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Abstract

It is well known that the fibre-matrix interface plays a key role in delivering the
valuable merits of the fibre composites. In the case of thermosetting matrices the
extent of fibre-matrix interaction can be considerably enhanced by improving the
reactivity of the fibre surface with the reactive polymers and ultimately forming the
efficient chemical bonds across the fibre-matrix interface. In the case of non-reactive
matrices such as many of the thermoplastics employed in the composites industry,
however, the practical adhesion is thought to be primarily the result of physical
interactions combined with internal residual stresses between the fibres and the
matrix. In order to control the interface of thermoplastic composites properly and
thereby to provide the composites with improved mechanical performance and
structural integrity, it is therefore essential to clearly understand the underlying

mechanisms of adhesion in fibre reinforced thermoplastic composites.

In this work, the interface of the uncoated E-glass fibre (GF) and polypropylene
homopolymer (PP) was mechanically studied. The thermo-mechanical properties of
both constituents were first characterised. Two conventional pull-out techniques, the
microbond and single fibre pull-out, were then developed in the laboratory. Excellent
compatibility was found between these two test methods in this case. The value of
7.3 MPa for interfacial shear strength (IFSS) of GF-PP was obtained and the
interface was likely to fail in a shear yielding style. Moreover, it was discovered that
the thermo-oxidative degradation of PP matrix could occur when the microbond
samples were made in air at elevated temperature. Degradation of PP matrix proved

detrimental to the measured IFSS of GF-PP. It was therefore strongly recommended
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that PP microbond samples should be formed in an inert atmosphere, such as
nitrogen. However, it turned out that forming axisymmetrical PP microdroplets under
nitrogen was very difficult at 220°C due to high viscosity and non-polar nature of the
non-degraded PP. Studies on both PP microbond and macroscopic degraded PP
samples showed that the change in their thermo-mechanical properties was mainly
responsible for the decrease in IFSS in terms of a decrease in the compressive radial

residual stress (CRRS) at the interface.

In order to investigate the effect of CRRS on the measured IFSS of GF-PP, a novel
technique was developed by adapting the microbond testing to be carried out in a
temperature controlled environment provided by a thermomechanical analyser
(TMA). Excellent comparability was obtained for the IFSS of GF-PP measured at
room temperature by the TMA-microbond and the “normal” microbond test
configurations. TMA-microbond test was carried out in the temperature range -40°C
up to 100°C and the results showed a highly significant inverse dependence of
measured IFSS on testing temperature, particularly in the PP glass transition region.
The compressive radial stress (CRS), including CRRS and the component resulting
from molecular interaction, was estimated to account for the measured IFSS at
different temperatures by combining with different values for coefficient of static
friction (CSF) at GF-PP interface. This was carried out through a simple coulomb
friction law. It was then concluded that at room temperature the fibre-matrix
adhesion only made up of 29% of measured IFSS, while the CRRS is responsible for
71% of measured IFSS, which supports the hypothesis that the principal contribution
to apparent IFSS of GF-PP comes from a static friction resulting from the

combination of CRRS and CSF at the fibre-matrix interface.
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Introduction

In general the fibre-matrix interface plays a key role in delivering the valuable
merits of the fibre composites. It is due to the presence of this interface between the
fibre and the matrix that the fibre composites are able to produce a combination of
mechanical properties that cannot be achieved with either of the constituents acting
alone. For example, the fracture energy of glass is 6.98 J/m?, that of a typical plastic
219.87 J/m* and a composite of the two 174500 J/m®. Moreover, the fibre-matrix
interface has long been recognised to have a critical influence on the overall
mechanical performance of the composites such as the stiffness and strength. It is
because of this fundamental role that the interface plays in determining composite
properties, tremendous efforts have been dedicated to controlling the interface
properties, which are becoming gradually accepted as design and process variables to

be tailored for particular end applications.

It is well known that the properties of an interface are governed largely by the
chemical/morphological nature and physical/thermodynamic compatibility between
the two constituents. Furthermore, these factors can also be significantly altered in
the process of composite formation. To control the interface properly and thereby to
provide the composite with improved mechanical performance and structural
integrity, it is therefore essential to understand the mechanisms of interfacial
adhesion, which may have distinct difference between thermosetting and
thermoplastic composites. The former normally involve a potentially reactive
interface, whose efficiency is routinely improved by forming the strong chemical

bonds across the fibre-matrix interface. Most thermoplastics employed in the



composites industry, however, have non-reactive nature and the practical adhesion in
thermoplastic composites is considered to be primarily the result of physical
interactions combined with internal residual stresses between the fibres and the
matrix. This project is carried out to test this hypothesis and obtain a better
understanding of the underlying mechanisms of interfacial strength in fibre

reinforced thermoplastic composites.

In this work, the combination of glass fibre (GF) and polypropylene (PP) was first
selected and mechanical properties of both constituents were then characterised. This
work is covered in chapter 1 and 2 respectively. To characterise the mechanical
performance of the GF-PP interface, two conventional single fibre techniques,
microbond and single fibre pull-out, were developed and described in chapter 3.
Sample preparation for microbond samples proved quite challenging due to the
thermo-oxidative degradation of PP matrix could occur. The effect of thermo-
oxidative degradation of PP matrix on interfacial strength is discussed in chapter 4.
In order to investigate the effect of internal residual stress on the adhesion of GF-PP,
a novel technique was developed by adapting the microbond to be carried out in a
temperature controlled environment provided by a thermomechanical analyser
(TMA). This work is described in chapter 5. Overall conclusions and suggestions for

further work can be found in chapter 6.

In terms of the structure of the thesis, the author finds it more relevant and
efficient to distribute the literature review as well as the reference into each chapter

rather than have a bulk independent section.



Chapter 1

Mechanical Characterisation of Glass Fibre

1.1 Literature review

1.1.1 Definition of glass and its atomic structure

As one of the most familiar substances one could encounter in daily life, glass
plays an essential role in today’s science and industry. A glass is defined as an
inorganic substance in a condition which is continuous with, and analogous to, the
liquid state of that substance, but which, as a result of a reversible change in viscosity
during cooling, has attained so high a degree of viscosity as to be for all practical
purposes rigid [1]. Thus, on the sufficiently short time scales of usual experiments
the glass can essentially be regarded as an amorphous solid formed by rapid cooling
from its very low viscosity state. Such melt quenching gives rise to insufficient time
that molecules (depending on what material the glass is based on) would need for
arrangment into a regular structure (i.e. crystallisation); instead, they are more or less
frozen in the positions they had in the liquid phase. This accounts for the fact that
their structure does not possess a long-term order or three-dimensional periodicity as
in crystalline materials. However, the characteristics of rigidness imply that glasses
have a high degree of short-range order (i.e. at the scale of a few angstroms). Solids
that exhibit this type of positional disorder are called glasses [2]. For silica (SiO,)-
based glasses this short-range order is considered to stem from the local atomic
polyhedra based on SiO,, which forms the basis of very nearly all commercial

glasses [1]. The molecule SiO, does not exist in the way the chemical formula



assumes but as a polymer (SiO;), ; in the form of quartz silica consists of a
continuous three-dimensional network of repeated rings containing 3 or 6 SiO4
groups [1]. As the basic structural unit of silicates and silicate glasses, the SiO4 has a
tetrahedral structure with the four oxygens at the corners and the silicon at the centre

of the tetrahedron (see Figure 1.1).
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Fig. 1.1 The silica tetrahedron, the basic structural unit of silicates and silicate

glasses [1]
1.1.2 Silicate glass composition

A glass would form after silica is heated at 2000°C until fluid and then undergo a
rapid cooling process. Glass or glass fibres made of silica have advantages such as
high modulus and strength, good chemical and temperature resistance, high UV
transmission, and extremely low coefficient of thermal expansion. However, the
nature of high temperature needed for silica glass formation means that this process
is too costly to be accepted as a commercial routine. Therefore, additional metal
oxides are mixed with silica to lower the processing temperature down to 1300°C to
1600°C and in turn improve the formability. The introduction of other oxides, for

instance, Al,O3, B,O3, CaO etc, can modify the silica network by interrupting its



continuity and in turn making its structure more irregular. Addition of such elements
therefore tends to lower the stiffness and strength, but improves the formability.
Depending on how they interfere with the silica network, these oxides are generally
categorised into three groups. One group includes oxides that are capable of forming
their own network and others that can modify the silica network fall into the second
group called network modifiers. The third group includes some intermediate oxides
that can do both [1]. By manipulating these ingredients, a variety of compositions
have been commercially established to give a wide range of glass products with
different properties. These products have found themselves a vast market for various
applications. Among them is the reinforcement in polymer composites, in which a
certain amount of the reinforcement in some type of form is embedded in the
polymer normally called matrix. Although the reinforcement in a composite may be
fibrous or particulate, most of the major high performance developments in recent
times have been in the area of fibrous reinforcement. In fact, since commercial
production of reinforced polymers began around 1940, glass fibres have remained
the highest volume fibre reinforcement for plastics [3]. Figure 1.2 shows comparison

of global reinforcement fibre use in 2010.

KkTon/Year

B Glass
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0 Aramid

Fig. 1.2 Global reinforcement fibre use in 2010 [4]



This high demand is primarily the result of the high performance (specific tensile

strength and specific modulus) per unit cost of the glass fibre reinforcement.

Commercial compositions for glass fibres vary considerably and have been
historically designated by letters such as E, C, and S). Each letter represents a small

range of compositions as shown in Table 1.1.

Table 1.1 composition ranges of commercial glass fibres (weight %) [5]
E S C A
SiO, 52-56  64.3-65 60-65 72-72.5
Al,O3 12-16  24.8-25 2-6 0.6-1.5
B,0O; 0-13 2-7
CaO 16-25 0.01 13-16 9-10
MgO 0-6 10-10.3 34 2.5-3.5

K,0O 0-2
Na,O 0-1 0-0.27 7.5-12 13-14.2
Ti0, 0-0.4
Fe, O3 0.05-04 0-0.2
F» 0-0.5
SO 0.7

The letters imply certain special properties. For example, E= electrical (low electrical
conductivity), C= chemical (high chemical durability), S= strength (high strength),
and A= alkali (soda lime glass). From the point of view of composite technology the
E-glass fibre is currently of the most importance, since it accounts for over 99% of
all continuous glass fibre produced in the world and dominates the world market for
reinforcing fibre. Table 1.2 lists the typical range of properties of E-glass fibre

together with others.



Table 1.2 Properties of commercial glass fibres [5]

Properties E S C A
Specific gravity: fibre 2.54-2.55  2.48-2.49 2.49 2.50
Thermally compacted 2.58-2.62  2.51-2.52 2.54

Index of refraction at

589.3nm: fibre 1.547 1.523 1.541 1.512
Thermally compacted 1.552-1.562 1.529

Dielectric constant (at 21°c,

10°hz) 5.86-6.6 4.53-46  6.24-6.30 6.90
Specific heat (cal g °c™) 0.192 0.176 0.19-0.21

Linear expansion coefficient

(x10°°C™"y 4.9-6.0 29-50  7.0-7.2 9.0
Liquidus temperature (°C) 1065-1120 1500

Fiberizing temperature (°C) 1270-1300 1565 1280
Strain point (°C) 616 760 552

Annealing point (°C) 657 810 588

Softening point (°C) 845 968 750 695-720
Young’s modulus: fibre

(GPa) 72.4-76 84-88 70 72.5
Thermally compacted (GPa) 86 95

Possion’s ratio 0.20-0.22

Virgin fibre tensile strength

at RT (GPa) 3.5 4.6 2.7-3.1 241
Fracture toughness (MPa

m'?) 0.90 1.2

Stress corrosion

susceptibility exponent 28-31 40

It can be seen that E-glass fibre has fairly high Young’s modulus, high strength and
relatively low liquidus temperature. When it comes to reinforcement materials,
Young’s modulus and failure strength are usually the parameters that tend to draw
the most concern, because they determine to what extent the material would
potentially reinforce other components in composite materials. For example, in the
case of continuous fibre reinforced composites, their elastic modulus and stress in the
axis of the fibres (i.e. longitudinal direction) are governed by a rule of mixture

expressed by Equation (1.1) and (1.2) respectively,

E,=E,V,+E,V, (1.1)



c,=0,V,+0,V, (1.2)

where E, and o, are tensile modulus and stress of the composites in the
longitudinal direction; E, and o, are longitudinal tensile modulus and stress of the
fibre; E, and o, are tensile modulus and stress of the matrix; and V, and V,, are

fibre volume fraction and matrix volume fraction respectively.

1.1.3 Glass fibre forming process

It is known that physical properties of a glass fibre are controlled by not only the
composition but also the forming history, which involves the temperature of molten
glass and the thermo-mechanical history during fibre attenuation [5]. The variation in
these conditions can lead to changes in the underlying atomistic structure and

bonding. Figure 1.3 shows a typical glass fibre forming process.

Bushing
T >1000° C

Water ——=memmmm= Pristine glass fibre
Spray

T <100°C

Fibre size
applicator

Contact time < 0.5 ms

———e— Sized glass fibre

o

To Secondary Processing at > 1000 m/min (200 ms)
Fig. 1.3 Glass fibre forming process [4]

Raw materials or glass marbles are first melted in a ceramic furnace and

subsequently fed into a platinum-alloy furnace named bushing, which has a



multiplicity of nozzles ranging from 0.75 to 2.0 mm in its base [1]. The molten glass
flows under gravity through those nozzles and are immediately cooled down by fine
water sprays below the bushing. Next follows a fibre size applicator which provides
a moving surface coated with fibre size with which the moving fan of filaments
makes contact, thus picking up the fibre size. The sizing pickup occurs over a contact
distance of approximately 10 mm [1]. These individual filaments are collected by a
gathering shoe (not shown in Figure 1.3), which combines them to form a strand or a
number of smaller strands. The fibre strands are then guided to enter the secondary
processing stage, which will convert the fibres into final products, for example,

roving or chopped fibre as shown in Figure 1.4.

(a) (b)
Fig. 1.4 Chopped glass fibre (a) and roving (b) [4]

Control of the fibre diameter is achieved by adjusting the viscosity of the glass
(dependent on composition and temperature), the diameter of the nozzles and the
winding speed. The glass fibres immediately below the bushing are usually
considered as the pristine fibres or virgin fibres, which are considered not to have
severe surface defects caused by subsequent manufacturing process and handling but

may still have inherent defects as a result of thermal fluctuations. By making a very



rapid contact with the rolling applicator, a certain type of fibre size normally in an
aqueous emulsion is applied to the glass fibre surface. The size is crucial to the
handleability of the fibres and their compatibility with matrix resins. The
formulations of glass fibre sizes are specified by the products to be made and their
performance in the composites made from them. In most cases, the fibre size must be
formulated to combine lubrication with specified handling characteristics of the
strand to cover the various stages during the manufacture of glass fibre reinforcing
products and to deposit onto the glass fibre surface specific chemicals designed to
improve the adhesion between the fibres to the matrix resin. The glass fibre size, thus,

consists of the following main components:

1) film former, which when dried, holds the filaments together in a strand
and protects the filaments from damage through fibre-fibre contact and

fibre-process contact.

