend to mask completely the graphitic band.

The two additional bands appear to be strongly interrelated and have been
associated with the presence of crystalline disorder in graphitic materials [Lespade,
1984]. The disorder induced activity has been the most useful tool for the
characterisation of carbon materials. Tuinstra and Koenig [1970b] have directly
associated it to the amount of crystal boundary which is inversely proportional to the
average crystal diameter in the graphite plane. However, Nakamizo et al. [1974] found
that the intensity of the 1360 cm™ band decreases and, consequently, disappears when
the graphite is ground to a particle size less than one micron. Katagiri et al. [1988]
directly relate the 1360 cm™ band to the discontinuity of the graphite planes. The
intensity of the 1360 cm™ increases as the cross-section fibre is probed from the edge to
the centre and this is attributed to graphite plane orientation since the degree of
graphitisation is expected to be the same for a thin fibre [Katagiri, 1988]. This coincides
with the remarks by Tuinstra and Koenig [1970b] that lattice orientation largely affects
the ratio of the 1580 cm™ to the 1360 cm lines. The 1360 cm™ can be attributed to the

finite size graphite crystallites which are responsible for the change in the selection rules

for Raman activity.

The 1620 cm™ band present in the first order graphite spectrum has also been
attributed to splitting of the graphitic band [Tsu, 1978] However, its close relation to the

1360 cm™ line classifies it as another disorder induced feature [Chieu, 1982].

The second order Raman spectrum is dominated by an intense band at 2700 cm™.
This band is considered as an overtone of the 1360 cm™ line [Chieu, 1982] and is barely
visible with decreasing modulus. Other reported bands include the 3250 cm™ which is

considered as an overtone of the 1620 cm™ line [Chieu, 1982].
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4.1.4.3 Wavenumber-environment response of the Raman spectrum of carbon fibres.

The anharmonicity of the molecular vibrations of graphite is regarded as the

cause for the wavenumber shift of the Raman bands of carbon fibres [Galiotis, 1988].

All the Raman lines described in the previous section are reported to shift with

applied stress [Sakata, 1988], temperature [Fischbach, 1986], laser power [Ager,
1990], and excitation frequency [Vidano, 1981].

As described in §2.4.2, the highly crystalline nature of carbon fibres is responsible
for the imprint of any macroscopic change to the lattice vibrational level. The shift of the
Raman bands has provided a unique tool for the study of the structural behaviour of
carbon fibres in tension and compression [Melanitis, 1994] as well as for the study of

the fibre matrix adhesion [Melanitis, 1993a, b; Kim, 1986; Robinson, 1987a].

Temperature is reported to have similar effects as strain, with the Raman lines
shifting to lower wavenumbers. In the case of carbon fibres, the temperature dependence
is studied in the literature indirectly, as the effect of laser induced heating on the

spectrum [Ager, 1990; Everall, 1991], and is associated to the ability of the fibre to

dissipate the incident laser power [Melanitis, 1996].

In the case of laser Raman microscopy, the temperature induced shift of the
Raman bands is dependent on the power density of the excitation wavelength [Andrews,
1992]. Studies on the relative shift Av with applied stress o and temperature 7 due to
laser induced heating [Melanitis, 1996] show that it is acceptable to treat both effects as
linearly independent. Bretzlaff and Wool [1983] proposed the following relationship:

Av=a,c+arT 4.2)

where a, and ar are the stress and temperature proportionality constants.
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4.2. EXPERIMENTAL

4.2.1 Materials

The carbon fibres used in this study are the M40 fibres manufactured by Toray
and supplied by Soficar. The fibres are high modulus PAN fibres. The M40B is the ‘as
received’ unsized fibre with standard oxidative treatment, produced in 12K tows and
code-named MUS (M40, Unsized, Standard Oxidative treatment). The M40-12K-40B
fibre (MEBS) has additionally an epoxy-based sizing code-named 40B which consists of
a blend of low molecular weight epoxies, a stabilizer and antioxidants. Propanol is used

as a solvent, and no hardener is present. The quoted manufacturer’s properties for the
M40 fibre are shown in table 4.3.

4.2.2 Fibre mechanical characterisation

Although several methods have been used to define fibre diameter (shear image
analyser, scanning electron microscope, laser diffraction [Li, 1990]) the irregularity of
the fibre cross-section [Hughes, 1986] makes it difficult to define the diameter optically.
For reasons of consistency, the fibre diameter was determined through density

measurements and was found to be 6.6 um [BREU/ CT 91-9503, 1993].

The received fibres were tested at 4 gauge lengths (more than 120 tests for each
fibre type). The strength-to-length relationship is plotted in figures 4.8a and b in a
logarithmic scale for the four gauge lengths [BREU/ CT 91-9503, 1993].

4.2.3 Scanning electron microscopy (SEM)

In figure 4.9, a scanning electron micrograph of the M40 fibre is shown. The fibre
has failed in tension. The micrograph was taken with a JEOL field emission scanning
electron microscope (kV=5eV, working distance 19 mm). No coating was used to
prevent the presence of artefacts. Although the instrument provides very high resolution,
no differences were detected between the sized (MEBS) and unsized fibres (MUS), due
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to the extremely thin layer of the fibre sizing, which does not exceed a few nanometers
[Savage, 1993].

4.2.4 Raman spectrum of the M40 fibres

The first order Raman spectrum of the MEBS and MUS fibres is shown in figure
4.10. Both spectra are recorded with 1 mW on the sample and 30 s acquisition time

using the 50x Ultra Long Working Distance Olympus objective (numerical aperture
0.55).

There are three bands in the first order spectrum. The E,, line at approximately
1580 cm™ is the most prominent one, and is assigned to the in-plane vibration of the
graphitic cell [Tuinstra, 1970a; Tuinstra 1970b; Nemanich, 1979]. This line is the
only one predicted by assigning the graphite crystal to the Dey point-group, and will be
the reference line throughout this study.

The other two bands appear at 1360 cm™ and at 1620 cm™ respectively. These
two bands are closely interrelated as they keep a constant intensity ratio [Tuinstra,
1970b; Katagiri, 1988). Although the intensity ratio of the 1360 cm™ to the 1580 cm’
for the MEBS fibre is fairly constant and of the order of 0.3, this is not true for the MUS
fibre. The 1360 cm™ to 1580 cm™ intensity ratio varies along the fibre length
considerably from 0.3 to 1, depending on the focusing location.

4.2.5 Calibration of the E;, graphitic mode of the M40 fibres

The Raman Spectra of the fibres were recorded as a function of stress, strain,
temperature and laser power. The spectral window was defined by the size of the CCD
camera and covers approximately 400 cm™ in the first order spectral area of the carbon
fibre spectrum which is enough to simuitaneously record all three vibrational modes
present. The position of the Raman modes was defined through a least square fitting

routine (see appendix 1).
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The E,, graphitic mode was chosen throughout this study as the reference peak
to monitor environment induced changes. Although all peaks do exhibit strain or stress
sensitivity, the E,, band has always been favoured among researchers for stress
measurements [Kim, 1986; Melanitis, 1994; Robinson, 1987b]. This is due to the
following: (i) it is the strongest feature of the carbon fibre spectrum [Fitzer, 1987], (i) it
is well defined theoretically and experimentally [Lespade, 1982], (iii) it is present on all
graphitic structures [Tuinstra, 1970a}, and (iv) although it is less sensitive to
polarization [Katagiri, 1988] and excitation wavelength, it exhibits the maximum
sensitivity to external stress from all first order high modulus carbon fibres Raman bands

[Galiotis, 1992]. All calibration curves reported hereafter will refer to the Ez, mode.

4.2.5.1 Strain and stress calibration of the Raman spectrum

The wavenumber shift of the M40 fibres with strain was undertaken in two parts:

a) tensile testing by means of the microextensometer device,

b) tensile and compressive testing by means of the cantilever beam technique.