(i1) auxiliary agents that normally include lubricants, antistatic agent, wetting

agent.

(ii1))  coupling agent used to improve the adhesion between the fibre and the
matrix. Nearly all currently used coupling agents are based on certain
type of organofunctional silane, which has a general structure as

illustrated below.
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R’ is methyl (CH3) or ethyl (C;Hs) and R is a reactive or resin compatible functional
group which may interact with either or both the film former and the matrix resin. In
the aqueous size, the Si-OR” groups hydrolyse. This is often acid catalysed by
adjusting the pH to = 3.5 with acetic acid [6]. The silanol groups can further react
with both each other and glass fibre surface, leading to a complex deposit on the
glass surface. It is generally accepted that there are three distinct layers or
components deposited onto the glass surface as observed by differing hydrolytic

stabilities:

(1) a strongly chemisorbed layer at the immediate glass surface,

(i1) a chemisorbed tridimensional layer of polysiloxane, and

(1))  a physisorbed layer of cyclic and linear oligomers [6].

1.1.4 Difference between glass and glass fibre

From the glass fibre forming process described above, one can tell that glass fibre
differs from bulk glass of the same composition in three major respects. First, the
glass fibre undergoes much more rapid cooling from its molten state, which is of the
order of 10"-107s/°C. Quenching from very high temperatures increases the
temperature gradient from the fibre surface to the core, which may lead to a thin
surface layer whose structure differs from that in the core. Bartenev [7, 8]
investigated the effect of fibre structure on its strength and suggested that there exists
a thin surface layer, which can increase the fibre strength by freezing a more
homogeneous high temperature glass structure in the surface layer, orientation of the

structural network of the glass along the axis of the fibre, and building up residual
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thermal stresses between the layer and the core. However, there is no experimental
evidence of the presence of residual stresses in thin glass fibres (of < 20um) and
theoretical estimates also indicate that these stresses are negligible in fibres [5].
Second, the glass fibre experiences mechanical loading along the axis of the fibre.
Mechanical loading applied to the fibre during the fibre attenuation may cause
orientation of the atomic structure along the longitudinal direction. Consequently
anisotropy in the properties of the glass fibre may occur [9]. However, this along
with the existence of the thin surface layer still remains open to debate [10]. Third,
the glass fibre possesses a much higher ratio of surface area to weight. For an
average fibre diameter of 10 um, 10 g of fibre have a surface area of approximate 2
m? [1]. Fibre surface plays a very critical role in composite materials. As will be
indicated later, glass surface has the predominant effect on its own practical strength.
Furthermore, the physical and chemical states of this outer boundary determine in
what manner the surface will interact with the matrix. Consequently between the
fibre and the matrix may be formed a special zone termed as interface or interphase,
which may have the composition and structure, and hence properties completely
distinguish from both constituents. Parallel to the increasing recognition of the
importance and complexity of this region has been the tremendous research effort put
into developing better understanding of the interface and in turn tailoring the

performance of the composite materials by modifying this area.

1.1.5 Young’s modulus and glass strength

Like density and refractive index, Young’s modulus is a structure-related property

and in the case of glass fibre it depends on the composition of the glass and its
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forming history. The composition dependence of modulus has been well exhibited in
Table 1.2 In addition, Young’s moduli of fibres of the same composition have been
found to increase with an increase in fibre diameter [11]. The severe quenching of
the glass in the process of fibre forming leads to decrease in modulus, which can be
compensated by subsequent heat treatment [12]. The strength (i.e. tensile strength) of
glass fibres, on the other hand, presents a more complex picture, but this may well be
due to the larger amount of research that has been devoted to it. Theoretically, the
tensile strength of silica glass should be in the region of 14 GPa, which has also been
observed in some specially made fibres [13]. Most glasses have moduli of elasticity
of approximately 70 GPa, and thus it is seen that from theoretical consideration,
assuming the validity of Hook’s law to the breaking stress, strains of 20% should be
possible. However, extensions of this order are never realised, owing to a practical
strength considerably lower than the theoretical one. In practice, the tensile strength
of bulk glass is found to be very low. This is mainly attributed to the surface
condition of the glass, namely due to stress concentrations arising from structural
(Griffiths) flaws in the surface, or scratches (as seen in Figure 1.5 [14]) or dirt
particles embedded in the surface during manufacturing processes [15]. This can be

demonstrated by removing the surface by chemical etching [16].

Fig. 1.5 SEM otgrap of the suaceo a glass rod as received [14]
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The Griffiths flaw theory originated from the foundational paper of fracture
mechanics published by A. A. Griffith in 1921 [17]. In this paper, Griffith postulated
that glass contained numerous microscopic flaws and cracks and that surface defects
were more detrimental to the fracture strength than internal ones. For thin fibres,
however, a microscopic flaw on the surface would have a catastrophic effect on
strength; it is now believed that surface defects of the Griffith type are very few on
fine fibres, and that the main reason for failure of glass fibres is stress corrosion
induced by water and ion exchange in the glass surface [18, 19]. While the Griffith
criterion for fracture predicted a critical stress for spontaneous failure, other
researchers started to realise that glass fracture was actually a kinetic process, which
involves a chemical reaction between the water inevitably adsorbed in the glass
surface or/and moisture in the atmosphere and the stressed siloxane bonds at the

crack tip, leading to slow growth of the crack length [20]:

(tensile stress)
H,O (adsorbed) + =8i-0-Si= 28i—-OH

(Siloxane bond) (broken bonds)

The reaction rate has proved to be controlled by the force applied to the glass and the
amount of water vapour in the atmosphere [18, 21-23]. This stress corrosion
mechanism has been used to explain a well known phenomenon: static fatigue, or
delayed failure, wherein a pre-existing crack under constant stress less than the
strength that would be obtained without fatigue slowly grows from subcritical to
critical Griffith size that results in a transition from the relatively slow crack growth
associated with stress corrosion to the fast crack propagation associated with purely
mechanical failure. Although stress corrosion on a pre-existing crack is well

understood, fatigue is also observed in pristine fibres and the reason for it still
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remains unclear. The delayed failure and related aspects for glass fibre have been
studied by many workers, who tested glass samples with different compositions in
different test conditions, namely test method (pure tension or bending), strain rate,
temperature, and relative humidity [18, 21, 24, 25]. As a consequence, a slow crack
growth model has been developed to take into account the effect of stress corrosion

on measured strength. Equation (1.3) describes completely the dependence of
measured strength S(7,&£°,X) on strain rate, temperature, and relative humidity of

the testing environment [5].

SLN

S(T,e",X)=
(r.e. 50 [+ ®s3T.e, %))

(1.3)

1/(N-2)

©- {(N ~2)V,X * exp(—~Q/ RT)Y>

2N +1)e'E(T)K ;.(T)
where T, €°, and X are temperature, strain rate, and the humidity, N is a positive
constant called the stress corrosion susceptibility coefficient, S,, is liquid nitrogen
temperature strength, Qis the activation energy for stress corrosion, R is the gas
constant, K,.(T)1is the fracture toughness at temperature 7, E(T)is the Young’s
modulus at temperature 7, ¢ is the humidity exponent, V, is velocity of glass at the

tip exit, and Y is the dimensionless constant relating stress to stress intensity factor.
It has been shown that the predictions of the slow crack growth model are in
quantitative agreement with the data on the strength of E-glass fibre, provided a
value in the range of 25 to 30 assumed for the stress corrosion susceptibility

coefficient. Equation (1.3) clearly shows that for a glass fibre that has a specific
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composition and undergoes a specific forming process, its strength also depends on

the way it is measured. In other words, the measured strength is a function of testing

variables. Figure 1.6 shows an exhaustive list of the parameters which may influence

the measured fibre strength.

Parameters
Glass associated with
composition melt treatment in Fiberizing
parameters the bushing parameters

phase separate environment \_environment

Viscosity temperature Cullet amount Attenuation ratio
®aracteristcs < <
Tendency to _ Redox state of the \ _ Humidity of the

_ Tendency for _ Time _ Dust quality of
Stress corrosion \  crystallisation \' \'_the environment
characteristics Intrinsic Temperature Tip temperature
>l d
strengtl <« <

Redox state of Tip temperature /T emperature

Fibre tensile
strength

P
«

Aumidity of testing

dl
 cullet

Cullet " Bushing alloy
¢ homogeneity  composition ~ environment

Cullet size ' Bushing type

/_ Strain rate
- -
closed or open

Gauge dimensions
—
Cullet Bushing Testing
quality parameters parameters
parameters

Fig. 1.6 Fish-bone chart of the experimental parameters which may influence the

measured strength of melt-dawn fibres [20]

It is probably due to the fact that the measured fibre strength can be affected by so

many factors that recently different terms for the measured strength of glass and

glass fibre have been proposed [13, 20, 26, 27]. These terms are listed in Table 1.3.
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Table 1.3 Types of measured strengths [26]

Fatigue- Environmental
free Inert Fatigue
Intrinsic 0 o; o
Extrinsic 0, 0, o

Strength measured in the absence of extrinsic defects is called intrinsic strength. The

intrinsic strength is measured when the following conditions are satisfied [26]:

(1) No dependence of measured strength on fibre diameter or length

(i1) The coefficient of variation in strength values is approximate two times

the coefficient of variation in the fibre diameter values.

(iii)  High measured fracture strengths (or fracture strains).

In the case of glass fibre, the intrinsic strength may be obtained by testing pristine
fibres, which usually involves a careful preparation of the starting materials, careful
forming fibres in ultra-clean environment, capturing fibre samples before they come
in contact with any other surface (such as the size applicator or the gathering shoe),
and testing of a large number of small fibre lengths immediately after capture with
minimum additional handling [20]. It should be emphasised that the intrinsic strength
is still affected by fatigue and all intrinsic defects such as point defects, structural
inhomogeneities caused by frozen-in density, composition fluctuations, and
nanoscale roughness on glass surface [20, 26]. Fatigue under inert condition (such as
vacuum and dry environment) is referred to as inert fatigue, whereas environmentally
enhanced fatigue is termed as environmental fatigue. Note that the inert condition

can also be created by testing at a sufficiently low temperature or in normal
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environment using very rapid strain rates. When fatigue does not occur at all, the
measured strength is defined as fatigue-free strength. These terms are also applied to
non-pristine fibres that do have extrinsic defects. The strengths of non-pristine fibres
are extrinsic by definition and controlled by flaws. Extrinsic strengths show a larger
coefficient of variation, which is mainly attributed to the variation in the severity of
the most severe flaws in different samples. In light of such nomenclature, one may
say that intrinsic fatigue strength for E-glass fibre is approximately 3.5 GPa and

intrinsic inert strength for E-glass fibre is approximately 5.8 GPa.

A brief summary should be given before moving on to another major characteristic
of the strength of glass fibre. The strength of a pristine glass fibre (i.e. intrinsic
strength) is determined by composition of the glass and its structure. The intrinsic
strength does not vary with its length and diameter (i.e. volume). The strength of a
non-pristine glass fibre (i.e. extrinsic strength) is controlled by the most severe flaw
on it. The extrinsic strength is a function of test variables such as the strain rate used,
the relative humidity and the temperature of the testing environment because of the
fatigue based on stress corrosion mechanism. The slow crack growth model has been
developed to quantitatively account for these effects on fatigue in the non-pristine
fibre. The intrinsic strength is also found to be influenced by test variables in a

similar way to non-pristine fibre. However, the reason for that is not completely clear.

1.1.6 Dimension effect and Weibull distribution

Dimension effect is another major brittle solid characteristic that researchers have
long been aware of. It basically states a simple fact that when the strength of brittle

solids is determined by random distributed flaws with various dimensions, the
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average measured strength will decrease as the volume of the sample increases. In
the case of glass fibre, dimension effect is reflected in the strength reduction with the
increase in either tested fibre length or diameter [28-31]. The is because the larger
the sample dimension is, the more statistically probable it is for the sample to
encounter more severe flaws no matter whether there exist one or multiple
populations of flaws along the length of fibres. Thus, dimension effect cannot be
seen when the sample dimension is either infinite large or small. The former will
always give the lowest value for the strength determined by the most severe flaw in
the entire flaw population and the latter will generate intrinsic strength as defined
earlier, since the sample is too small to contain any flaw. In practice, the general
capability of instrumentation hardly allows the samples close to those extreme
conditions to be tested. Therefore, when brittle fibres with finite dimensions are
prepared under identical conditions, the measured strength has a distribution rather
than a unique value. In this sense the variation in measured strength for brittle solids
can be considered to originate from the combination of randomness of flaw

dimension and finiteness of measured sample dimension.

It is because of this unpredictable variation that it is recognised that measured
strength needs to be analysed using different probabilistic approaches. Among them
is the most successful Weibull distribution, which was pioneered in 1939 by W.
Weibull [32]. Later in 1951 he applied the statistical treatment to the fibre strength
[33]. The approach is referred to as the weakest link theory, which assumes that a

length L of chain-like structure is composed of N length L, links in series (i.e.

L . . . .
N =—) and fracture of the chain occurs when the weakest link fails. This correctly
0
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reflects the behaviour of a brittle solid, for a crack, developed from the most critical
defect, immediately induces the failure of the material. The assumptions of this

model are:
(1) the stress field in each element is uniform
(2) the strength of one element is independent of that of the other elements
(3) all elements have the same failure probability for a given applied stress.

In terms of defects, the first assumption implies that local modifications of the stress
field around defects are negligible so that each link can be considered as being
subjected to a uniform stress field, the second assumption means that there is no
interaction between the defects, and the third assumption implies that the defect
distribution must be homogeneous and isotropic. When the chain is under an applied

stress O ;, the failure probability of each link, P, , is the probability that this applied

stress is greater than or equal to the strength of the link, while the probability of

survival of each link, S, , is the probability that this applied stress is lower than the
strength of the link. Apparently, S, =1-P, . The survival of the entire chain S,

for the applied stress o requires the simultaneous survival of each of its N links.