The stress calibration was performed via tensile testing on a Universal Testing Machine

with simultaneous recording of the Raman spectrum with applied stress.

The microextensometer device is shown in figure 4.11. The fibre is attached on
the jaws of the device using aluminium tabs and CN® adhesive. The initial gauge length
used /, was 10 mm and mechanical strain was calculated as & = Al/l, where Al is the
applied elongation measured by the attached micrometer. The calibration curves for both
MEBS and MUS are shown in figures 4.13 a and b respectively. The linear fit obtained
from the spectroscopic data provides the strain dependence of the carbon fibre E,, line
a,, which is 11.1+0.4 for MEBS and 11.710.4 for MUS.

The cantilever beam geometry is shown in figure 4.12 [De Teresa, 1988]. The
fibre is attached on the top of a perspex beam and flexed inducing a constant gradient of
either tension or compression on the fibre [Timoshenko, 1961]. The exact local strain is

a function of the position, provided that the fibre is well in contact with the beam, and
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the beam deformation is purely elastic. In this case, the strain in the fibre as a function of

the position z (0 < z < /) along the beam is:

£,(2) = = 2= (1— 5‘1-) 43)

where [/ is the cantilever beam span, .. is the maximum deflection of the beam (at the

free end), and q is the beam thickness.

The cantilever beam technique has been used successfully in conjunction with
LRS [Melanitis, 1994] to provide a continuum for the experimental shift from tension to
compression as well as to characterise the structural behaviour and modes of failure of

carbon or polymer fibres [Vlattas, 1994].

In figures 4.14a and b the calibration curves for MEBS and MUS fibres are
respectively shown. Three fibres of each kind are tested both in tension and compression.
All tensile and compressive data are merged in one graph for each fibre. The fibres fail at
about 0.8%, both in tension and compression. All fibres failed in shear mode, that is,

along a weak shear plane at approximately 60° to the fibre axis [Melanitis, 1991].

Both fibres exhibit non-linear behaviour particularly prior to compressive failure
(~ -0.6 to 0.8%). This non-linearity is less apparent in the MUS calibration. However,
the area between -0.5% and tensile failure is linear to a very good approximation (figure

4.14) and coincides with the wavenumber shift / strain calibration.

The Raman shift / stress calibration experiment was performed on a Hounsfield
Universal testing machine. The gauge length of the fibres was 10 mm. As shown in figure
4.15, the fibres were mounted in carton tabs using CN® adhesive and aluminium foil. The
tabs had standard holes punch with 10 mm of a gauge length. The fibres were mounted
on the Hounsfield Universal Testing Machine on specially made grips, and subsequently
cut on either side. The load was monitored using a 20 N load cell and Raman spectra
were recorded at a function of load. No significant difference was observed between

sized and unsized fibres. The master curves for the Raman shift / stress calibration of the
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M40 fibre is showed in figure 4.16 for both MEBS (6 specimens) and MUS (5
specimens) fibres. The fibres are assumed to have a steady 6.6 um diameter for stress

calculations. The stress sensitivity of the fibres as calculated from the least square fitted
line is 3.0 cm™ / GPa.

4.2.5.2 Temperature sensitivity of the M40 fibres

The wavenumber shift of the E,, line of M40 fibres was tested as a function of

temperature and incident power.

The study of the temperature sensitivity of the M40 fibre was performed by using
a specially designed environmental chamber. Data acquisition was performed through a
glass window which was coated so as to allow maximum transmission of visible
wavelength and block infra-red frequencies, allowing the chamber to reach temperatures
up to 350°C. The fibres were mounted on a glass slide and monitored at a temperature
range from room to 250°C, in discrete steps. The chamber temperature was allowed to
stabilise for 30 min at each recording temperature prior to Raman spectrum acquisition.
The laser power on the sample was kept constant at 1 mW. The least square fitted line

indicated a temperature / Raman shift sensitivity of 0.025 cm’/ °C (figure 4.17a).

The effect of laser power on the E;; Raman line is shown in figure 4.17b. The
fibres were tested over a power range from 0.5 to 10 mW. The fibre exhibits a laser
power dependence of -0.35 cm’ / mW, as indicated by the least square fitted line. In
table 4.4, the Raman wavenumber shift rate of the E,, line for all the parameters involved
is shown. The temperature to power to stress sensitivity differ by an order of magnitude.
All parameters were investigated using a 50x ultra long working distance objective,

which resulted in a laser spot diameter of less than 1 um.
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4.3. DISCUSSION

4.3.1 Strength and morphology

As in all brittle materials, fracture in high modulus carbon fibres is associated
with structural faults or flaws, which limit the theoretical strength of the material acting
as stress concentrations [Donnet, 1984]. Voids, inclusions, or structural imperfections

that occur through any stage of the fibre production, contribute to the strength loss.

The gauge length dependence of the M40 fibre strength exhibited in figures 4.8a
and b reflects the distribution of flaws along the fibre [Hughes, 1986]. This suggests a
volume dependence of fibre strength associated with the probability of a critical flaw
present within that volume. In case of a fibre of constant diameter, this is only a function
of length [Hull, 1996]. However, the high scatter demands a statistical treatment of the
data. Assuming a two parameter Weibull distribution, if &, is the mean of the

distribution of the fibre strength at gauge length /, then [Andersons, 1993; Bunsell,
1992]:

1
In&,-0,)=-—Inl+Ino, (4.4)

where o; is a threshold value, and oy is a constant (corresponding to the strength at 2.7

mm for o; = 0), and m is the Weibull shape parameter. The linear fit to the In(G, -,)

vs. Inl data readily determines 0, and m and allows the extrapolation of the fibre strength
to any gauge length. This is indispensable in order to model the failure of practical or
model composites, a task which otherwise would require testing at gauge lengths of the
order of 0.3 mm [Hughes, 1986).

In the case of the M40 fibre strength, o; is set to 0, since no strength threshold
value is experimentally defined. The sized fibre exhibits within experimental error the

same strength constant oy, and slightly higher dependence on gauge length. This is in
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agreement with strength data from intermediate modulus which where the presence of

sizing caused the same effect [BREU/ CT 91-9503, 1993].

The sizing is reported to act as a protected sheath from abrasion during handling
or composite manufacturing [Savage, 1993]. This would imply a higher concentration of

surface flaws on the unsized fibre, which may affect the strength of the fibre.

Surface flaws play a critical role as stress raisers in untreated fibres [Donnet,
1984]. Initial oxidative treatment removes the weaker layers from the fibre surface,
reducing the critical importance of surface flaws (figure 4.18). Thus, most commercially
used fibres which have standard oxidative treatment mostly fail, due to the distribution of
internal flaws, which seems to be the case with the M40 fibres. However, the absence of
sizing may induce the shift of the surface flaw strength distribution to lower values for a
given gauge length. In the case of the M40 fibres, the presence of sizing does not
conclusively affect the strength of the fibres, but there is an indication of a trend which is
more pronounced in the case of sized (TEBS) and unsized (TUS) intermediate modulus
T800 fibres (table 4.5).

4.3.2 The first order Raman spectrum of M40 fibres

The first order Raman spectra of both fibres reveal important information about
their morphology. The E,, graphitic peak is present at both spectra (figure 4.10) and is
not affected by the sizing. This is expectable since the graphitic E;; line is a function of
the graphitisation of the carbon fibre or of the final heat treatment temperature (HTT)
[Chieu, 1982]. Both fibres are reported to be produced under identical conditions.

However, this is not the case with the disorder induced lines. The differences in
the 1360 cm™ to the 1580 cm™ intensity ratio may can be attributed to the surface
properties of the fibres. In figure 4.9, a high resolution SEM micrograph of the M40
fibre is shown. The higher axial orientation near the surface of the fibre is obvious,
showing the sheath-core effect present for PAN fibres treated at high temperatures

[Donnet, 1984]. The fibre structure consists of an outer zone surrounding the inner core.
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The thickness of the outer zone is a function of the time of heat treatment in air during

the pre-oxidation stage of carbon fibre preparation.

Therefore, the final surface of the HM carbon fibre is highly graphitic [Donnet,
1984]. Oxidative treatment of the fibre removes the outer graphitic planes and this
results to an increase of the 1360 cm™ to the 1580 cm™ ratio [Melanitis, 1991]. Similar
effects have been identified with polishing [Katagiri, 1988; Fischbach, 1986; Lespade,
1984; Nemanich, 1979], or ion bombardment [Elman, 1981] where the etching of the

fibre surface resulted to an increase of the intensity of the 1360 cm™ “disorder’ line.

Since both M40 fibres undergo identical treatment prior to sizing, then the local
variation of the 1360 cm™ line intensity can be attributed to abrasion due to the
subsequent winding in spools or handling. These local variations take place within the
radius of the laser spots which is in the order of a 1 um and for an expected penetration
depth of 100 nm [Lespade, 1984]. Thus, the surface variations which are present are of
the order of magnitude of the fibre diameter but do not necessarily affect significantly the
strength of the fibre, as postulated in the previous section. However, the ‘amount of
crystal boundary’ is closely related to the stress transfer between the fibre and the matrix

[Tuinstra, 1970b], and therefore is expected to play an important role in the interfacial

properties of the composite.

4.3.3 Wavenumber shift of the E,, graphitic band due to the environment

The E;, band was found to be sensitive to environmental changes such as stress
or strain, laser power and temperature. All these changes are theoretically explained by

the anharmonicity of the vibrations inducing the Raman band.

As described in §2.4.2, the force constant is dependent on the bond deformation
[Tashiro, 1990], and thus we can associate all wavenumber shifts to internal stresses
developed due to environmental changes. Various researchers have used the linear
approximation for the wavenumber shift / stress relationship [Bretzlaff, 1983; Galiotis,

1985; Melanitis, 1993a, b, which is adequate for the measured deformations. The shift
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of the Raman wavenumber for a given vibrational mode is due only to the stretching of
the covalent bonds along the chain and is not affected by rotational or vibrational

motions. If the fibre is considered as a aggregate of parallel arrays of identical fibrils

arranged in series, then for a small deformation [Melanitis, 1994]:

Av=a, o (2.12)

Since do = E dg from equation 2.12:

a=a.E 4.5)

The stress and strain sensitivity of both fibres tested was found to be -3.0 GPa %
and -11.4 cm™/%, which confirms within experimental error the above equations for a
fibre modulus of 390 GPa.

However, it is suggested that non-linearities in the stress-strain behaviour of both
carbon and polymer fibres are present [Melanitis, 1994; Vlattas, 1994]. This is due to
the fibre nature and may be explained if the crystallites within the fibre are normally
distributed around the fibres axis. Redistribution of the crystallites during mechanical
deformation would induce a modulus increase in tension, and modulus softening in

compression.

The continuous curve that can be obtained through the cantilever beam
experiment reveals all non-linearities in the strain / Raman wavenumber response of the
fibres. In figures 4.14a and b the respective calibration curves are shown for both MUS
and MEBS fibres. The non-linearities of the Av / strain are more prominent near the
fibre failure region, i.e. after -0.5%. However, the behaviour of both fibres is fairly linear
up to -0.5%, indicating that, for relatively small compressive strain, one can assume

linear shift with strain [Melanitis, 1994].

The induced shift through increasing laser power may also be associated with the

increase of local stress within the probing area due to thermal expansion. Provided that a
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steady state is achieved, that is, the heating from the laser is efficiently dissipated, it is
acceptable to assume a superposition of stress fields induced by either stress or localised
heating. The same is valid for increasing temperature. The above argument is shown in
the work by Melanitis et al. [1996], where no difference in the strain sensitivity is shown

with increasing laser power. The increase in laser power only changes the offset of the

E,, line, shifting to lower wavenumbers.

Finally, it is interesting to comment that 1 GPa of applied stress is a shift
equivalent to that of approximately a 10 mW laser power or 100°C temperature
differential respectively (table 4.4). The effect of applied stress is much more prominent
and, provided that the temperature and laser power are relatively constant, it will be the

primary reason for the induced shift.
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Material Density p Tensile Young'’s On/p Ei/p
/gem®  strength on, Modulus Ey
/ GPa / GPa
Composites (Parallel to reinforcement)

E Glass 2.1 1.1 45 0.5 20
IM Carbon 1.5 2.6 170 17 113
HM Carbon 1.6 1.6 257 1.0 161

Aramid 1.4 1.4 75 1.0 50

Metals
Steel 7.8 13 1.3 0.2 26
Aluminium 2.8 03 03 0.1 26
Titaniun 4.0 0.4 0.4 0.1 25

Table 4.1  Strength to weight properties of various materials [Savage, 1993].

Material Density p Tensile Young's o/p E/p
/g cm? strength o,  Modulus E
/ GPa / GPa
Graphite 226 150 1020 66 451
Diamond 3.51 90 20 25 177

Table 4.2 Theoretical or
1993].

measured properties of graphite and diamond [Savage,
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Manufacturer Tensile Young's Strain to Density p
strength o5, Modulus E;, Failure/%  /gcm”
/ GPa / GPa
TORRAY 245 392 0.6 1.78

Table 43 Properties of the M40 fibres, as quoted by the manufacturer [Hughes,

1986].
Stress Laser Power Temperature
M40Fibre Qs a ar
cm'/GPa  cm’'/mW cem’/°C
Sensitivity 3.0 -0.35 -0.025
R? 0.959 0.981 0.955

Table 44 Wavenumber shift of the M40 fibres as a function of stress, laser power and

temperature.
Fibre Type Ino, I/m R
MEBS 8.193 0.066 0.813
MUS 8.192 0.059 0.709
TEBS 3.807 0.117 0.962
1US 3.749 0.084 0.952

Table 4.5 Mechanical properties of M40 and T800 fibres as a function of gauge length
for both sized and unsized filaments [BREU/ CT 91-9503, 1993].
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Figure 4.1 The structure of the graphite crystal [Dresselhaus, 1988].

PAN Process ﬂ
paN  Strewch Thermoset :
o Carbonise Graphitise
0 50—
EA— 5 = 2
Petroleum Pitch |
etroleum I1 Me!t TRehnoiit ] L j
Spin Carbonise Graphitise
Spool
Epoxy Sizing Surface Treatment

Figure 4.2 The processing sequence for PAN and mesophase pitch based precursor
carbon fibres [Savage, 1993].
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45 1 450
[ | = strength 3
4 | = modulus 1 400
351 1 350
3t 1 300
25| 1250
2 F 1200
15} 1150
1§ 1 100
5 -

0.5 | 150
0 i | i | | ] 0

500 1000 1500 2000 2500

Heat Treatment Temperature / °C

Figure 4.3  Strength and modulus of PAN-based carbon fibres with respect to Heat
Treatment Temperature (HTT) [Savage, 1993].
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Figure 4.4  Structure of Carbon Fibres; (a) Sketch of a typical graphene plane in a
carbon fibre. The cluster vacancies consist typical structural defects, (b)
Axial arrangement and coherence lengths[Fourdeux, 1973] (c) Three
dimensional order in carbon fibres [Bennet, 1976].
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Figure 4.5 The geometrical parameters of the basic structural unit relate to the final
properties of the Carbon filament [Guigon, 1984].