Thus, the survival probability of the chain is S, =S ZVO . If P, is the probability of

failure of the chain, S, =1- P, . Therefore, there are following equations:
1-p,=(-p,) (1-4)

P, =1-explNInl-~, )]  (1-5)
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Equation (1.4) reflects the dimension effect in terms of the number of links N . When
the dimension effect is concerned in two-dimension (i.e. surface) or three-dimension

(i.e. volume), N can be considered as the number of the relevant basic elements that

consist of the material. Since N = — in this case, the Equation (1.5) can be written as:
0

P, =1—exp[L£ln(l—PL0 )} (1.6)

0

The next step is to replace ln(l—Plﬂ) with any appropriate monotonic function
decreasing from 0 when o =0, as PLO =0, to —o when 0 =+ as PLO =1.In

order to meet above conditions, Weibull chose the simplest mathematical expression,

c-0,) . . . :
—( ’j for 02 0,. 0, is a lower strength limit below which there is a zero
O-O

failure probability. In practice, the incorporation of o, affects the results of the

Weibull analysis only to a limited extent, since it is a location parameter.

Furthermore, it is very difficult to determine o, experimentally as it lies at the low

tail of the strength distribution. In this region the statistical uncertainty of the data is

quite high. For simplicity o, is, thus, usually taken as zero. Statistically o, is a scale

parameter, which describes the intensity of the distribution and m is a shape
parameter and also called Weibull modulus, which governs the shape of the

respective density and distribution functions. Thus, we have

(P, )= —(ijm (1.7)
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Substituting into Equation (1.6), the cumulative distribution function (CDF) for the

length L can be obtained:

P, :1—expl—%(§j ] (1.8)

When L=L,, CDF for the length L, can be obtained:

P, =1 —expl— (GiJ } (1.9)

It is noticed from Equation (1.8) and (1.9) that the chain with the length of L and its
building links with the length of L actually share the same set of scale and shape
parameters. Again, it is seen that the strength of each link is assumed to be
identically and independently distributed; that is, the failure or survival of each link

is independent of its neighbours, and the strength distribution of each link is also a

. . L .
Weibull distribution with identical scale and shape parameters. If N =—is grouped
0

into o, in Equation 1.8 and let o, =o,N """ , Equation 1.8 can be written in the

form of
O' m

P, :1—exp[—(—,j ] (1.10)
GO

or

In[-1n(1- P, (0))] = mIn(c) — mIn(c,)
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0, is termed as Weibull characteristic strength according to ASTM C1239-07 [34].

It is obviously dependent on test specimen dimension and Weibull modulus. The
probability density function (PDF), is the first differential of the cumulative

distribution function with respect to ¢ . Thus the PDF for Equation (1.10) is:

f(0)=§(%j exp{—(gj ] (1.11)

The mean and variance calculated by this distribution are given by
oc=0o,l(1+1/m) (1.12)

and

(6)" = (o) P ITU+2/m)-[C+1/mP}  (1.13)

The coefficient of variation (CV ), thus, can be calculated by

(o) [r+2im) 1"
N _{[F(l+1/m)]2 1} (19

It can be clearly seen from above equations that the mean strength is determined by
the length of the chain (i.e. N ), the shape and the scale parameters, while CV is not

associated with sample dimensions but only depends on the shape parameter. In
addition, if the mean strength of each link is g'o, from the Equation (1.12) the ratio

of the mean strength o to o will be
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1 (1.15)

The dimension effect is directly indicated by the Equation (1.15). The mean strength
of the chain decreases with increasing the number of the links. The correlation is

influenced by shape parameter as shown in Figure 1.7.
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Fig. 1.7 Dimension effect on the ratio of mean strength of the chain to that of each
link

It can be seen that the mean strength of the chain decreases sharply with the first few
links added. For example, the mean strength of the chain containing 10 links drops
approximately 46% with respect to the mean strength of each link, when m =4,
which is a typical value for commercial E-glass fibre. As more links are incorporated
into the chain, the decrease in the mean strength of the chain becomes less significant
and gradually tends to level out. It is also notable that the initial reduction speed of
mean strength and the overall strength reduction are affected to a lesser extent as the

shape parameter increases and such influence becomes less effective with the
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increase of the shape parameter, especially after m=20. This means that as the shape
parameter increases the mean strength of the chain approaches to the mean strength
of each link and the incorporation of more links will have less effect on the strength
reduction. In other words, the dimension effect is insignificant when the shape
parameter is high. Thus, the shape parameter does indicate the strength variability.
Since the extrinsic strength is controlled by flaws on the chain surface, the shape
parameter can also reflect the homogeneity of the flaws. Figure 1.7 only shows the
effect of chain dimension (i.e. N ) on the mean strength. Figure 1.8 illustrates the

effect of chain dimension on the PDF.
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Fig. 1.8 Dimension effect on failure probability density when m =4 and o, =2

Not only can dimension effect be observed from the fact that the curve shifts towards
left with the increase of N, but the curve spreads out less as well. This implies that

N has a similar function to that of the scale parameter as suggested earlier

byo, =0,N"". In this sense the following discussion on the significance of the
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shape and scale parameter to the flaw characteristics will be based on the basic link

of the chain.

According to Schmitz and Metacalfe [30, 35], two aspects are required in order to
describe a population of defects, namely severity of defect and separation, which are
the mean of the distribution and the standard deviation respectively for a Gaussian
distribution. Weibull formalism, however, is different and shape and scale
parameters provide a kinetic interpretation for a population of flaws. Figure 1.9 and

1.10 present the theoretical probability density with varying shape and scale

parameters.
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Fig. 1.9 Effect of the shape parameter on failure probability density when o, =1 in
(a) and o, =7 in (b).
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Fig. 1.10 Effect of the scale parameter on failure probability density when m =4 in
(a) and m =20 in (b)

The influence of m is quite similar in both cases: o, =1and o, =7 . Severity
decreases with increasing m at low values (say, m <4) and then remains at the o,

value. For m values greater than 4, the changes of m are more representative of the
separation than the severity. In this range, the scale parameter is representative of the
mean strength concentration factor. An increase of the value of the scale parameter is
representative of a decrease of the flaw severity and increase of the separation when

m remains constant. Thus, m and o, are both related to separation and severity of
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the flaws. If one of the parameters remains constant, or if the changes are important,

a qualitative interpretation is possible.

In practice, using Weibull distribution based on the equations derived above, the
statistical analysis of a series of tensile tests on individual fibres (i.e. single fibre
tensile test) can be carried out in the following way [36]. A number n of tensile tests
are performed at a given gauge length L so that failure probability, P, , only
depends on o . The results are arranged in order of increasing failure stress,

0,<:-<0;<---<0,. An experimental cumulative failure probability P, (o) is
calculated for each fibre of rank i having failed at a stress o, . Unless an infinite

number of fibres are tested, which is clearly impossible, the most general expression

for estimation of P, (0,) must take into account the possibility of fibres breaking at

lower stresses than that of the weakest specimen as well as breaking at higher

stresses than the strongest fibre tested. In other words, the values for P, (o;) should

be estimated in such a way that the calculated shape and scale parameter are
unbiased estimators of the real values. Various expressions of this probability have

z—O.S,P: l ,P:l_0'3,a p:ﬂ,wherenis
n n+1 n+0.4 n+0.25

been proposed : P =

the number of data points and i is the rank of the ith data point. The variation of the
experimental failure probability P, (o) can then be plotted as a function of the
strength of the fibres in the form of ln[— ln(l—PL (0'))] vs. In(o) . According to
Equation (1.10), the gradient of the curve gives a measure of the Weibull shape
parameter, m and then the scale parameter, o, can be determined from the intercept.

One disadvantage of determining the values of the unknown parameters of Equation
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(1.10) from the experimental data for exclusively one gauge length is that the
majority of samples will fail over a limited range of stress levels and little
information of the flaw population outside this range will be obtained. This difficulty
can be partially overcome by using data for more gauge lengths. The same approach

can be applied to each gauge length to obtain the shape and scale parameters. In
addition, according to Equation (1.12), a plot of ln(g') as a function of In(L) for

several gauge lengths also gives a straight line with a gradient of —1/m. If the
Weibull CDF is the appropriate model for the strength distribution of tested material,
theoretically two methods above should generate the same m . However, this is

hardly the case. The shape parameter obtained from individual gauge length tends to
be less than that obtained from the slope of ln(g') vs. In(L) plot [30]. The difference

is attributed to the modification of the flaw population caused by additional defects
created during handling the fine fibres and an artificial selection process due to more
significantly weaker fibres being broken before they can be tested [30]. In addition,
there are doubts as to whether the failure of fibres falls within the limits of the theory.
This is because the fibres are very fine and it is not true that the same distribution of
defects can be expected to exist in all small sections of the fibre [35]. Apart from
those linear regression methods (or graphical methods) above, the maximum
likelihood method is also usually employed to estimate the parameters of the Weibull
distribution [36]. Other commonly used experimental methods for determination of
the Weibull distribution parameters include fibre bundle test and fragmentation test
[37-40]. In fibre bundle test, fibre strength distribution parameters are extracted from
the load-displacement data of a tensile test of the fibre bundle. The fragmentation test

provides fibre break number as a function of applied strain for a fibre embedded in
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matrix, which yields Weibull strength distribution parameters for a single fibre while
the other test methods rely on pooling of the fibre strength data obtained from
different fibres.

Weibull statistics is very valuable and widely developed in analysing fibre strength
data. The popularity of the Weibull distributions arises from two factors. First, it is
often found that the Weibull distribution simply provides a more accurate description
of the observed data. Second, the Weibull probability density function, unlike most
others, is flexible in shape. Depending on the value of m , the Weibull density
function can reduce to or approximate the shape of various other density functions as
shown in Figure 1.9. Thus, when very little information is available concerning the
underlying life distribution, the Weibull distribution allows description of the data
without imposing stringent assumptions concerning the shape of the unknown
density function. In addition, current theories of composite strength usually require
knowledge of the fibre strength and its distribution at gauge lengths of the order of
the critical length for the stress transfer (0.1 to 0.2mm). Although a direct attempt at
measuring the fibre tensile strength at gauge lengths around that range has been made

[41], the Weibull distribution allows for extrapolating the fibre strength to such

gauge lengths as implied in the plot of ln(g') vs. In(L).

Weibull CDF is essentially based on the assumption that tested material only
possesses one type of flaw population described by one set of shape and scale
parameters. If this is the case, the experiment data analysed in both graphical
methods will be well fitted by a straight line signifying the validity of Weibull
distribution. However, many workers have reported that carbon and glass fibres

strength distribution dominated by one type of flaws occurs in a limited range of

30



fibre length [30, 42]. Fibres tested at some gauge lengths, depending on the material,
yield curves that have to be fitted by different lines in the graphical methods. It is
considered that different slopes generally indicate the effect of different types of flaw
population [35]. To deal with this problem, different models have been proposed on
the basis of Weibull weakest link model. The bimodel was developed by Beetz on
carbon fibres by considering a combination of the individual survival probabilities
for weakest link models of each kind of defects. The CDF of the whole chain is then

given by [42]:

P =1- qexp[— N(ij } —(1- q)exp{— N(iﬂ (1.16)
601 602

where ¢ is the mixing parameter, i.e. the fraction of failures due to flaws in one type
of population (type A) defined by one set of shape parameter, m, and scale parameter,
0, The rest fraction of failures is attributed to flaws in the other type of population
(type B) defined by the other set of shape parameter, m, and scale parameter, 0y, .

Apparently it is assumed that no interaction occurs between type A and type B flaws.
Type A flaws are usually referred to as more severe flaws than type B flaws. In this
approach, the chain is conceptually divided into two categories of links
corresponding to the respective categories of defects and a law of mixtures is applied
at the chain level. It is argued by Zinck et al. that this approach leads to two weakest
elements accounting for failure and is not in agreement with the fundamental
principle of the weakest link, according to which the failure occurs in a chain when
its weakest link fails [43, 44]. Depending on how the two different flaw populations

coexist within the fibre, Johnson developed three mathematical forms of the failure
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distributions [45]. They are exclusive, concurrent, and partially concurrent
distribution. Exclusive distribution is based on the assumption that each link of the
chain contains one of the two flaw populations, but not both. This is the same as the
assumption in Beetz’s bimodal. The concurrent distribution assumes that each link is
subject to both flaw populations. The partially concurrent distribution is derived by
assuming that all the fibres have flaw population A (i.e. type A flaws) and a fraction
of the fibres contain only this common flaw. The remaining portion of the fibres
contains flaw population B (i.e. type B flaws). From a practical standpoint, the
assumption that both flaw populations cannot appear in the same fibre seems
questionable unless samples were made by different methods. In contrast, the
assumption that each fibre possesses both flaw populations seems quite reasonable.
The assumption for partially concurrent model seems quite feasible as well but it
gives the most complex PDF among them. The fact of having two or even more
different flaw populations should not bring about any change in general dimension
effect when these flaw populations do not coexist in a link. It is obvious that the
fraction of failure due to the more severe defects increases when increasing the chain
length. The value of the mixing parameter, thus, should be a function of the chain
length. However, this was not considered in the Weibull bimodal by Beetz. A simple
improvement has been made by considering a gauge length-dependent mixing

parameter in the following form [43, 44]:

L
q(L)—qoL—0 (L.17)
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with g, as the fraction of failures due to type A defects determined experimentally at
the gauge length L. Instead of turning the Weibull unimodal into bimodal by

incorporating another flaw population, Stoner et a/ mixed the Weibull unimodal with
another probability distribution arising from end effects associated with the failure
adjacent to the fibre ends [45]. These fibres ends are normally secured on a card
using glue and subjected to a more complex stress state due to misalignment between
upper and lower ends and/or the stress concentrations at the fibre-glue interface.
Other models have tried to deal with a well recognised physically unsatisfactory
boundary condition that the Weibull distribution requires the stress equal to infinity

for certainty of failure (i.e. P, =1) as implied in Equation (1.9). These models
incorporated an upper strength limit, o, into the Weibull distribution and defined m

as the damage coefficient.