Figure 4.6  Artist’s impression of the three dimensional structure for (a) high
modulus and (b) high strength carbon fibres [Guigon, 1984].
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Figure 4.7  Optical mode displacement and symmetries for the graphite lattice
[Dresselhaus, 1977].
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Figure 4.8  The gauge length dependence of the strength of the M40 fibres, (a)
MEBS (sized fibre), (b) MUS (unsized fibre).
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Figure 4.9  Scanning Electron Micrograph of the M40 fibre.
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Figure 4.10  First order Raman spectrum of the M40 fibres.
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Figure 4.11  The microextensometer device for Raman shift measurements in tension.
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Figure 4.12  The cantilever beam device for Raman shift measurements in tension and
compression.
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Figure 4.13  Raman shift / Strain calibration in tension for M40 fibres (a) MEBS (sized
fibre) and (b) MUS (unsized fibre).
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Figure 4.14 Raman shift / Strain calibration in tension and compression using the

cantilever beam device for M40 fibres (a) MEBS (sized fibre) and (b)
MUS (unsized fibre).
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Figure 4.15 ASTM D3379
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Figure 4.17  (a) Raman shift / Temperature calibration for M40 fibres.
(b) Raman shift / Laser power calibration for M40 fibres.
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Figure 4.18  Strength distribution of different types of flaws. (a) original surface flaws,
(b) internal flaws, (c) surface flaws after etching [Donnet 1984)].
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5.1. LITERATURE REVIEW

5.1.1 Definition of the interface

The inherent notion of a composite material is that it comprises more than one phase. It
is desirable to make the optimum use of each distinct phase, something that may only be
achieved if the phases are joined together to make a contiguous or integral unit. Upon
joining, the phases are separated by the interface which, thus, becomes a dominant
feature of the composite. It is the existence of the interface that makes a composite differ

physically from its components [Ebert, 1965].

The distinct phases in the composite possess different properties, which
constitutes the reason for joining them. Any loading situation results in an interaction

between the two constituents, which plays a crucial role in the composite properties.

The interface can be easily visualised as the boundary between two materials with
different properties. It is easy to assume that this boundary has no volume for calculation
purposes. However, this is not the case on a smaller scale, where phenomena, such as
surface roughness or chemical interaction, are of crucial importance. Moreover, it is
much easier to attribute a physical meaning to a zone with a gradient of properties
between the two constituents. In this case, the zone is termed the interphase and extends
in three dimensions. If the mechanical characteristics of the interface in multi-phase
materials are not affected by the typical length scale of the composite, two dimensional
models can be applied [Herrmann, 1996]. However, if the bonding layer is of similar
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order of magnitude to that of a typical macroscopic size, like the reinforcement diameter,

then the interphase has to be included in the mathematical modeling.

The scale of the interphase may differ dramatically in different composite
materials. In the case of fibrous composites it may extend from a few nanometres to
several fibre diameters. A typical unsized carbon fibre / epoxy interphase only extends for
less than ~10 nm [Guigon, 1994]. The interphase of SiC fibres in Al matrix may extend
to hundreds of nanometres [Long, 1996]. In thermoplastic matrices, the presence of
transcrystallinity changes the matrix properties in the interphasial region totally. In this
case the interphase may be more than one order of magnitude larger in diameter than the

reinforcing fibre [Heppenstall-Butler, 1996].

5.1.2 Mechanisms of interfacial adhesion

The concept of the interface requires that two surfaces come into intimate
(atomic scale) contact [Hull, 1996]. When two rigid solids come into contact, the
surface roughness confines the interface to the regions where asperities touch (figure
5.1a). In the case of a solid / liquid interface, wetting takes place. The extent of this
wetting may be expressed in terms of the contact angle 8 (figure 5.1b) and via the

equilibrium of horizontal forces, the Young equation can be derived:

Ysv = YsL +YLv €OS 6 5.1

Complete wetting takes place when 6 = 0°, which occurs when the surface energy
of the solid is equal to or greater than the sum of the liquid surface energy and the
interface surface energy. For example, graphite (ysv = 70 mJ m?) is readily wetted by
epoxy resin (yLv = 43 mJ m?).

In the general case, interfacial adhesion may be attributed to distinct mechanisms
[Hull, 1996]:

1) interdiffusion and chemical reactions (figure 5.2a); free chain ends between two

polymers are entangled. Chemical reaction may also occur either deliberately
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promoted or inadvertently caused (figure 5.2d). In the case of carbon fibres, adhesion
depends on the angle of the surface basal plane relative to the axis of the fibre, as
many reactions take place preferentially at the edges of these planes. Thus, higher
surface orientation, as in the case of high modulus fibres, has a detrimental effect to
adhesion. One of the mechanisms through which oxidative treatment of carbon fibres

enhances adhesion, is by removing these surface layers [Drzal, 1983a].

2) electrostatic attraction; opposite electric charges make the two surfaces attract each
other (figure 5.2b). This can be performed by the addition of functional groups on a
surface which electrostatically attract functional groups of the opposite sign on the
other surface. This is the case of the addition of silane coupling agents on glass fibres
to promote adhesion to epoxy resin (figure 5.2c), or the addition of amine groups on
carbon fibre surfaces to enhance their interface with bismalemide resins [Favre,

1996].

3) mechanical keying, the creation of fingerprint surfaces, due to good liquid solid
wetting and subsequent solidification of the liquid, can substantially improve adhesion
on a macro-scale (figure 5.2¢). This type of adhesion is strongly influenced by residual
stresses due to thermal mismatch of the two phases. This is mainly the ‘frictional’ type
of adhesion and may be regarded as a sole function of the surface roughness resulting
to a constant shear stress at the interface, or linearly dependent on the thermal stress

field, the so called Coulomb friction [McCartney, 1989].

It is, however, obvious that explaining adhesion by means of isolating any of the
aforementioned parameters is bound to be unsuccessful, since the interface or the
‘interphase’ is a complex region where all the above mechanisms are present. In figure
5.3 a proposed model for the interphase is shown [Drzal, 1990]. Apart from the two-
dimensional region of contact, there is a region of finite thickness, where a bridging of
the properties between the fibre and the matrix is achieved. Processing parameters may
trigger further chemical reactions which are superimposed to create the final interphasial

region.
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When studying the interface, the fundamental problem lies in the extreme
difficulty of measuring this gradient of properties in the fibre matrix interphase. In
addition, it is the stress transfer from the matrix to the fibre that characterises the
composite in a ‘macro’ scale. Thus, investigating the interface is a twofold process, that
involves on one hand ascertaining the most efficient method to measure experimentally
the stress transfer énd on the other hand finding theoretical models that describe it

accurately. An integral part of this process is to ensure that experimental variations and /

or simplifying assumptions minimise systematic errors.

5.1.3 The interface and composite properties

The simplest assumption predicting composite properties is the rule of mixtures,
where the properties of the constituent materials are added according to their respective
volume fraction. In the case of a continuous fibre unidirectional composite loaded in the
fibre direction, the rule of mixtures defines the stress o sustained by the fibre and the

matrix, through their respective volume fraction V' [Jones, 1975]:
=0Vt On Vm (5.2)
where the subscripts f and m denote the fibre and the matrix, respectively.

The rule of mixtures is no longer macroscopically valid when shear forces are
present due to the presence of local discontinuities, or if the material is not
homogeneous, that is, if the material properties change from point to point [Halpin,
1992]. Two simple cases for inhomogeneity may be regarded, where shear stresses are of
primary importance: a) The short fibre composites, where the reinforcement is
discontinuous, and b) the continuous fibre composites, where inhomogeneity is present at

the locus of a discontinuity of the reinforcement.