1.1.7 Effect of surface treatment on strength of glass fibre

Despite the great success that the Weibull statistics has achieved in description of
the strength behaviour of glass fibres, this approach does not generate any
information on flaws because it avoids any physical consideration about flaws (e.g.
shape and dimension of flaws). Lack of this knowledge will give rise to difficulties in
obtaining a better understanding of the fracture mechanisms controlled by different
flaws and interpreting the effects of the sizing process on the strength of glass fibres.
Thus, it was argued that linear elastic fracture mechanics (LEFM) should be
considered as a complementary approach, although LEFM is not able to account for
the observed dimension effect [46]. The combination of both approaches has been

used by Zinck et al to indicate the healing effect of coating on the strength of glass
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fibres [46]. This healing effect was presented by using Weibull statistic to analyse
the data for fibre strength in a ln[— ln(l—PL (0'))] vs. In(o) plot, in which the low

strength gave higher failure probability for uncoated E-glass fibre than E-glass fibre
coated with vy-aminopropyltriethoxysilane (APS). Little difference in failure
probability for both types of fibres with high strength implied that improvement in
the fibre strength was limited to a threshold for the fibre strength (e.g. approximate
1.2 GPa in Zinck’s work). In the context of LEFM and assuming the crack shape as a
plane perpendicular to the fibre axis, the strength threshold was then related to flaws’
critical dimension below which defects are not healed. The critical dimension (e.g. in
the 100 nm range for E-glass fibre) was further compared with the hydrodynamic
radius of aggregates of 1wt% APS measured by quasielastic laser light scattering
spectroscopy. 150 nm for the aggregates of 1wt% APS was found in good agreement
with the critical dimension in the 100 nm order. Thus, the healing was considered to
be effective when the aggregates of APS were able to effectively fill the flaws so that
a three-dimensional network could be formed through sufficient interactions between

flaws and APS aggregates as shown in Figure 1.11.
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Fig. 1.11 Schematical representation of flaws; effect of a surface treatment [46]

This result was supported by Feih et al who obtained the uncoated E-glass fibre via
burning off the APS at 500 °C [47]. In addition, a larger flaw critical dimension, 200-
270 nm, was derived based on the semi-circular crack shape and considered to have
better agreement with the size of APS aggregates. They also employed fractography
as a powerful method to show that the fibre failure originated from severe surface
defects. With the same methodology, Zinck et al made a comprehensive summary on
the healing effect for surface flaws by comparing E-glass fibres with no size, APS,
different film formers, and APS/film former combinations [48]. It was shown that the
film former not only has great influence on the healing of flaws on its own but also

has synergetic effect with APS.
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In summary, glass fibre strength exhibits dimension effect, which can be
reasonably well explained by Weibull statistic based on the weakest link theory. The
behaviour of strength of glass fibres is controlled by the flaws on the surface. Glass
fibres can have multiple flaw populations, which can be further modified by surface
treatment. The surface treatment may bring about healing of pre-existing flaws by

filling flaws with coating components to reduce the flaw dimension.

From this review, one can see that the research on the strength of glass fibre has
been carried out mainly in two aspects: one is focused on fundamental interest in the
strength of glass fibres and the other involves attempt at understanding strength
behaviour and improving the strength of given glass fibres. The former is now facing
questions such as why pristine fibres exhibit fatigue much like fibres containing
microcracks and other questions that also need answering for glass in general. The
latter needs to draw a clear picture of fracture mechanism based on physical
knowledge of flaws on the glass fibre and finds out how to improve the fibre strength.
In addition, statistic models without the conflict between their formalisms and basic
principles should be developed to account for the multimodal distribution of fibre

strength.

1.2 Experimental

1.2.1 Single fibre tensile test

Boron free E-glass fibres from Owens Corning-Vetrotex were investigated in this
work and Table 1.4 summarises the materials tested and also includes other

information such as average fibre diameters, product type, and surface coating.
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Table 1.4 Glass fibres tested
Glass Product type  Average Diameter (um)  Surface coating
E Roving 174 +£1.3 /
E Roving 17.3+1.3 v-APS

The fibres were analysed as received from the manufacturer in the form of 20 kg
square-end wound packages (internal unwind). Fibres near the bottom and top of the
packages are likely to have been damaged during packing, storage, and transportation.
Therefore, only the strands from the middle of the packages are selected for testing.
The fibre strength was determined by using the single fibre tensile test referred to
ASTM C1557-03 [49]. Separation of individual fibres was carried out in the
following manner: One end of a bundle is taped to a lamp frame in front of a dark
background for better visibility as shown in Figure 1.12(a). Instead of separating a
fibre from the free end, the upper part of the bundle was partially cut to let the
outmost fibres stick out as seen in Figure 1.12(a). A fibre was then gently pulled
outward-downward from the upper free end and eventually separated from the
bundle. This would avoid fibre rubbing during the separation as much as possible.
Individual fibres were glued onto card tabs with a central cutout that matched the

gauge length chosen for the test as illustrated in Figure 1.12(b).
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Fig. 1.12 Prcfccg,dure for single fibre tensile test
It should be noted that the gauge length is actually defined by the distance between
the fibre exit points from the glue. The glue should, thus, be placed at the contact
point between the fibre and the slot. Loctite super gel glue was used in this work.
The tab ends were gripped in a universal testing machine (Instron Model 3342)
equipped with a 10 N load cell and operated through the software, Instron

Bluehill®2. According to ASTM C1557-03, the axis of the fibre should be coaxial

with the line of action of the testing machine within & </,/50 to prevent bending

strain and/or stress concentrations at the point of fibre exit from the tab. J is the

tolerance and [, is the fibre gauge length. After the specimen had been mounted in

the test machine, a section of the tab was carefully cut away, leaving the specimen

free to be loaded during the test as shown in Figure 1.12(c). Strains were estimated
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by the machine displacement in this case. Only the tests where the sample broke

along the gauge length (see Figure 1.12(d)) were used for further data processing.

A typical load-extension curve is shown in Figure 1.13. All fibres failed in a brittle

manner by exhibiting a sharp drop in stress after ultimate failure stress.

Load (N)

0.0 0.1 0.2 03 04 05 06 07 08 0.9 1.0

Extension (mm)
Fig. 1.13 Typical load-extension curve for a single fibre tensile test

Assuming the glass fibres along the gauge length have a uniform circular cross-

section normal to the axis of the fibres, the fibre strength was then calculated from

the load at break and the cross-sectional area, Af =7[D; /4, calculated using
individual diameters, D, , measured before the tension test by Nikon Epiphot

Inverted optical microscopy as illustrated in Figure 1.14.

10 pm

Fig. 1.14 Measurement of glass fibre diameter using optical microscope
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During handling of the fibre in the microscope, the fibre was not in contact with the
objective. The value of apparent Young’s modulus of the fibre was determined by
the slope of the fitting line in Figure 1.13 and can be automatically calculated by
Automatic Young’s Modulus function in Bullhill®2 software. The modulus was

calculated in the following way:

e searches the data between the first data point that is greater than or equal to

2% of the maximum load and the maximum load value.

e carries out a zero-slope yield calculation to determine if there is a yield point

in the data.

e uses the first data point as the start value and the yield point or the maximum

load point as the end value, whichever occurs first.

e divides the data on the extension axis between the start and end values into 6

equal regions with 0% overlap.

e applies a least square fit algorithm to all of the points in each region to

determine the slope of each region.

e determines the pair of consecutive regions that has the highest slope sum.

e from this pair, determines which region has the highest slope and assigns the

modulus to that region.

The gauge lengths of 5, 10, 20, 40, and 80 mm were chosen and approximately 70-

100 fibres were tested at each gauge length. The loading rate was adjusted according
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to the fibre gauge length so that the fibres were subjected to constant strain rate of
1.5%/min for all gauge lengths. All the tests at different gauge lengths were carried

out at room temperature and 50% relative humidity.

1.2.2 Coefficient of thermal expansion (CTE) of glass fibre

Considering the local integrity of the thesis, a brief introduction is laid out prior to
the description of how the CTE of glass fibre was measured in this work. Most solid
materials expand upon heating and contract when cooled. It is suggested that the
anharmonic nature of the atomic vibration is responsible for the phenomenon of solid
thermal expansion [50]. Anharmonic forces between the atoms lead to an asymmetric
curve for their potential energy function. As the temperature increases so does the
vibratory energy. The increase leads to a change in the average separation when the
potential energy is not symmetric about its minimum [51]. The separation change
also depends on the bond energy between interacting atoms. In general, thermal
expansion decreases with increasing bond energy. Thus, the polymers (e.g.
polypropylene) with loosely-bonded structures generally expand much more than
metals and ceramics (e.g. glass) under the same temperature change. The coefficient
of thermal expansion (CTE) is the measure of a material property that is indicative of
the extent to which a material expands upon heating [52]. CTE is one of the most
fundamental characteristics of a material and is determined by the composition and
structure of the material. CTE is a function of temperature although for some
materials (e.g. soda lime glasses) the thermal expansion can be proportional to
temperature change over some small ranges well below a critical temperature (e.g.

glass transition temperature). The definition of CTE in length at a specific
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temperature, more usually known as coefficient of linear thermal expansion (CLTE),

@, , can be expressed as:

_dL
LxdT

(1.18)

a,

where dL is the infinitesimal change in length of the sample resulting from the
infinitesimal change in temperature d7 and L is original length in the direction

being measured. The parameter, ¢,, has units of reciprocal temperature (°C™"y such

as um/(m-°C) or 10°%/°C. Apparently, an average CLTE, <a'l> , can be obtained over

a temperature range. When CLTE is constant over the temperate range then

o = <a/,>. Similar definitions can be applied to area and volume of the material,
giving respective CTE in area, ¢, and volume ¢, . For isotropic materials, &, is

approximately 3¢, .

Three of the main techniques used for CLTE measurement of rigid solids are
dilatometry, interferometry, and thermomechanical analysis [52]. The dilatometry
technique involves various dilatometers for different applications. With push- rod
dilatometer, a specimen is heated in a furnace and displacement of the ends of the
specimen is mechanically transmitted to a sensor by means of push rods. ASTM
E228-06 covers the determination of the linear thermal expansion of rigid solid
materials using push-rod dilatometers [53]. It is generally applicable to materials
having absolute CLTE exceeding 0.5 pm/(m-°C) for a 1000°C range. The best
precision of CLTE measurement (better than +40 nm/(m-°C) is provided by optical

interference technique, where the displacement of the specimen ends due to
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temperature change is measured in terms of the number of wavelengths of
monochromic light. ASTM E289-04 (Reapproved 2010) provides a standard method
for CLTE measurement with interferometry that is applicable to materials having low
and either positive or negative CLTE (below 5 pm/(m-°C)) from —150 to 700°C [54].
The CLTE can also be assessed using a thermomechnical analyser (TMA), which
consists of a static specimen holder and a movable probe that can transmit changes in
sample length to a transducer that translates movements of the probe into an
electrical signal. ASTM E831-06 describes the standard method for evaluating the
CLTE of rigid solid materials using TMA [55]. This test method is applicable to the
temperature range from -120 to 900°C and the recommended lower limit of CLTE

measured with this method is 5 pm/(m-°C).

Despite the fact that a variety of methods exist for the CLTE measurement of solid
materials, studies of the CLTE measurement of silicate glass fibre are rather scarce.
The literature survey on such aspect usually leads to two main research activities.
One involves CLTE measurement on glass with different compositions and structure
[56-58]. The other concerns development of models for estimating CLTE of oxide
glasses from their composition [57, 59, 60]. Although direct CLTE measurement on
a basis of a single glass fibre seems to have been mentioned in Otto’s report on
compaction effects in E-glass fibres [12], technical details about how to carry out the
experiment were not described. This makes it impossible to duplicate the
measurement. In contrast, the thermal properties of various single polymeric fibres
have been extensively studied. This is probably due to the fact that glass fibres do not
normally agree with the requirements for the test specimen in most methods and

CLTE of glass fibres has to be measured in tension mode. In addition, the brittleness
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of glass fibre brings about extra difficulty in clamping mechanism compared to tough
organic fibres. Notwithstanding these problems, we made our first attempt to directly

measure CLTE of a single E-glass fibre by using TMA.

TMA has historically been used to make a variety of measurements such as CTE,
glass transition temperature and softening temperature etc. Over the past decades,
TMA instruments have expanded performance capabilities and improved ease-of-use
to make TMA potentially more popular as a component in a complete thermal
analysis laboratory. Nowadays, most commercial TMA instruments offer excellent
sensitivity, programmable force, and a variety of easy-to-use probe/stage
configurations. These different configurations have made a range of deformation
modes available, including penetration, compression, tension, and bending. The kind
and quality of information obtained from a TMA, thus, depends primarily on probe
type and the arrangement of the specimen. Tension mode is most often used in
characterising the properties of thin films and fibres. Apart from ability to evaluate
CLTE, this technique can also help in assessing the effects of thermal history on
process variables such as draw or heat setting. Furthermore, the precise control of
applied force and temperature in fully automated instruments has enabled the tension
mode to characterise more fundamental viscoelastic properties such as creep and
stress relaxation. All thermomechanical experiments essentially measure some
variable related to changes in dimension as a function time or temperature. These
changes are related to viscoelastic processes within the material. Thus,
thermomechanical analysis is most often applied in characterising polymers or
polymer composites, where the viscoelastic properties often dominate the material

response. When the deformation of a substance under a negligible load is measured
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as a function of temperature, the technique is more properly referred to as
thermodilatometry (TDA) [61]. The process is further referred to as linear TDA

when dimensional change is measured in only one direction.

In this work, thermomechanical analyzer Q400 (TMA Q400) manufactured by TA
Instruments was used to measure CLTE of a single uncoated E-glass fibre with the
linear TDA technique. Figure 1.15 schematically presents the internal construction of

this machine with expansion probe installed.

Furnace - J—
N —
= Coolant
= /’_/resarvoir
| " Probe
Furnace ——
assembly — Samp{g

Stage —
r———— Fumace
LvoT lift motor
Suspension
assembly
Shuttle
stepper motor
Force coil
assembly

Fig. 1.15 Internal structure of TMA Q400 with expansion probe [61]

The key components in TMA Q400 as in a typical modern thermomechanical
analyser include a furnace system for providing a well controlled test environment,
stage/probe assembly for holding the specimen, and movable-core linear variable
differential transducer (LVDT) whose output is proportional to displacement of the

core caused by changes in specimen dimension. Other important components involve
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a temperature sensor that can be placed in close proximity to the specimen and an

electromechanical coil that can apply force to the sample. To accommodate fibres in

the machine, the film/fibre probe was installed to form a tension configuration as

shown in Figure 1.16.

Furnace

Coolant reservoir

Static stage

Sample

Movable probe

Fibre

S el =

1 LVD
4—_

]

RS Stepper
RS 4_

R
(T P

Fig. 1.16 Schematic illustration of a thermomechanical analyser equipped with

film/fibre probe

This system consists of concentrically installed stage and probe. The former is fixed

on a flat platform, while the inner probe contains the movable core of LVDT and is

driven up and down by a stepper motor. Both the fixed stage and movable probe

have a 1.2 mm slot on the top for supporting upper and lower sample holders.

The real challenge for CLTE measurement of a single glass fibre lies in using an

appropriate sample holder to firmly secure the brittle fibre over a temperature range

of -150 to 600°C. The TMA Q400 employed in our work provides a pair of stainless
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steel clamps for gripping film samples and cleaved aluminium balls for gripping
fibre samples. Such clamping mechanisms work quite well with tough materials, for
instance, polymers and natural fibres. However, it proved extremely difficult for
delicate glass fibres to survive this brutal clamping process. Even if fibres do survive
from crushing, the low compliance nature of both clamps (stainless steel or
aluminium) and glass fibre may result in poor contact between the grip surface and
the fibre. This tends to give rise to a slipping grip on the fibre and make the results
for CLTE measurement unreliable. Alternatively, single glass fibres are often
secured on mounting tabs using various adhesives (for example, epoxy, red sealing
wax, and gel superglue) as in single fibre tension test [49]. The problem with the
normal adhesives is a) much higher CTE compared to glass, b) poor resistance to
high temperature, and c) extremely high compliance at elevated temperature, which
could mean that the applied load is no longer negligible. Thus, the material needed to
hold a single glass fibre in the CLTE measurement as shown in Figure 1.16 should

meet the criteria presented in Figure 1.17.

High compliance Low compliance at
for gripping the fibre elevated temperature

Low CTE in temperature range Good temperature
of the test tolerance

Fig. 1.17 Criteria for selecting material as sample holder in CLTE measurement of
glass fibre
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It was therefore thought that an inorganic material may be able to fulfil these
requirements. After a few attempts at the selection of candidates, Plaster of paris was
chosen to serve as the sample holder. Plaster of paris is a material accessible in a
general laboratory. It is calcium sulphate-based material which can produce a
gypsum paste when mixed with sufficient water. The ends of a single fibre, thus, can
be easily included in this paste, which physically solidifies and hardens in a short
period of time at ambient conditions. The mechanical properties of the dry set plaster
are strongly influenced by porosity, which depends on the amount of water and
setting conditions [62, 63]. More importantly, the dry set plaster has low expansivity
and high temperature tolerance. In this work, no particular mixture ratio of water to
plaster powder was followed to make the paste. Thermomechanical properties of dry
set plaster was examined by dynamic three-point bending test using a dynamic
mechanical analyser (DMA). It was also found that the adhesion between the plaster
and the glass fibre did not sometimes seem adequate to prevent the fibre from
slippage during the measurement of initial fibre length, where the 10 mN preforce
was applied to the sample along the direction of fibre axis by the inner probe. To
ensure the firm grip, the deposited paste at both fibre ends was squeezed by hand
until it felt partly set. The sample was then transferred into an oven at 120°C to
remove water. The calibration of TMA including force, probe, temperature and
length was carried out according to the manual instruction and relevant standards.
The alignment of the fibre between the stage and the probe was achieved in the
following way: place the upper end on the stage, leave the rest of the sample to hang
freely, and bring the probe down to the lower end by measuring the initial length

between two ends. No additional load was applied to the sample during the
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measurement and the sample was heated at 3°C/min from -60°C to 500°C under
50ml/min nitrogen. A specimen thermocouple was located adjacent to the middle of

the fibre. Vibrations were avoided during the measurement.

1.3 Results and discussion

1.3.1 Fibre diameter distribution

Figure 1.18 exhibits the cross section of fibres from the same strand. The variation

in fibre diameter can be visually observed.

10 pm
—

Fig. 1.18 Photo of cross section of fibres from the same strand

Over the course of the investigation, approximately 1000 uncoated and 400 coated
glass fibres were measured using the optical microscope to establish a profile for the

fibre diameter distribution, which is shown in Figure 1.19.
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Fig. 1.19 Diameter distribution of uncoated and APS-coated E-glass fibres

It can be seen that E-glass fibres in this study have almost the same diameter
distribution for uncoated and coated fibres. This may imply that these fibres were
formed under the identical conditions such as bushing temperature, orifice size, and
attenuation speed. In terms of manufacturing process, the difference may just lie in
whether the size is applied to the fibres or not. It can be noticed in Figure 1.19 that
the presence frequency of the mean value is actually only 21% within a fairly broad

distribution.

1.3.2 Young’s modulus and correction

Young’s moduli of uncoated and coated E-glass fibre at different gauge lengths
were measured. In the case of a high modulus fibre, it is advisable to take into
account the machine compliance for a more accurate evaluation of the Young’s
modulus of a rigid fibre. In the test where the fibre is secured on a mounting tab, the

whole system compliance must be determined and used to correct the experimental
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modulus. The description of the method can be found in [49, 64]. Assuming the
sample is perfectly aligned in the direction of loading and there is no slippage before
the fibre fractures, when the fibre is fully strained the measured displacement, AL, is

the sum of deformation of the fibre, ALf , and the system deformation (including the

clamp, tab, and glue), AL_, i.e.

AL=AL, +AL,  (1.19)

Since glass fibres behave elastically in the tension test the Young’s modulus, £,

can be calculated by Hook’s law:

/ (1.20)

where L, is fibre gauge length, AL, is the length change caused by change in

applied force, AF . Combining Equation (1.19) and (1.20), we have

4 (1.21).

+C, —
L,

1_1
E E,

where E is the measured fibre modulus and C, = A—I;ls the system compliance.

Therefore, a plot of (1/E) versus (A ; / L, ) will yield a straight line with constant

slope of C, and intercept (1/E ;) as seen in Figure 1.20.
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Fig. 1.20 Young’s modulus correction for (a) uncoated glass fibre and (b) APS-
coated glass fibre

It might be expected that the system compliance should remain the same if exactly

the same system is used throughout all the tests. However, the variations in
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properties of the card and glue used in this work were very likely to account for the
difference in system compliances shown by the slopes in Figure 1.20. The values of
78.7 GPa and 75.7 GPa can be obtained for Young’s moduli of uncoated and coated
E-glass fibre respectively. Figure 1.21 shows both experimental and corrected

Young’s moduli for uncoated and coated E-glass fibres at various gauge lengths.
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Fig. 1.21 Comparison of uncorrected and corrected Young’s moduli of both uncoated
and APS-coated glass fibres at different gauge lengths

It can be clearly seen that the apparent dimension effect on the modulus is caused by
the system compliance, which influences the modulus to a less extent as the gauge
length increases. The corrected modulus, on the other hand, remains fairly constant at
different gauge lengths. This result is in agreement with the widely accepted
assumption that the fibre modulus is independent of the fibre length. It is interesting
to note that the difference from the comparison of moduli between uncoated and

coated fibres. Young’s modulus of uncoated glass fibre is found to be ~3.6% higher
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than that of coated glass fibre as shown in Figure 1.21. To the author’s best
knowledge, it has not been reported that silane or even size on the fibre surface can
lead to significant difference in fibre modulus. Assuming there is a uniform APS
layer on the E-glass fibre used in this work, the correlation between the thickness of
the layer and its Young’s modulus may be determined by rule of mixture. It is shown
that even if the modulus of APS layer is close to zero the thickness required to
account for the modulus difference obtained from the experiment has to be
approximate 172 nm, which is far beyond the typical range of 10-20 nm found in the
literature and even much thicker than ~100 nm commercial sizings deposited on the
glass fibre [1]. However, it also seems unlikely that the discrepancy in the modulus is
caused merely by some kind of experimental error. This will be clarified in further
work by using a more accurate method to evaluate Ef of both uncoated and coated

fibres.

1.3.3 Fibre strength and distribution

The results for the tensile strength of both uncoated and APS-coated glass fibres

are summarised in Table 1.5.

Table 1.5 Average tensile strength of uncoated and APS-coated boron free GF

Gauge Number of sample Ave. tensile strength+SD
length  Uncoated APS-Coated Uncoated  APS-coated
(mm) GF GF GF GF
5 107 61 1.55+0.38 2.82+0.26
10 97 89 1.51+0.35 2.31+0.81
20 89 87 1.26+0.36 2.28+0.81
40 60 60 1.19+0.42 1.72+0.86
80 72 72 1.14+0.34 1.63+0.87
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It can be clearly seen that within each fibre type the tensile strength decreases as the
fibre gauge length increases. This is the manifestation of dimension effect discussed
in the literature earlier. In addition, the average tensile strength of APS-coated GF
was found higher than that of uncoated fibres at each gauge length and particularly at
relatively small gauge lengths, APS-coated GF gave almost doubled value for tensile
strength compared to uncoated GF. It is also interesting to note that standard
deviation for uncoated GF is much lower than that for APS-coated GF except for the
fibres at gauge length of 5 mm. More discussion on fibre strength and statistical

strength analysis can be found in Appendix (A).

1.3.4 CLTE of glass fibre

Figure 1.24 shows the strain variation of a single boron free uncoated E-glass fibre
as a function of temperature during the first heat cycle in CLTE measurement by

TMA.
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Fig. 1.22 First heat cycle curve of change in strain of a single boron free uncoated E-
glass fibre as function of temperature: (1) fibre (1) and (2) fibre (2)

Fibre (1) and (2) have initial lengths, 24.1 and 19.4 mm, at the room temperature. It

can be seen that both samples appear to expand linearly along the fibre axis direction



until approximately 300°C is reached. Assuming both fibre and plaster behave
elastically before this temperature, the apparent CLTE can then be calculated from
the derivative of the strain with respect to the corresponding temperature according
to the Equation (1.18). Based on linear regression method the mean values, 4.64 and
497 um/(m-°C), for CLTE of two individual fibres are obtained within the
temperature range of 20-300°C as shown in Figure 1.22. These values are very close
to 5 um/(m-°C), which is the most commonly accepted value for E-glass fibres.
Matsumori et al. evaluated the accuracy of CLTE measured by TMA in a wide
temperature range [65]. One of possible sources of error for this test method is
related to the sample dimension change, which is the primary TMA signal. For
materials with a high CTE such as polymers this error may be negligible since
thermal expansion originated from other components is usually incomparable. For
example, polypropylene has the mean CLTE 220 pm/(m-°C) below 120°C whereas
the stage and probe in TMA are normally made of vitreous silica, which has only
0.5240.2 pm/(m-°C) from 20-700°C [55]. Solid glass is known to have a low CTE
and the measured dimension change, thus, should be corrected for the expansion of
the sample holder. One of the methods developed by Matsumori et al. involves the

following procedure [65]:

(1) Measure blank, where the measurement instrument baseline is measured using
the same test parameters but without a test specimen, that is, with the probe in

contact with the stage.

(2) Measure the specimen under the same condition.

(3) Subtract data (1) from data (2).
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(4) Calculate CLTE from data (3).
(5) Add the CLTE value of the stage material.
This process can be expressed by Equation 1.22

AL, =AL, +LAT@,,, —AL,,, (1.22)

stage

where AL = change of specimen length, AL, = measured change in length, AT =

temperature difference over which the change in specimen length is measured,

a,,..= mean CLTE for stage, and AL, , = change of baseline due to heating. In

stage
addition, the calibration coefficient, k =0.974 , was also determined by using the
standard Aluminium sample. The mean CLTE can then be calculated by the Equation

1.23

AL Xk

(o)) = AT (1.23)

The calculation yields 4.94 and 5.25 pm/(m-°C) for the mean CLTE of fibre (1) and
(2) respectively. Although more measurements are required to test the experimental
reproducibility, our preliminary attempts have showed that with the aid of plaster as
the sample holder material the CLTE of a single glass fibre can be characterised in

the temperature range of 20-300°C.

At low temperature the length change remains linear until an abrupt change
occurred around 0°C as seen in Figure 1.22. The sudden change in slope of the

expansion curve normally indicates a transition of the material from one state to
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another. In this case, however, the glass is not expected to undergo any physical
transition at 0°C. Since this temperature coincides with the melting point of ice at
atmospheric pressure, the slope change may be related to the water adsorbed by the
glass. Such change can be exhibited more dramatically in CLTE vs. temperature plot

in Figure 1.23.

Sample: bare glass fibre-2nd (1=24.14mm

File: J:.. \bgfispecimen-1\bgf-plaster 2nd.001
TMA
Size: 24.1411 x 0.0185 mm Operator: LY
Method: T Ramp Run Date: 02-Mar-2010 10:46
Comment: bgf griped by plaster-02/03/10 Instrument: TMA Q400 V7.4 Build 93
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Fig. 1.23 Plot of CLTE as function of temperature for uncoated E-glass fibre

Although the CLTE of the fibre remains fairly constant before and after the transition
zone it can be clearly seen that the value at low temperature is actually lower than
that at high temperature. The same situation can be found for the other sample. This
could also be associated with the adsorbed water on the glass. More work is desired

to make this clear.
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In the measurement of CLTE of very fine E-glass fibres with the diameter 5 and 7
pm Otto showed the contraction in length of the fibre at elevated temperature
(>100°C) in the first heat cycle [12]. This phenomenon is termed as thermal
compaction and thought to stem from quench induced non-equilibrium state in the
structural configuration of the glass fibre. However, such fibre shrinkage does not
appear in the results of this work. This could be due to either the glass fibres used in
this study are much thicker with the diameter 18 um or this contraction is masked by
some other factors (e.g. plaster). Figure 1.24 shows the dynamic flexural modulus of

the plaster as function of the temperature measured by DMA.

Sample: Plaster 3pb (FG-calibrated DMA) DMA File: J:..\plaster 3pb 1Hz RT-500°C.005
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Fig. 1.24 Dynamic flexural modulus of the plaster as function of temperature

The storage modulus of the plaster made in this work is found to undergo an increase
at the temperature close to 100°C and experience more significant decrease up to

300°C, which seems to agree with the temperature for the deviation from constant
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CLTE in Figure 1.22 and 1.23. The modulus reduction could lead to additional
displacement along the direction of the measurement and eventually contribute to the
measured length change. If this is the case, one would expect a more dramatic
reduction in CLTE than that seen in Figure 1.25 at 100°C. This is probably due to the

plaster tested in DMA was not preheated at 120°C as that used in TMA.