The simplest case is the presence of a fracture in a unidirectional composite
loaded in the fibre direction. In that situation, fracture of the fibres is regarded as the
primary event which controls the local damage development and accumulation that will

lead to the failure of the composite [Reifsnider, 1994]. In figure 5.4, such fractures
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within the composite zone are shown. The fracture of a fibre causes a local stress
perturbation. The stress is redistributed to the neighbouring fibres through the interface.
At some length from the fracture locus, the axial stress is restored on the broken fibre.
This length is termed the ineffective [Reifsneider, 1994] or transfer [Galiotis, 1993b)]
length and is dependent on the stress transfer efficiency of the interface. The ineffective
length defines the zdne of influence of the fracture; small ineffective lengths create large
stress concentrations in neighbouring fibres; large ineffective lengths increase the size of
the ‘flaw’ within the composite, raising, thus, the possibility of cumulative flaws leading
to fracture. For a single fibre embedded in an epoxy matrix, Drzal and Madhucar [1993]
have identified the failure mechanisms with relation to various levels of interfacial
adhesion (figure 5.5); as interfacial adhesion increases, the axis of failure propagation
changes from a mode II crack which propagates along the fibre axis (figure 5.5a) to a
mixed mode (figure 5.5b) and finally a mode I crack (figure 5.5c), which propagates
transversely to the loading axis. It is worth noting that increased interfacial adhesion may

improve on axis properties such as the tensile strength by 45% [Drzal, 1993].

5.1.4 Analytical modelling of the shear transfer

The problem of the stress transfer at the locus of a discontinuity is a typical case
of torsionless axisymmetric stress state [Timoshenko, 1988]. In cylindrical coordinates
r, 0, z with corresponding displacements components #, v, w, the component 6 vanishes
and u, w, are independent of 6. The same is valid for the stress components with 7,,and

7o, being zero (figure 5.6). Thus, the strain components are reduced to:

[k D O SN
g, - & 8 z & 7’1 & &
and the equilibrium conditions are:
do, 0Or, O,-0,
>z, - 0 (5.4a)
o, G0, T,
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The solution of the equations 5.4 and 5.5 with the appropriate boundary
conditions provide the elastic stress-state. The boundary conditions for a cylinder of

length / loaded in shear are [Filon, 1902]:

ForO0<z<l:

0.(z)=0,(-2) (5.5a)
0,(z)=0,(-2) (5.5b)
. (z)=-7,(-z) (5.5¢)
0,=0,forz=0,1 (5.5d)

There is an additional boundary condition where:
7,=0,forz=0,1 (5.5¢)

that is, the shear stresses should be zero at the fibre break due to the symmetry of the
stress tensor [McCartney, 1989; Nairn, 1992; Nairn, 1996]. However, the exact
solution cannot provide finite stress values at the discontinuity, that is, at the end of the
cylinder. Filon [1902] showed that, when there is a discontinuous transition from a
stressed area to an unstressed one, stresses become infinite. The physical meaning of this
finding is that at the discontinuity the stress-state cannot be elastic, and local yielding /
damage are always present. The task of solving equations 5.4 involves defining the
appropriate boundary conditions that will provide finite stress-values, and assuming that
the effect of the discontinuity is highly localised and does not significantly affect the
overall stress-state. It follows that condition 5.5e should be part of any elasticity analysis

in order to provide finite stress values at the discontinuity [Nairn, 1992].

5.1.4.1 One-dimensional models

The difficulty of providing a closed-form solution for the elastic equilibrium, as
well as the statistical nature of interfacial and / or fibre failure, has led to a variety of

analytical treatments. Through the appropriate assumptions, these lead to finite values of
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the stresses which can be used to model interfacial adhesion. The axial balance of forces

at the interface for a cylinder of radius R yields (figure 5.7) [Rosen, 1965]:

_Rdo,(2)

T TS T 4 (56)

Kelly and Tyson [1965] made the simple assumption that 7 is constant, which

yields:

Ro
T, =- lf‘ (5.7)

(4

In this case, o, coincides with the fibre strength which is independent of z and the

length [_ is the critical length, which is defined as the length where maximum axial stress
is reached prior to the final fracture. In this approach, the fibre is perfectly elastic up to
fracture, whereas the matrix (or the interface) is perfectly plastic. The stress-state, as
postulated in the Kelly Tyson approach, is shown in figure 5.8a. Although its simplicity
makes the constant shear stress approach extremely attractive, the elastoplastic
behaviour of the matrix, as well as the lack of definition for radial or hoop stresses

[Nairn, 1992] are obvious examples of its limitations.

Cox [1952] introduced the shear-lag theory, making the fundamental assumption
that the shear force S is proportional to the difference between the axial displacement in
the matrix w and the displacement in the matrix w_that would exist if the fibre were

absent:
S=H(w-w_) (5.8a)

where H is a proportionality constant which depends on geometrical and material
parameters. Through the axial balance of forces (equation 5.6), the shear-lag assumption

yields for the axial stress at the interface:
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(5.8b)

where:

(5.8¢)

€, is the far-field strain and G, defines the shear modulus of a matrix cylinder of radius

R_ where there is shear perturbation. The interfacial shear stress is:

sinh (é - z)
R,

/
2E 1 ?) cosh,BE

(5.8d)

The shear-lag equation has been derived by different authors and is based on the
assumption that, for a given 7, all stresses are only a function of z. It is worth mentioning
that the shear stress 7, is not zero at the viscinity of the discontinuity, but has a finite
value (figure 5.8b). Filon [1902] in a similar solution attributed this to the existence of a
determinate system of radial shears over the flat end of the cylinder, which from
symmetry must be self equilibrating. This, however, does not form part of the shear-lag
solution, since radial shearing is ignored. The shear-lag solution [Cox, 1952] can be
regarded as an upper bound to the elastic solution as the existence of radial shearing
blunts the maximum axial shear. The constant shear model [Kelly, 1965] described
previously is a lower bound where the matrix is assumed to be perfectly plastic and
flowing freely. However, it should be noted that the constant shear model requires
further assumptions for the fibre strength at the critical length, which may be additional

sources of error.



Chapter 5: Interfacial Studies 102

Modifications to the above approaches were made, in order to account for matrix
plasticity, interfacial debonding, as well as for damage, or frictional sliding at the
interface. Dow [1963] introduced a modified shear-lag approach to account for the non-
linear behaviour of the matrix. He introduced an incrementally changing matrix modulus
at different levels of strain, simulating, thus, plasticity effects. Piggot [1966; 1980]
combined the shear—lag and the constant shear approach to account for matrix yielding
(figure 5.8c) and frictional sliding. Although these ‘incremental’ approaches are
inherently flawed because they introduce unjustifiable discontinuities in the interfacial
shear stress, they represent more closely ‘real’ conditions, where complex phenomena
coexist and interact to produce a stress field which cannot be uniquely described through

a single analysis.

5.1.4.2 Axisymmetric models

The solution of the equilibrium equation retaining all the components of stress
has been attempted by various authors. These solutions aim to satisfy all boundary

conditions related to the problem, through an admissible stress-state [Nairn, 1996].

McCartney [1989] managed to provide closed-form solutions to various
axisymmetric problems. In order to solve the equations of equilibrium, he introduced

average functions f(z) for the fibre and the matrix cylinders, over their respective radii:

7)== Lomf (e 59)

Thus, all the boundary conditions that he defined are satisfied, apart from two
stress-strain-temperature conditions, which are satisfied only in an average sense.
McCartney [1989] obtained closed-form solutions for all the stresses and extended his

analysis to the frictionally bonded case, where Coulomb’s law is valid:

7,(R,2) = po(R,2), (5.10)
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Nairn [1996] managed to derive a stress function W satisfying the equilibrium

conditions for all stress components. The stress function has to satisfy [Timoshenko,
1988]:

ViVig =0 (5.11a)

where V? is:

o 1% 1 47
Catratia ©116)

and s; (i=1,2) are constants depending on the elastic properties of the material.