1.4 Summary

Mechanical properties of both uncoated and APS-coated boron free E-glass fibre
have been characterised by using conventional single fibre tensile testing at a variety
of gauge lengths. The Young’s modulus for uncoated fibres is found to be 3 GPa
(~4%) higher than that for APS-coated fibres. To further confirm this result, more
accurate techniques such as ultrasonic method are recommended to measure the
modulus of these fibres. The results for the tensile strength of uncoated fibres can be
reasonably well fit by unimodal Weibull distribution while the APS-coated fibres
show multiple flaw distribution, which requires use of the maximum likelihood
method to estimate unknown parameters. APS-coated fibres have showed
considerable improvement in the strength controlled by less severe flaws and no
effect on the strength controlled by the most severe flaws. This strength enhancement
is also related to the fibre length. An attempt to measure the CLTE of a single glass
fibre in TMA has been made with the aid of plaster as the sample holder material.
The preliminary results showed that the CLTE of the uncoated E-glass fibre is fairly
constant in the temperature range of 20-300°C with the value very close to 5
pm/(m-°C). In addition, the adsorbed water on the fibre appears to have an effect on

the measured CLTE and more measurements are required to make it clear.
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Chapter 2

Mechanical Characterisation of Polypropylene

2.1 Literature review

2.1.1 Chemistry of polypropylene

Polypropylene (PP) is today one of the most widely used polymeric materials. It
has become an integral part of everyone’s lifestyle with applications varying from
commonplace domestic articles to sophisticated scientific and medical instruments.
So what is polypropylene? Strictly defined, PP would simply be whatever was
obtained by polymerising propylene, which is usually produced by the cracking of
petroleum products such as natural gas or light oils and is the basic building block
(i.e. monomer) of PP [1]. As the member of olefin family, propylene is an
unsaturated organic compound and has molecular formula CsHg, whose molecular

structure can be illustrated as

H,C— ?H
CH;

In polymerising propylene, the double bond opens to form another two C-C covalent
bonds with another two monomers. This process repeats for a great many times and

the polymerised molecule has the following structure
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Fiel

H CH;

The n is, known as the degree of polymerisation, the number of the repeated unit in a
PP molecule. It can be seen that little or no unsaturation should be found in PP. The
methyl group in the structure above can have different arrangements in the chain,
resulting in different types of stereochemical configuration: isotactic PP (Figure

2.1(a)) syndiotactic PP (Figure 2.1(b)) and atactic PP (Figure 2.1(c)).

208028020203080808:20

(a)

Sogodogodogodogodoge

(b)

SogodoSodogedogodole

c

Fig. 2.1 Schematic illustraticin)s of (a) isotactic, (b) syndiotacticm, and (c) atactic PP
with pendant carbon atom as black and back-bone carbon atom as white [1]
However, the common features in these molecules are linearity (i.e. no branches) and
possibilities for high molecular weight if n is high. These characteristics were not
achieved prior to 1950, when PP was branched low molecular weight oil with no
interest and industrial importance. In the mid-1950s, Ziegler and Natta developed
catalysts that were capable of producing stereoregular polymers with high molecular

weight from propylene and many other olefins. This was later developed into a new

type of chemistry, now known as Ziegler-Natta catalysis. This technology can
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manipulate the molecular stereoregularity by controlling the degree of branching, the
pendant methyl sequence, and stereo arrangement of the monomer unit (i.e. right or
left hand) [1]. The following content will be limited to isotactic PP, which has been

of the most importance in both academic research and polymer industry.

2.1.2 Structure and morphology

The structure and morphology of PP have been extensively studied. These aspects
have profound effects on the end-use properties of PP. As a saturated linear
hydrocarbon polymer, PP has many similarities in its properties to linear
polyethylene (PE), which has the simplest basic structure of most polymers [2]. The
distinguishing characteristics of PP stem from the presence of the pendant methyl
group, which can slightly stiffen the chain and interfere with the molecular symmetry
compared to linear PE. The most significant influence of the methyl group is that it
can lead to different tacticity, ranging from completely isotactic and syndiotactic
structures to atactic molecules as shown in Figure 2.1. The isotactic PP is considered
to possess the most regular molecular structure since the methyl groups are all
positioned on one side of the molecular backbone. The regularity of the PP allows it
to crystallise. However, the molecules of PP cannot crystallise in a planar zigzag
form as does PE due to the steric hindrance of the methyl groups. Instead, a helix
with three monomer units being required for one turn is adopted. Both right-handed
and left-handed helices occur and can fit into the same crystal packing to form a
crystallographic unit cell. Different packing geometries in the unit cell lead to four
well-known crystal structures: the monoclinic (o) form, the hexagonal () form, the

triclinic (y) form and the quenched form [3]. The most common crystal structure by
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far is the a-form found in normal melt-crystallised and solution-crystallised PP
samples. The unit cells can go on building up a lamellar-shaped crystal, which
further involves in the process of forming supermolecular structure of PP. It is
therefore said that PP, like other crystalline polymers, exhibits a hierarchy of

characteristic scales in its morphology as shown in Figure 2.2 [1, 4].

(Skin-Core Morphology)

Visual Scale

~ mm-~cm

Spherulitic Scale

1~50 um y /E‘\

/
Lamellar Scale

100~300 A

Crystallographic Scale

: c=6.5A

\/(/’ b=20.8 A

a=6.6 A

Fig. 2.2 Schematic illustration of a hierarchy of characteristic scales in PP
morphology [1]

The unit cell dimensions are shown for the a-form of PP. The lamellae are composed
of crystallographically ordered regions. It is also noticeable that the polymer chains
are folded in the lamellae. Aggregates of folded-chain crystallites (i.e. lamellae)
arranged in definite geometry are designated supermolecular structures [3]. The most
frequent supermolecular formations in melt crystallised polymer are spherulites but,

under special conditions, other supermolecular geometries may also be formed. Each
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spherulite grows uniformly in all spatial directions radially from a nucleus formed
either by the density fluctuations that result in the initial chain-ordering process
(homogeneous nucleation) or from an impurity (heterogeneous nucleation) in the
system. The growth takes place by the formation of a series of lamellar crystals
winding helically along the spherulite radius. As the growth of lamellar crystals
advances, small-angle branching takes place. The branching of growing crystallites
provides complete space filing, which eventually fills out into the characteristic
spherical structure. In between the branches are amorphous areas and these, along
with the amorphous interfacial regions between the lamellae, make up the disordered
content of the semicrystalline polymer. When the nucleation density is high, the
spherical symmetry tends to be lost as the spherulite edges impinge on their
neighbours to form a mass such as shown in Figure 2.2. From above, one can see that
molecular stereoregularity is a critical factor governing the resultant morphology of
PP because it determines the crystallisability of the chain. Crystallisation of PP can

lead to a relatively high degree of crystallinity, in the range of 40% to 70% [1].

In addition to molecular stereoregularity, there are other structural properties that
can affect the morphology of PP such as molecular weight (MW), molecular weight
distribution (MWD) (i.e. polydispersity). It is said that lower MW and broader MWD
can all lead to an increase in the cystallinity of PP [1]. Low MW allows the polymer
chains to rearrange more rapidly and thus create more perfect crystals, whereas high

MW PP does not crystallise so easily as lower MW PP.

70



2.1.3 Processing of Polypropylene

As a member of thermoplastic polymers, PP is shaped into useful products by a
wide variety of processes, which has been a major factor in its commercial success.
The processes based on PP melt mainly involve extrusion, injection moulding, blow
moulding, compression moulding, and so on. It is common practice to extrude and
mould PP in the shape of granules, which are generally obtained either by dicing
using special granulators or by cutting either hot or cold extruding strands [5].
Commercial grades of PP granules usually contain a great number of additives,
which are used to impart stability during the processing and use of PP but also to
modify various properties. For example Hindered phenols and amines are normally
added into PP as primary antioxidants, which can directly react with the active
radical, resulting in nonradical product to be formed [1]. Nucleating agents can affect
the physical properties of PP by changing the crystallisation kinetics of PP and
plasticisers can reduce the stiffness of PP. Emphasis needs to be placed on three
other groups of additives, which are peroxides, surface modifiers, and fillers. In
general, the addition of peroxides to PP is intended to improve the processability of
PP and achieve the diversity in polymer grades suitable for the different applications
by modifying the MW and MWD, which both have a strong influence on rheological
properties [6, 7]. This is because that peroxides can initiate and/or promote
degradation of the starting PP by giving rise to chain scission of polymer molecules.
This will reduce the MW and leads to a narrower MWD [6, 8-10]. Note that certain
type of peroxide can also be generated in thermo-oxidative degradation of PP [11] as
will be shown in Figure 4.3 in chapter 4. Apparently the introduction of the peroxide,

a radical source, can adversely affect the polymer stability.
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The poor adhesion of polyolefins arises from their low surface free energy and
insufficient chemical functionality of the surface, whose properties can be altered by
techniques, including plasma modification [12], flame treatment [13], and surface-
graft polymerisation [14]. Various additives can be used to modify the surface
properties of PP and improve its adhesion with dissimilar materials such as glass and
wood. The most commonly used in PP-based composites is maleic anhydride-grafted
polypropylene (MAPP), which serves as an effective compatibilising agent for polar
fillers and PP at the interface. It has been demonstrated that it is possible to react
solid PP with maleic anhydride (MA) in a solvent-free heterogeneous phase in the
presence of dilauryl peroxide, resulting in an modified PP whose characteristics
enable it to be advantageously used as a compatibilising agent in the preparation of
glass fibre reinforced PP [15]. Numerous fillers are routinely used in PP-based
composites and they may be classified into organic and inorganic fillers. The former
often involves natural materials [16] and the latter usually include mineral materials
such as talc, carbon black [17], calcium carbonate [18], and glass fibre. Among all
the fibres, glass fibre has been the most widely used reinforcement in PP and gained
tremendous attention from research activities [19-25]. It is used mainly to enhance
PP strength and rigidity by serving as a major load bearer in glass fibre reinforced PP
composites. Appreciable improvements are, however, only realised after the surface
properties of both constituents are altered to obtain a decent adhesive strength at the
interface. There is no doubt that various additives could affect morphology of PP at

different scales, depending on at which scale the additives interact with PP.

Apart from additives involved in processing PP, the forming processes themselves

also play a significant role in determining the final polymer morphology. Molecular
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orientation is probably the most evident processing-induced structure in PP. As the
term implies, it involves forcing the molecules to line up in a particular direction or
plane, rather than being randomly arranged. The molecular orientation is deliberately
introduced in some applications such as fibres and films. However, unintended
orientation, although to much lesser extent, can also occur in such the process as
injection moulding. Injection moulded samples tend to show a clear skin-core
morphology consisting of a surface skin layer with a high molecular orientation and
an inner core layer composed of spherulites with a low molecular orientation [26, 27].
Furthermore, the processing temperature and pressure are crucial factors that affect
the rheological and thermal properties, which influence the macroscopic morphology
in injection moulded PP. For example the skin layer thickness decreases with

increasing melt temperature and/or mould temperature [27].

2.1.4 Properties of polypropylene

End-use properties of PP are strongly dependent on its structure, morphology, and
processing conditions. In fact, the relationship among these aspects plays a key role
in general material science and technology. Understanding the correlation between
them is normally a central target in a study of materials. For a semicrystalline

polymer such as PP, this relationship may be summarised in Figure 2.3.
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Fig. 2.3 Relationships among polymer structure, processing, morphology, and end-
use properties. The polymer morphology is composed of various building blocks
over a hierarchy of scales [1]

It can be seen that it is the morphology which provides the most direct link with
polymer properties. It is, to large extent, attributed to the importance of
intermolecular distances in determining polymer properties. In amorphous region,
molecules are randomly loosely arranged and entangled with each other. Glass
transition temperature (T,), which is the onset of the temperature at which molecular
segment rotations start to occur, strongly affects many properties of amorphous
molecules by the transition from the rubbery to the glassy state as a result of changes

in the molecular mobility. On the contrary, the closer packing of the molecules in

crystalline region causes an increased density. The decreased intermolecular
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distances will also increase the secondary forces holding the chains together and
increase the magnitude of properties such as tensile strength, stiffness and softening
point. Other typical characteristics of crystalline and amorphous polymers are

described below [5].

Amorphous Crystalline
* Broad softening range: thermal * Sharp melting point: the regular close-
agitation of the molecules breaks down  packed structure results in most of the
the weak secondary bonds. The rate at secondary bonds being broken down at the
which this occurs throughout the same time.
formless structure varies producing * Usually opaque: the difference in
broad temperature range for softening. refractive indices between the two phases
* Usually transparent: the looser (amorphous and crystalline) cause
structure transmits light so the material ~ interference so the material appears
appears transparent. translucent or opaque.
* Low shrinkage: all thermoplastics are ~ * High shrinkage: as the material solidifies
processed in the amorphous state. On from the amorphous state the polymers take
solidification, the random arrangement  up a closely packed, highly aligned
of molecules produces little volume structure. This produces a significant
change and hence low shrinkage. volume change manifested as high
* Low chemical resistance: the more shrinkage.

open random structure enables chemicals ¢ High chemical resistance: the tightly
to penetrate deep into the material and to packed structure prevents chemical attack

destroy many of the secondary bonds deep within the material.

* Poor fatigue and wear resistance: the  * Good fatigue and wear resistance: the
random structure contributes little to uniform structure is responsible for good
fatigue or wear properties. fatigue and wear properties.

For semicrystalline polymers, the crystalline domains are mainly responsible for
the low strain properties such as modulus and yield stress, whereas the amorphous
region is thought to account for high strain properties such as toughness and tear. The
molecules within amorphous interfacial regions between the crystalline lamellae
have segments built into one or more lamellae. Thus, the amorphous molecules are
restricted by not only the molecular entanglements but also crystals. These shared

and entangled molecules are called tie-molecules, which traverse the amorphous
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interface between adjacent lamellae. Tie-molecules have influence on both low and

high strain properties [28].

The processing-induced orientation gives rise to anisotropy in the properties of the
polymers, with general mechanical properties (e.g. stiffness and tensile strength)
higher along the orientation direction than other directions because on application of
stress much of the strain is taken up by covalent bonds forming the chain backbone.
The oriented chains retain considerable “memory” and with time they may recoil up
to some extent by changing confirmation, which can be significantly accelerated by

increasing temperature.

The properties of six commercial homopolymer PP (all made by the same
manufacturer and subjected to the same test method) which differ in melt flow rate

(MFR) are compared in Table 2.1.

Table 2.1 Typical properties of different grades of PP [29]

Melt flow rate  Flexural tensile Izod impact
at 230 and 2.16 modulus strength notched at
Name kg (g/10min) (GPa) (MPa) 23°C (kJ/mz)
SABIC PP
531P (PP0.3) 0.3 1.5 30 7
SABIC PP
S571P (PP5.7) 5.7 1.8 34 2.7
SABIC PP
575P (PP10.5) 10.5 1.8 34 2
SABIC PP
576P (PP19) 19 1.9 30 2.5
SABIC PP
578N (PP25) 25 2.1 23 2.5
SABIC PP
579S (PP47) 47 1.9 22 2
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It shows that a decrease in MW (i.e. increase in MFR) can cause an increase in

modulus but decrease in tensile strength and impact strength.