Through the stress function all components of stress may be defined either for

isotropic (where s; = 1 and VZcoincides with the Laplace’s operator in cylindrical

coordinates [Timoshenko, 1988]), or transversely isotropic materials [Lekhnitski,
1963]. The stress function satisfies all boundary conditions expect one: the stress is zero
in an average sense over the surface of the fibre. Nairn et al. [1996] have extended this
analysis to include an imperfect interface [Hashin, 1990], where the interphase is
collapsed in two dimensions to allow for axial discontinuities. These are quantified
through the use of a parameter D, by which any displacement discontinuities are

proportional to the associated interfacial stress.

The above model provides an exact elasticity solution. The incorporation of the
imperfect interface provides the flexibility needed to simulate any real conditions where
local material variations are not measurable, or propagating interfacial damage creates

differences along the axial direction.

5.1.5 Numerical Modelling

The difficulty to obtain closed-form solutions for the equilibrium equations (5.4),
as well as to account for problems relating to local property variations, matrix plasticity

and discontinuities created by crack formations, may be overcome with the use of
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numerical methods. Finite Element Analysis (FEA) [Carrara, 1968; Fan, 1992; Guild,
1994], Boundary Element Analysis (BEA) [Selvadurai, 1995; Paris, 1996], or Finite
Difference Analysis (FDA) [Zhang, 1983; Termonia, 1987], have proved extremely
useful in the fields of composite materials. The widespread use of numerical methods is

facilitated by the explosive development of low cost and easily accessible computer

power.

Termonia [1987] studied the locus of the discontinuity near the fibre end using
Finite Differences Analysis (FDA) (figure 5.9). The study included the effect of stress
transfer across the cross-section of the fibre. The build-up of stress along the fibre axis
was found to be a unique function of the fibre to matrix elastic moduli ratio. The analysis

was extended to predict the tensile strength of discontinuous fibre reinforced composites
[Termonia, 1990].

Carrara and McGarry [1968] performed a detailed study on the effect of fibre end
geometry to demonstrate that ellipsoidal ends minimise the maximum shear stress when
the longitudinal axis of the ellipsoid is twice the fibre diameter. Fan and Hsu [1992]
analysed the stress field for both isotropic and anisotropic fibres, the effect of modulus

ratio, as well as the fibre end geometry, and compared the results to experimental data

obtained with Laser Raman Spectroscopy.

The effect of matrix yielding and frictional bonding was studied in order to
account for the discrepancies between theories of elastic stress transfer and experimental
data [Tripathi, 1996; van den Heuvel, 1997]. The inclusion of an interphase with
distinct properties has been extensively used as a method to account for local property
variations [Daoust, 1993). The use of a more compliant interphase was found to
decrease the stresses at the fibre ends and, thus, more realistic stress values are obtained
than those predicted by the shear-lag theory [Cox, 1952]. Agrarwal and Bansal [1979]
related the modulus of the interfacial layer to the composite strength to find that a stiff
interface has a beneficial effect on the tensile strength, without significantly affecting the
modulus of the composite. Broutman [1974] proved through Finite Element Analysis
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that the toughness of the composite measured by the amount of strain energy absorbed

can be maximised by controlling the interphase modulus.

Finally, the interfacial behaviour of composites has been modeled through the
assumption of crack formation, either along the interface [Gent, 1996], or at an angle to

the fibre axis [Selvadurai, 1995].

It is obvious that the numerical approaches can be enlightening in a variety of
situations and provide considerable insight into composite micromechanics. The
multiplicity of situations that can be modeled numerically have been successful in many
cases to account for phenomena occurring in real composites. Not only do they provide
interpretations to experimental observations, but they also have the potential to predict

the behaviour of a composite under load.

5.1.6 Testing the interface

The role of the interface lies in transferring stresses between neighbouring fibres
when shearing is present. This may happen at the locus of a discontinuity, such as a fibre
fracture, or during off-axis and shear loading. The maximum value of shear stress that
the interface can sustain is the interfacial shear strength of the system. However, the
definition of interfacial failure is not a straightforward task. In most of the cases,
interfacial failure involves debonding [Netravali, 1989¢], shear failure [Kelly, 1965], or
even a progression of damage parallel to the fibre axis which depends on applied strain

and loading history [Nairn, 1996].

Although levels of interfacial adhesion can be directly linked to composite
properties [Drzal, 1993], the outcome of full composite testing cannot be quantitatively
associated to a measure equivalent to interfacial shear strength. Therefore, several
micromechanical methods have been developed in order to provide a quantity, which
ideally is a sole function of interfacial properties and is free of artefacts. Although there

has been a wide variety of methods proposed in recent years, most can be reduced to
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three basic methods: the fibre pull-out test, the microindentation test and the

fragmentation test.

5.1.6.1 The pull-out test

In the pull-out test [Shiryaeva, 1962; Favre, 1972], a length of the fibre / is
embedded in a matrix block which is gripped (figure 5.10a). The free end of the fibre is
gradually loaded until the fibre is pulled out from the matrix. The load displacement
curve may be recorded. As the experiment starts, the load increases linearly with
displacement up to a point where significant deviation from linearity occurs, probably
due to plastic deformation of the matrix. The load reaches a maximum value and drops
abruptly to a much smaller value controlled by friction [Li, 1994]. The interfacial shear

strength may be derived through the maximum recorded load Pp,;.:

P

=Rl (5.12a)

The necessary condition [Broutman, 1969] is that the maximum stress on the fibre o _

does not exceed the fibre strength Ty

P
O = 2 20, (5.12.b)

The pull-out test has the advantages that [Drzal, 1993]: (i) any reinforcing fibre may be

used, (ii) any matrix may be used, and (iii) the load is directly measured.

The problems associated with the pull-out test are associated to artefacts due to

the test geometry:

e The matrix is wetting the fibre creating a meniscus which complicates considerably the

stress-state.
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o Clamping of both the fibre and the resin block may be difficult, particularly when
filaments with diameter of the order of 10 um are used. The axial alignment of the
fibre to the loading direction is reported to play a major role.

e The maximum recorded load Pn.. depends on the embedded length /. If constant shear
is assumed as in equation 5.12a, the dependence is linear. However, various
researchers have ‘shown both theoretically [Gray, 1984] and experimentally [Meretz,
1993] that the shear stress is not constant.

e The pull-out test has been criticised because the state of stress at the juncture of the
fibre and the matrix creates a normal tensile interfacial force which is not present in
the actual composite [Drzal, 1993].

e Many tests are required to obtain a significant amount of data.

Apart from the simplistic analysis for the interfacial shear strength aiready
presented, shear-lag [Greszczuk, 1969], and more complicated elastoplastic analyses
[Lu, 1995] have been performed in order to estimate the complicated three-dimensional

stress field for the pull-out test.

Modifications to the pull-out test have also been reported, such as the
microbundle pull-out [Qiu, 1993]. In this case, the fibre is pulled out of a bundle of
fibres tied together and wetted with a matrix drop (figure 5.10b). This technique offers
the advantage of simulating a real composite with known volume fraction. Both the
embedded length and volume fraction can be relatively controlled through sample
preparation. Sastry et al. [1993] performed a complete analysis of the microbundle pull-
out test. They assumed the existence of three zones near a fiber break, including elastic,
plastic and frictional debond zones, which provided a reasonable fit to the experimental

data under realistic assumptions.

Another variation of the pull-out test is the microbond test where, instead of
embedding a fibre in the resin, a resin drop is applied to the fibre and cured in position
(figure 5.10c) [Pitkethly, 1996]. More than one droplet may be placed on a single length
of the fibre. The fibre is subsequently pulled through knife edges, which are close enough

to restrain the resin droplet, while the load displacement curve is being recorded [Penn,
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1989]. Although its simplicity makes the microbond test by far the quickest of
micromechanical tests, there are many parameters that may affect its reliability. The most
important of these are the size of the resin droplet, as well as the geometry of the knife-
edges in relation to the droplet geometry, which may create stress concentrations or,

generally, non-uniform loading [Pitkethly, 1996].

5.1.6.2 The microindentation test (MIT)

The MIT is one of the newest techniques developed to investigate the interface
properties of composites [Mandel, 1986]. It is essentially a metallurgical hardness test
applied to composite materials. A section of composite is carefully polished and placed in
the test machine and a fibre that does not touch any neighbouring fibres is selected
(figure 5.10d). The load is applied through an indentor which should be smaller that the
diameter of the fibre and the load / displacement curve is recorded. Parameters, like
polishing and the shape of the indentor, are of critical importance but are easily
controlled. However, the technique involves the identification of the decohesion point,
which in most cases is arbitrarily defined. In some cases it is defined as the point where
the interfacial crack is more than a percentage of the circumference [Desaeger, 1993].
Other definitions involve a change of slope in the load displacement curve [Netravali,
1989a], or a load drop at a certain moment of the loading test [Pitkethly, 1993]. The
interfacial shear strength values are subsequently derived through shear-lag [Desaeger,
1993] or Finite Element Analyses [Tsai, 1990].

The MIT involves real composite testing allowing a more realistic simulation of
thermal stresses, polymer morphology, and the influence of neighbouring fibres and / or
volume fraction. However, this is done at the expense of a unique failure criterion. Stress
concentrations created by the indentor may cause fibre splitting during loading and this

further complicates the detection of decohesion.

5.1.6.3 The fragmentation test

The fragmentation test is the oldest of the examined techniques [Pitkethly,
1996]. The test was first presented to model the behaviour of reinforced metal
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composites [Kelly, 1965]. The test consists of a single fibre embedded in a matrix,
usually of a dogbone shape (figure 5.10e). The matrix is loaded in tension. When the
strain to failure of the fibre is reached, the fibre fractures. The fragmentation process
continues until saturation is reached; that is, when there are no more fracture events. If
the test were governed by an elastic stress-state, saturation would never be achieved and
the fragmentation pi'ocess would continue until matrix failure. However, saturation is

achieved and is attributed to interfacial failure.

The fragmentation test provides the possibility of recording the fragmentation
process as a function of strain, either optically [Waterbury, 1991], or through acoustic
emission techniques [Favre, 1990]. After saturation is reached, a distribution of fragment

lengths is readily available. With the appropriate assumptions, it can be linked to the
interfacial shear strength of the system.

While the coupon is being strained, the fibre fractures when its axial strength is
reached. As a result, if /. is the required length for the fibre to reach its strength value,
then, the distribution of fragment lengths /- will range from /./2 to I, [Narkis, 1988]. In
order to define /, the strength distribution of the fibre has to be known. Assuming a
normal distribution of strength, the critical length /. is straightforwardly defined as:

L=4/31 (5.13)

Netravali et al. [1989¢c] developed a relationship using the Weibull shape
parameter for the fibre strength. Ling and Wagner [1993] developed a model where the
strength and the spatial distribution of flaws governing the strength of the fibre, as well
as the tensile strength variation along the fibre length, was incorporated. Baxevanakis et
al. [1993] used other distributions than the Weibull distribution to describe the flaw

distribution on the fibre so as to improve agreement with experimental data.

In order to derive interfacial shear strength values, a stress transfer model has to
be assumed. The constant shear model is the most convenient to use and the interfacial

shear stress is given by equation 5.7 [Kelly, 1965]. It is, however, obvious that any
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resultant value for interfacial shear strength depends on the stress transfer model that the

experimentalist chooses.

Apart from the major problem associated with the interpretation of data, the

fragmentation test has been criticised for a variety of drawbacks.

e The test is limited by the requirements of a tough matrix and a brittle fibre. The strain
to failure of the matrix should be at least 3 times the fibre strength failure to achieve
saturation [Drzal, 1993].

o The saturation stage is well above any service strain limit for the ‘real’ composite.
Thus, interfacial failure mechanisms may be dominant that otherwise would not be
important. These mechanisms may include debonding [Wagner, 1995;
DiBenendetto, 1996], shear flow [Nath, 1996], or frictional sliding [Piggot, 1980],
but are not readily identifiable through the test.

o The thermal expansion coefficient differential is inducing hydrostatic compressive
stress field which otherwise would not be present [Nairn, 1996]. Most assumptions
of frictional sliding would demand a direct dependence on radial stresses or the
Coulomb friction law (equation 5.10). In addition, the compressive stress field is
directly dependent on the specimen size and geometry, which further obstructs the

standardisation of the procedure.

e Additional problems may arise from extensive fibre handling which contaminates its

surface and consequently the interface.

The fragmentation test, although heavily criticised, remains still one of the most
popular tests. This is due to the creation of a stress-state similar to that of the composite

[Drzal, 1990]. The advantages that the fragmentation test offers are the following:

¢ many data points with one specimen,
e sensitivity to interfacial conditions,
¢ direct observation of interfacial events,

e qualitative assessment of stresses and failure modes.
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The interrelation of interfacial shear transfer with fibre strength may also be

regarded as an advantage, since it is clearly related to failure mechanisms in real

composites. [Gulino, 1991].

The simplicity of the fragmentation test configuration provides the possibility of
combining the test with existing techniques. The optical observations are in most cases
performed using photoelastic techniques [Tyson, 1965]. The photoelastic principle is
based on the birefringence, or optical anisotropy, created in an otherwise isotropic
material, due to the presence of local stresses. The fragmentation process is optically
enhanced and local discontinuities, such as fibre fractures, are much more easily spotted.
[Buxton, 1994]. Polarisation studies in the fragmentation test may also provide
qualitative information about the loci of stress concentrations. Thus, matrix failure or the
interfacial debonding can be identified [Detassis, 1995]. More elaborate computerised
optical equipment has also been used to monitor all stages of the experiment and
information, such as the length distribution as a function of applied strain, can be
obtained [Waterbury, 1991]. Simulations of the fragmentation process have also been
performed in order to identify the mechanisms of stress transfer that provide best

agreement to the experimental data [Favre, 1991; Lacroix, 1995].

The use of acoustic emission in combination with the fragmentation test provides
the possibility of real time monitoring of the fragmentation process [Favre, 1990]. Thus,
the laborious procedure of optical detection of cracks is eliminated, the use of non-
transparent matrices is feasible, and more realistic loading conditions are provided, as the
sample is continuously strained. As a result, unwanted effects such as matrix relaxation

may be avoided [Netravali, 1989b].

Finally, the single fibre geometry such as the one used for the fragmentation test
provides the ideal configuration for local stress monitoring using Laser Raman

Spectroscopy (LRS) [Galiotis, 1993b]. The LRS application to interfacial monitoring
will be extensively studied in the next section.

The overview of the most popular techniques to measure interfacial adhesion

reveals that all techniques have inherent advantages and disadvantages. The lack of
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standardised procedures and the difficulty arising from the fibre dimensions and handling,
makes all micromechanical tests extremely sensitive to conditions that cannot be
controlled systematically. This is clearly depicted in the results of a round robin
programme, where twelve laboratories used the aforementioned tests to evaluate
adhesion [Pitkethlky, 1993]. The only parameters that were kept constant were the
materials used. The study showed unacceptable interlaboratory differences (figure 5.11).
Thus, the need for strict protocols in order to reduce interlaboratory scatter is outlined.
It is also obvious that the interface is a complex system that can be dramatically affected

by parameters which in most cases lead to systematic errors.