2.2 Experimental

2.2.1 Material

A range of grades of homopolymer isotactic polypropylene were supplied by
Saudi Basic Industries Corporation (SBIC). The melt flow rate (MFR) of these
grades lies in the range from 0.3 to 47 g/10 min. Not every grade encountered in the
following tests went through all the tests, except for the grade with MFR=47 g/10
min (PP47), which is also the grade used for the measurement of adhesion with glass
fibre. From now on, each grade of PP will be denoted using the combination of PP

and corresponding MFR such as PP0.3 and PP47.

2.2.2 Differential scanning calorimetry

Melting behaviour and crystallisation of different grades of PP were probed by
using differential scanning calorimeter (DSC) Q1000. Film samples were made out
of PP pellets on a hotplate at temperature of 220°C and cooled down at ambient
temperature. The circular shape of the films was then created using a paper punch.
The film discs had approximately the diameter of 5.5 mm and thickness of 0.22 mm.
The samples weighed 5—6 mg and could perfectly fit in standard DSC pans. A cover
was crimped against the pan with the sample sandwiched in between so as to achieve
a well sealed environment and intimate thermal contact between the capsules and the

samples. This ensured good heat transfer, which is essential for reproducible results.
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Nitrogen was used as purge gas during testing and the flow rate was set to be 20
ml/min. The testing procedure was programmed as follows. 1: Data storage Off; 2:
Equilibrate at -60.00 °C; 3: Isothermal for 1.00 min; 4: Data storage On; 5: Ramp
10.00 °C/min to 250.00 °C; 6: Isothermal for 1.00 min; 7: Mark end of cycle 1; 8:
Ramp 10.00 °C/min to -60.00 °C; 9: Isothermal for 1.00 min; 10: Mark end of cycle
2; 11: Ramp 10.00 °C/min to 250.00 °C; 12: Isothermal for 1.00 min; 13: Mark end
of cycle 3. The first thermal cycle was to replace the previous thermal history with
the controlled one. The crystallisation was obtained in the second cycle and melting
behaviour was recorded in the third cycle. The variation of heat flow with
temperature was recorded and typical graph of heat flow against temperature in the

cooling cycle and reheating cycle for PP47 is shown in Figure 2.4.

Sample: 5785

DsC File: J-_. \05-02-D8 film specimen#1\578s.002
Size: 4.8400 mg Operator: Liu Yang
Method: Heat'Cool/Heat Run Date: 05-Feb-2008 23:32
Instrument DSC Q1000 WE.2 Build 288
]
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Fig. 2.4 DSC trace with three thermal cycles for PP47 film

From the cooling cycle, crystallisation extrapolated onset temperature, T, and

crystallisation peak temperature, T,., were obtained. From the reheating cycle, the
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melting extrapolated onset temperature, Tein, and melting peak temperature, Tpp,

were obtained. Furthermore the heat of fusion, AH, , was calculated through melting

peak integration by constructing a baseline by connecting the two points at which the
melting endotherm deviated from the relatively straight baseline. Two samples of

each grade were tested.

2.2.3 Dynamic mechanical analysis

The viscoelastic properties of various grades of PP were characterised by using
dynamic mechanical analyser (DMA) Q800. Bar samples were prepared using a
Galomb A-100 hand-operated injection moulding machine at a temperature of 220°C

as shown in Figure 2.5, together with the self-manufactured mould and a moulded

sample.

Fig. 2.5 Photo of hand-operated injection moulding machine and the mould for a bar
sample

The samples had dimensions 60x12.6x3.2 mm and underwent three-point bending
tests with support span length of 50 mm. The experiment settings included heating

rate: 3°C/min, temperature range: -60°C to 130°C, frequency: 1 Hz, oscillating
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amplitude: 100 um, static pre-load: 0.1 N, and force track: 150%. All the samples
were stored for two days before testing. The test was carried out according to the
standard method ASTM D5023-07 [30]. The variation in storage modulus E', loss
modulus E', and damping index, tand=E/E with temperature was recorded and a

typical graph of the relationships among them is shown in Figure 2.6.

Sample: PP47 3pb 1Hz -80-130°C DMA File: J:__\3pbWFP47 3pb 1Hz -60-120°C.002
Size: 50.0000 x 12.7000 x 3.2500 mm Operator: LY

Method: Temperature Ramp Run Date: 16-Feb-2010 15:17

Comment: 16th February 2010 Instrument D&4A Q200 V20.2 Build 27

5000 250

4000 - — 200

3000 +

150

2000 - 100

Storage Modulus (MPa)
Loss Modulus (MPa)

1000 &0

0 T T T T i}
-100 -50 0 50 100 150

Temperature ("C) Uniiversal V4.5A TA Instruments

Fig. 2.6 Dynamic mechanical parameters of PP47 as a function of temperature
measured by DMA

0 is the phase angle between applied force and measured displacement. Apart from
these dynamic mechanical parameters, T, could also be obtained from the tand peak.

At least five samples of each grade were tested.
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2.2.4 Thermomechanical analysis

The coefficient of linear thermal expansion (CLTE) of PP47 was measured using
the thermomechanical analyser (TMA) Q400. Samples were made by having a
selected PP47 pellet melted in a Mettler Toledo standard aluminium crucible with
dimensions of 6x1.6 mm. The melting was carried out in the thermogravimetric
analyser (TGA) Q50 at a temperature of 220°C with nitrogen as purge gas. Samples
were retained in the furnace for 4 minutes before cooling down at ambient
temperature. Sample dimensions are similar to the crucible dimensions and the
exposed surface might need to be polished to produce a flat surface without air
bubbles. Figure 2.7 shows a typical sample mounted on the stage and

macroexpansion probe.

Fig. 2.7 Photo of iPP47 sample mounted in TMA with macroexpansion probe

Measurements were carried out in the light of TMA experimental instruction and the
standard test method ASTM E831-06 [31]. 0.1 N static force was applied to the
specimen during testing to ensure that the sensing probe was in contact with the

specimen. The specimen was heated at a constant heating rate of 3°C/min over the
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temperature range from -60°C to 130°C. The changes in specimen length as a
function of temperature were recorded and a typical graph of their relationship is

shown in Figure 2.8.

Sample: pp47 100% 0.1N TMA File: Jo. \TMA\bgfppd7-100%-redo. 004
Size: 1.2736 mm Operator: LY

Method: T Ramp Run Date: 17-May-2010 10:58
Comment: Tramp 18/05/10 Instrumant TR4A Q400 V74 Build 53
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Fig. 2.8 Dimension changes of PP47 as a function of temperature measured by TMA

The mean values of CLTE at different temperatures were then calculated from the
slopes of the dimension change versus temperature plots as demonstrated in Figure
2.8. Moreover, the T, was also determined as the point of intersection of the tangents
to the TMA curve before and after the transition [31-32]. At least three samples were

measured in this test.

2.2.5 Tensile testing

Tensile properties for PP47 were obtained through a uniaxial tension test.

Dumbell-shaped test specimens were injection moulded using an Arburg allrounder
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170-90-200 injection moulding machine. The barrel temperatures were set to be
190°C, 195°C, 200°C, and 210°C respectively. The mould temperature was set to be
40°C. The mould pressure was approximately 11.2 MPa and the holding pressure
was 7.8 MPa. The total moulding cycle time lasted about 2 minutes due to the
moulded part could not be automatically ejected from the mould. The specimens had
narrow section with the dimensions 70.00£0.02x10.00+0.02x4.00+0.02 mm. The
surface of the samples had many visible scratches due to the marks left in the surface
of the mould. The specimens were stored for at least 40 hours and tested prior to 90
hours after moulding. The tensile testing was carried out by using an Instron tensile
tester according to ASTM standard method D683-03 with the extension rate set to be
50 mm/min. 9 samples were tested until they eventually ruptured. Figure 2.9 shows a
typical loading vs. displacement graph obtained during testing. A linear relationship
between the load and displacement, obeying Hooke’s law, is held at small sample

strain.

1600 - —
1 Tensile strength at yielding

1400 | /
12001|f \
wooff - | Cold-drawing

8001 \—— i, SV

6001 N

Load (N)

4001
2001

0 10 20 30 40 S0 60 70 &0 90 100 110 120 130 140 150 160 170

Extension {mm)

Fig. 2.9 Plot of load vs. extension during tensile testing on injection moulded PP47
sample
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The elastic modulus can be obtained by the slope of the linear range combined with
the original sample dimensions. Beyond the elastic limit, which is normally not
obvious for some materials such as PP, yielding commences and the material is in the
plastic range. The manifestation of this range in the graph is the decrease in the slope.
When the curve reaches the highest point, where the slope of the curve becomes zero,
the localised reduction in cross section, also termed as necking, occurs in the material.
This point is known as the tensile strength at yielding and is given by the maximum
load carried by the specimen divided by the original cross-sectional area. The neck
propagates rather quickly through the specimen under more or less constant load
until fracture occurs. Since the load-extension curve for PP does not exhibit a clearly
defined yield point, the offset method can be used to indicate this point. The specific

procedure to carry out this method can be found in [33].

2.3 Results and discussion

2.3.1 Melting behaviour and crystallisation

The melting curves displayed in Figure 2.4 show some common features in
melting behaviour of polymers. For example, the melting process normally extends
over a wide temperature range since the size and structure of crystallites vary
considerably. Trying to calculate an onset temperature for such process is fairly
difficult. The peak maximum temperature of a broad melt is the most meaningful and
therefore used in practice. The first heating cycle for PP47 is presented in Figure

2.10, in which double endotherms can be observed.
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Fig. 2.10 Melting behaviour of PP with different molecular weight in the first cycle

This phenomenon is well known to be caused by recrystallisation, in which
perfection of the structure may proceed within the given crystalline modification
under favourable thermal conditions such as during the heating [34]. More recently,
this double melting behaviour was related to a specific type of spherulite structure,
which had predominant cross-hatched lamellae with same thickness in both
tangential and radial directions [35]. Recrystallisation is a time- and temperature-
dependent process and can be reduced by increasing the heating rate. It is also
affected by the MW with low MW giving more remarked recrystallisation [36]. This
is the case in this work as shown in Figure 2.10, where Y-axis offset was adjusted for
each curve to separate one from another. It is also found in melting curves of all
grades tested in DSC that the melting peak in the first heating cycle is always slightly
higher than that in the second heating cycle. This could be simply because the
specimen has achieved better thermal contact with the pan after the melting process

in the first cycle.
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Figure 2.11(a) shows the melting temperatures (including both Tem and Tpy) of

various grades of PP as a function of their corresponding MFR’s.
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Fig. 2.11 (a) Melting temperatures, (b) crystallisation temperatures, and (c) heat of
fusion of various grades of iPP as a function of MFR measured by DSC

Heat of fusion (J/g)

Note it is not the ideal way of evaluating the influence of MW on melting
temperatures since there is no consistence in MWD and additives, which could all
affect the melting behaviour of PP. Nevertheless, the tendency of an increase in Tejm
before MFR=25 g/10min can be observed in Figure 2.11. This may result from the
fact that it is easier for shorter chains to organise themselves into crystallites.
Consequently the crystallites formed with shorter chains have more perfection and
give higher T.i,. However, this does not seem to be the case for T, which does not
appear to be affected by MFR. Moreover, the large error bars in the results for Tpy
measured under the same conditions implies that the impurities in the sample may
affect Ty, to greater extent than onset temperature. More measurements need to be

carried out to reduce the scatter in the results for Tpp,.

Figure 2.11(b) shows the crystallisation temperatures of various grades of PP as a

function of their corresponding MFR’s. It can be seen that both Tei. and T, appear to
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increase as the MFR increases before MFR=25 g/10min. The data point at PP47 does
not follow this trend and have a value slightly lower than that at PP25. The datasheet
of PP25 indicates that this grade is nucleated, which allows it to crystallise at higher
temperature. The results are qualitatively in agreement with the MW dependence of
PP crystallisation reported in the literature [2, 37]. The increase of Teic and Ty with
the decrease in MW of PP is attributed to the fact that PP with lower MW has shorter
chains and less physical crosslinks (i.e. entanglements), which would both favour the

crystallisation.

Figure 2.11(c) shows the heat of fusion of various grades of PP as a function of
their corresponding MFR’s. For the same material, heat of fusion is proportional to
its degree of crystallinity. The results in Figure 2.11(c), thus, can also be interpreted
in terms of degree of crystallinity. It can be seen that a decrease in MW tends to
increase PP crystallinity, which fits the results for its crystallisation behaviour shown
above. However, such effect does not seem significant due to large data scatter,
which may be partially attributed to the calculation of the heat of fusion. Broad
melting peaks can make it difficult to identify the beginning of melt and small
changes can have a significant effect on the values obtained. In this work, the run
were started well below the melting region and extended well above the melting area
in order to distinguish the flat baseline from the melting region. However, it was

down to the operator to select calculation limits.

2.3.2 Thermomechanical properties

Figure 2.12(a) shows storage moduli, E', of three grades of PP as a function of

temperature.
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Fig. 2.12 (a) Storage modulus, (b) 152 modulus, and (c) tan Delta of various grades
of PP as a function of temperature measured by DMA

It shows significant decrease of E around T, which is about 2°C. Above T, the
difference in E among these grades is quite small with E of PP19 slightly higher
than that of PP0.3 and E of PP47 in between. This seems to agree with the results for
their crystallinities as discussed earlier. Below T,, however, E of PP0.3 increases
more considerably and overtakes E of other two grades by 15% at -50°C. This may
imply the change in a role that the amorphous phase plays in the temperature
dependence of mechanical properties of PP. Above T,, crystallinity of PP mainly
accounts for the measured modulus and amorphous phase is in a rubbery state
constrained by both molecular entanglements and crystallinites. The number of tie-
molecules can also affect the modulus since they are responsible for transferring the
load between laminae. Below Ty, crystallinity of PP is still the major contributor to
the modulus. However, the amorphous phase is in a glassy state and may affect the

modulus more significantly compared to its rubbery state. Thus, PP0.3 with lower
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crystallinity and larger number of tie-molecules may have a lower E above T, and a
higher E below T, than other two grades, which have less of this effect probably due
to much smaller difference in the MW between PP19 and PP47. Despite the effect of
different MW, the results in Figure 2.12(a) clearly shows a rapid change in E with
temperature and slopes of 89.643.9, 65.6+4.6, and 67.843.7 MPa/°C can be obtained

at T, for PP0.3, PP19, and PP47 respectively.