5.1.7 Interfacial studies using Laser Raman Spectroscopy

The ability of relating the shift of vibrational Raman frequencies to local strain
values has rendered LRS a powerful tool for the micromechanical study of composites.
[Day, 1993; Galiotis, 1993a; Young, 1997] Laser Raman Spectroscopy is to our
knowledge the only reported technique to provide measurements relating directly to axial
stress in the case of highly crystalline fibres. The fibres become embedded stress gauges
along their axis direction [Shadler, 1995]. The only limitation is that the matrix must be
reasonably transparent. Modified micromechanical tests have been used in conjunction
with LRS to provide axial stress distributions along the fibre length. Galiotis et al. [1984]
showed the axial stress distribution for an embedded polydiacetylene fibre in epoxy, to
reveal a behaviour similar to that predicted by the shear-lag theory. The axial stress
distribution during the fibre pull-out test have been analysed with LRS [Boogh, 1992;
Gu, 1995). Bannister et al. [1995] modeled the measured axial stress using a two zone
model consisting of a constant shear zone and a shear-lag zone. The micromechanics of
reinforcement of 2D model composites has been investigated and the fibre ineffective
length has been related to stress concentrations as a function of interfibre distance in
order to define the radius of the shear perturbation cylinder [Atallah, 1993; Chohan,
1996]. Three dimensional composites have also been studied and related to model

composites [Galiotis, 1996]. Remote Laser Raman microscopy [Paipetis, 1996] also
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provided the possibility of in situ monitoring without the limitation imposed by rigid

optical set-ups.

It is, however, worth noting that single fibre model composites have been the
most extensively studied configuration by means of LRS in order to assess interfacial
properties. The model coupons use the same geometry as the one used in the
fragmentation test, where either long or short single filaments are aligned along the
loading axis of the sample. After the initial work on polydiacetylene crystals by Galiotis
et al. [1984], the single fibre coupon test has been used to study carbon [Melanitis,
1993a) and Kevlar® [Galiotis, 1993b; Bannister, 1995] interfacial properties, either in

thermoset or thermoplastic matrices [Schadler, 1992].

The study of the stress transfer during the long fibre coupon test is performed
after the sample is strained at distinct strain levels. [Melanitis, 1992; Melanitis, 1993a]
The embedded fibre is then monitored at steps as small as one micron [Paipetis, 1996].
Experimental axial stress distributions are directly obtained via the frequency shift of well
characterised Raman bands [Robinson, 1987b]. Experimental shear stress distributions

are provided through the axial balance of forces [Melanitis, 1993a].

The possibility of measuring axial stress at the locus of a discontinuity led to a
modification of the long fibre geometry, the short fibre coupon [Melanitis, 1993b]. The
short fibre coupon test has an embedded fibre of finite length, where the fibre ends are
within the gauge length of the sample. Thus, the discontinuity is already present and can
be studied independently of fracture events. The short fibre coupon test has the distinct
advantage that interfacial bonding may be monitored, before various complicated damage
mechanisms are initiated by the massive energy locally released after the fibre breaks. In
addition, the short fibre coupon test has been extensively used for fibres where the failure
process is not easily traced optically, such as in the case of Kevlar® fibres [Galiotis,
1993b].

To summarise, the LRS study of single fibre model coupons either in short or
long fibre configuration, makes up for all the inherent shortcomings of the ‘classical’

fragmentation test and provides unique advantages over conventional techniques as:
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e The stress transfer is directly measured at the interface.

o The distribution of the axial strength of the fibre as a function of its gauge length is no
longer needed, since local stress maxima are easily measured.

e The relative fibre to matrix strain to failure is not important since stress transfer at the
discontinuity is measurable at any strain.

e No assumptions about the stress field need to be made; moreover, the validity of

stress-transfer models may readily be tested.

5.1.8 A parametric study of the stress transfer in single fibre model composites

The study of the interface is not a straightforward task. However, the choice of
controlled factors that play an important role to the interfacial properties of composites is
very important in order to acquire further insight in the stress transfer mechanisms. The
presence of a coupling agent between the fibre and the matrix, such as the fibre sizing,
may promote the creation of an interphase. The sizing on carbon fibres consists of a thin
layer of usually epoxy resin which serves a dual purpose: protect the carbon fibre surface
and enhance the interfacial properties. Hence, the compatibility between the sizing and
the matrix materials becomes a crucial parameter in composites. Guigon and Klinklin
[1994] have shown that different sizings may improve the interfacial properties but, if the
sizing is not compatible with the matrix, there is decohesion at the sizing-matrix
interface. Cheng et al. [1994] conducted a detailed study of the sizing effect using both
commercial and experimental sizings. They reported dependence of the stress transfer
efficiency on molecular weight, deposition procedure, as well as, in some cases, on the
presence of an interphase region as manifested by Scanning Electron Microscopy (SEM)
studies. Yumitori et al. [1994] reported that the presence of a sizing resin improves the
interface of a PES-thermoplastic matrix composite, but leads to the creation of a weak
interphase in the case of epoxy matrix systems. In conclusion, it appears that the
presence of sizing in carbon-fibre-polymer interfaces plays an important role in the

properties of the interface but, as yet, its significance has not been adequately quantified.

In addition, the interfacial shear strength has been associated with the matrix

dependent properties, such as the shear modulus [Drzal, 1990), or the shear strength of
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the matrix [Miwa, 1995]. The onset of the fragmentation process has been reported to
depend mainly on the fibre strength distribution, whereas the saturation level depends on
the resin yield strength [Andersons, 1993]. The differential thermal expansion between
fibre and matrix leads to the formation of a hydrostatic field on the fibre affecting the
stress transfer and the Poisson ratio mismatch contributes to the stress field created
during the fragmenté,tion procedure [Nairn, 1992]. Finally, dynamic phenomena such as
the viscoelastic behaviour of the polymer matrix [Miwa, 1995; Detassis, 1995] or the

fibre fracture release energy [Wagner, 1993] may respectively affect the shear transfer
or the interfacial failure mode.

In this study, Remote LRS and the single fibre model coupons in both short and
long fibre configuration have been used in order to study the stress transfer efficiency of
carbon fibre / epoxy interfaces. All studies were performed in relation to fibre sizing,
specimen geometry and temperature of the environment. The chosen parameters are
believed to provide important information regarding material properties because they
are related to the local interfacial or interphasial chemistry, the temperature dependent

stiffness of the matrix as well as to the resultant stress field and the possible mechanisms

of interfacial damage.
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5.2. EXPERIMENTAL

5.2.1 Materials

The performed study involved the investigation of parameters affecting the
properties of the interface. As previously stated, the studied parameters were:
o the fibre sizing, or the interfacial chemistry,
¢ the coupon geometry, or the short fibre and the long fibre coupon test,

e the environment, or the temperature dependence.

The M40B-40B (sized) (MEBS) and M40B (unsized) (MUS) high modulus
carbon fibres supplied by Soficar were used throughout this study. Both fibres were
reported to have a standard level of oxidative treatment. The M40 fibres are extensively
studied in chapter 4. The matrix used was the two part MY-750 / HY-951 epoxy system
provided by Ciba Geigy (MY-750: unmodified liquid epoxy resin, and HY-951:
triethylene tetramine curing agent). The following systems were studied:

e MEBS/MY-750 short fibre coupon at room temperature,
e MUS /MY-750 short fibre coupon at room temperature,
e MEBS /MY-750 long fibre coupon at room temperature,
e MUS /MY-750 long fibre coupon at room temperature,

¢ MEBS /MY-750 long fibre coupon at 60°C,

e MUS /MY-750 long fibre coupon at 60°C.

The manufacturer’s quoted properties for the materials used are shown in table

4.3 for the fibres [Hughes, 1986], and in table 5.1 for the matrix [Ciba-Geigy, 1979].
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5.2.2 Specimen preparation

The matrix for the model coupons was prepared as following: the epoxy resin
(MY-750) was heated at 40°C under vacuum for 30 min. This original conditioning of
the epoxy resin was indispensable, in order to minimise the volume of trapped air in the
viscous liquid, since after mixing with the curing agent, the limited pot-life of the mixture
does not all