Figure 2.12(b) shows loss moduli, E“, of three grades of PP as a function of
temperature. In general E  decreases with the temperature and forms a peak around
-2°C, which can sometimes be taken as T,. However, the T, is determined at the
maximum of tand as shown below. Furthermore, comparison between different
grades shows that the effect of MW on E ' is similar to that on E. This implies that
below T, the dynamic modulus for PP0.3 should be higher than that of other grades
and has a relatively low value above T,. Figure 2.12(c) shows damping indexes, tang,
of three grades of PP as a function of temperature. The peaks at a plot of tand vs.
temperature are normally regarded to correspond to various characteristic relaxation
times. T, can be obtained from the primary peak in each curve of Figure 2.12(c). It
shows that there is little different in T, among these grades, which is a bit surprising
since the increasing number of chain ends in PP19 and PP47 is expected to shift the

transition region to a much lower temperature from that of PP0.3.

Figure 2.13 shows variation in CLTE of PP47 with temperature. It can be seen that
CLTE of PP47 keeps increasing with temperature and develops a step at the glass

transition region.
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Fig. 2.13 CLTE of PP47 as a function of temperature

The results are in agreement with those found in the literature [20]. Moreover, the
curve in Figure 2.13 shows a glass transition temperature similar to that obtained by

DMA.
2.3.3 Tensile properties

It is well known that tensile properties at large strain for PP generally are highly
variable due to inconsistencies in necking of the gauge section of the specimen.
Since properties at yield are more reproducible, the results only for elastic modulus,
0.2% offset yield strength, and tensile strength at yielding are reported here. The
average value of elastic modulus of PP47 is 1.20+0.01 GPa, which is lower than the
value of 1.45 GPa quoted in the standard test method for tensile properties of plastics
[33]. This may be caused by the different conditions for the injection moulding
process than those specified in [33]. Particularly, the relatively low mould

temperature combined with the overlong mould open time could lead to low
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crystallinity of the material. Moreover, relatively low injection and holding pressure
may give rise to less oriented polymer molecules. These would all tend to reduce the
elastic modulus in a tensile test. The 0.2% offset yield strength and tensile strength at
yielding of PP47 at room temperature are 15.93+0.57 MPa and 35.32+0.21 MPa

respectively.

2.4 Summary

A series of thermal analyses were carried out on various grades of PP with main
focus on PP47. The results from DSC showed that the grades with low MW tended
to crystallise at higher temperature and achieved a relatively greater crystallinity,
which was the likely cause for their relatively high dynamic moduli above T,
measured by using DMA. Below T,, however, high MW grade had higher dynamic
modulus, which may result from the larger number of tie-molecules. T=2°C was
obtained for PP47 by both DMA and TMA. The tensile properties of PP47 at small
strain were obtained by a set of normal unaxial tensile tests, including elastic

modulus, 0.2% offset yield strength, and tensile strength at yielding.

93



References

[1]
(2]

[3]

[4]
[5]
[6]
[7]

[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Moore EP. Polypropylene Handbook. 1996, New York: Hanser Publisher.
Brydson JA. Plastics Materials. 7th ed. 1999, Oxford: Elsevier Butterworth-
Heinemann.

Cheng S, Janimak J,Rodriguez J. Polypropylene: structure and morphology.
Polypropylene: structure, blends and composites, ed. Karger-Kocsis J. Vol. 1.
1995, London: Chapman & Hall.

Norton DR,Keller A. The spherulitic and lamellar morphology of melt-
crystallized isotactic polypropylene. Polymer 1985;26(5):704-716.

Crawford R. Plastics Engineering. 3rd ed. 1998, Oxford: Elsevier
Butterworth-Heinemann.

Greene RG,Prieski ET, Process for degrading stereoregular polymers, Patent
US, Editor. 1964.

Azizi H,Ghasemi I. Reactive extrusion of polypropylene: production of
controlled-rheology  polypropylene (CRPP) by peroxide-promoted
degradation. Polymer Testing 2004;23(2):137-143.

Rocha MCG, Coutinho FMB,Balke ST. A study of polypropylene peroxide
promoted degradation. Polymer Testing 1995;14(4):369-380.

Kron A, Stenberg B, Reitberger T,Billingham NC. Chemiluminescence from
oxidation of polypropylene: Correlation with peroxide concentration.
Polymer Degradation and Stability 1996;53(1):119-127.

Berzin F, Vergnes B, Dufossé P,Delamare L. Modeling of peroxide initiated
controlled degradation of polypropylene in a twin screw extruder. Polymer
Engineering & Science 2000;40(2):344-356.

Richaud E, Farcas F, Fayolle B, Audouin L,Verdu J. Hydroperoxide build-up
in the thermal oxidation of polypropylene - A kinetic study. Polymer
Degradation and Stability 2007;92(1):118-124.

Fabienne P-E, Bruno C,lJean-Claude B. Modification of isotactic
poly(propylene) with a nitrogen plasma; differences in comparison to the
treatment with a carbon dioxide plasma. Die Makromolekulare Chemie
1991;192(7):1589-1599.

Garbassi F, Occhiello E,Polato F. Surface effect of flame treatments on
polypropylene. Journal of Materials Science 1987;22(1):207-212.

Singh RP. Surface grafting onto polypropylene -- a survey of recent
developments. Progress in Polymer Science 1992;17(2):251-281.

Bortolon V, Padua., Savadori T,Pontelagoscuro., Process for modifying
polypropylene with maleic anhydride. 2002, P. Group S.r.l., Milan (IT):
United States.

Mantia FPL, Morreale M,Ishak ZAM. Processing and mechanical properties
of organic filler—polypropylene composites. Journal of Applied Polymer
Science 2005;96(5):1906-1913.

Mucha M, Marszalek J,Fidrych A. Crystallization of isotactic polypropylene
containing carbon black as a filler. Polymer 2000;41(11):4137-4142.

Tabtiang A,Venables R. The performance of selected unsaturated coatings for
calcium carbonate filler in polypropylene. European Polymer Journal
2000;36(1):137-148.

94



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Thomason JL,VIlug MA. Influence of fibre length and concentration on the
properties of glass fibre-reinforced polypropylene: 1. Tensile and flexural
modulus. Composites Part A: Applied Science and Manufacturing
1996;27(6):477-484.

Thomason JL,Groenewoud WM. The influence of fibre length and
concentration on the properties of glass fibre reinforced polypropylene: 2.
Thermal properties. Composites Part A: Applied Science and Manufacturing
1996;27(7):555-565.

Thomason JL, Vlug MA, Schipper G,Krikor HGLT. Influence of fibre length
and concentration on the properties of glass fibre-reinforced polypropylene:
Part 3. Strength and strain at failure. Composites Part A: Applied Science and
Manufacturing 1996;27(11):1075-1084.

Thomason JL,VIlug MA. Influence of fibre length and concentration on the
properties of glass fibre-reinforced polypropylene: 4. Impact properties.
Composites Part A: Applied Science and Manufacturing 1997;28(3):277-288.
Thomason JL. The influence of fibre length and concentration on the
properties of glass fibre reinforced polypropylene: 5. Injection moulded long
and short fibre PP. Composites Part A: Applied Science and Manufacturing
2002;33(12):1641-1652.

Thomason JL. The influence of fibre length and concentration on the
properties of glass fibre reinforced polypropylene. 6. The properties of
injection moulded long fibre PP at high fibre content. Composites Part A:
Applied Science and Manufacturing 2005;36(7):995-1003.

Thomason JL. The influence of fibre length and concentration on the
properties of glass fibre reinforced polypropylene: 7. Interface strength and
fibre strain in injection moulded long fibre PP at high fibre content.
Composites Part A: Applied Science and Manufacturing 2007;38(1):210-216.
Kantz MR, Newman HD,Stigale FH. The skin-core morphology and
structure—property relationships in injection-molded polypropylene. Journal
of Applied Polymer Science 1972;16(5):1249-1260.

Fujiyama M, Wakino T,Kawasaki Y. Structure of skin layer in injection-
molded polypropylene. Journal of Applied Polymer Science 1988;35(1):29-
49.

Nitta K-H,Takayanagi M. Role of tie molecules in the yielding deformation
of isotactic polypropylene. Journal of Polymer Science Part B: Polymer
Physics 1999;37(4):357-368.
http://plastics.sabic.eu/datasheets/product_datasheets/_en/index.pl

ASTM, Standard Test Method for Plastics: Dynamic Mechanical Properties:
In Flexure (Three-Point Bending). 2007.

ASTM, Standard Test Method for Linear Thermal Expansion of Solid
Materials by Thermomechanical Analysis. 2006.

ISO, Plastics—Thermomechanical analysis (TMA)—Part 2: Determination of
coefficient of linear thermal expansion and glass transition temperature. 1999.
ASTM, D638-03: Standard test method for tensile properties of plastics. 2003,
Americian Society of Testing Materials.

Varga J. Crystallization, melting and supermolecular structure of isotactic
polypropylene. Polypropylene: structure, blends and composites, ed. Karger-
Kocsis J. Vol. 1. 1995, London: Chapman & Hall.

95



[35]

[36]

[37]

Yang J. Origin of double melting peaks of a-form isotactic polypropylene:
Recrystallization and lamellar thickness hierarchy. Journal of Applied
Polymer Science 2010;118(3):1520-1526.

Ryu SH, Gogos CG,Xanthos M. Melting behaviour of controlled rheology
polypropylene. Polymer 1991;32(13):2449-2455.

Paukkeri R,Lehtinen A. Thermal behaviour of polypropylene fractions: 1.
Influence of tacticity and molecular weight on crystallization and melting
behaviour. Polymer 1993;34(19):4075-4082.

96



Chapter 3

Mechanical Characterisation of the GF-PP Interface

3.1 Literature review

3.1.1 Theory of bonding at the fibre-matrix interface

A classic definition of the interface in fibre composites is a surface formed by a
common boundary of reinforcing fibre and matrix and maintains the bond in between
for the transfer of loads [1]. It has physical and mechanical properties that are
different from, but related to, those of the fibres or the matrix. Over the past decades
of the research in this subject, this 2D concept has been extended into a more
complex 3D interphase, which is considered to be the geometrical surface of the
classic fibre-matrix contact as well as the region of finite volume extending on both
sides of the interface into both the fibre and matrix. Chemical, physical and
mechanical properties of this region can vary either continuously or in a stepwise
manner between those of the bulk fibre and matrix material [1]. This means that the
interphase is a unique physical region that exists from some point in the fibre through
the actual interface into the matrix, embracing all the volume altered during the
consolidation or fabrication process from the original fibre and matrix materials.
Such concept emphasizes the entity of interphase in fibre composites, particularly

with high fibre volume fraction.

The origin of the bonding between fibre and matrix is usually discussed in terms

of theories of adhesion with associated mechanisms of bonding. Adhesion in general
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can be attributed to mechanisms including adsorption and wetting, electrostatic
attraction, interdiffusion and chemical bonding and mechanical interlocking [1, 2]. In
most cases, the fibre-matrix adhesion is characterised by a complex blend of the
interactions mentioned above. The nature of bonding is therefore not only dependent
on the atomic arrangement, molecular conformation and chemical constitution of the
fibre and matrix, but also on the morphological properties of the constituents and the
diffusivity of elements in each constituent [1]. It follows that the interface is specific

to each fibre-matrix system.

It is known that good wetting of fibres by liquid resin material is a prerequisite to
ensure a decent interfacial contact between the fibre and the matrix so that a proper
consolidation of composites can be achieved. Wetting can be quantitatively
expressed in terms of the thermodynamic work of adhesion, W,, of a liquid to a solid

using the Dupre equation

W, =7e +Vw — Vs (3.

where 7, , 7,,, and ¥, are the surface free energies of the solid-vapour, liquid-

vapour, and liquid-solid interfaces, respectively. The above equation can be related

to a model of a liquid drop on the flat surface of a solid by Young’s equation

Yoy = Vs + ¥y cOsO (3.2)

where @ is the contact angle at the contact of three phases. Combining Equations.

3.1 and 3.2 yields the Young-Dupre equation

W, =7,, (1+cos) (3.3)
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It can be seen from Equation 3.3 that W, can be experimentally determined by

measuring ¥,, and 6.

Electrostatic attraction arises from a difference in electrostatic charge between
constituents at the interface. It is not regarded as a major contribution to the final
bond strength of the interface and can readily be reduced, for example by discharging
in the presence of a strongly polar solvent, such as water. Nevertheless, it could be

important when the fibre surface is treated with some coupling agent.

Interfacial bonds between two surfaces may be formed by the interdiffusion of
atoms or molecules across the interface. The bond strength resulting from the
interdiffusion of molecules will depend on the amount of molecular entanglement,
the number of molecules involved and the strength of the bonding between the
molecules. Interdiffusion can lead to an interpenetrating network in the interface
region (i.e. interphase), which may have a substantial thickness and possess different
chemical, physical and mechanical properties from those of either the bulk fibre or
the matrix [3]. Such networks can sometimes be further mechanically enhanced if

chemical reaction occurs in the diffused region [4].

The chemical bonding mechanism is based on the primary bond at the interface
between the fibre and the matrix and normally offers a major explanation for a strong
adhesive bond across the interface. A variety of coupling agents have been developed
to achieve chemical bonding between a chemical group on the fibre surface and
another compatible chemical group in the matrix. For instance, a silanol group of a

silane coupling agent may react with a hydroxyl group of the glass fibre surface,
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while a group such vinyl and amino on the other end of the silane molecule can react
with the epoxide group in an epoxy matrix. In most cases the coupling agent as an
adhesion promoter is used as a part of chemical package, known as ‘size’, applied to

the fibre surface during the manufacturing (see Literature review in chapter 1).

Mechanical interlocking involves solely mechanical anchoring through surface
asperities between two contact surfaces. This concept has been extensively studied in
the subject of friction and arises from early attempts to account for Amonton’s law,
which claims that the friction force that needs to be overcome to cause relative
sliding between two contact surfaces is proportional to the normal force across the
interface [5]. The proportional constant, defined as coefficient of friction, was related
to the maximum slope of the asperity junction in the early analyses based on the idea
that one surface must be lifted up a typical slop of the asperity junction determined
by roughness on the other surface. It was later argued that asperities on real surfaces
do not match as well as envisioned in this model and more advanced models have
been established to describe the asperity interaction on a microscopic level [5-8].
Apparently the mechanical interlocking arises from the surface roughness, which
exists on nearly all solid surfaces. With the advent of the atomic force microscope
(AFM) and lateral force microscopy (LFM), the surface roughness of glass fibres has
recently been investigated and it showed that sized glass fibre exhibited
heterogeneities in surface roughness, while desized glass fibre (obtained by heating
the sized fibre at 600°C for 24 hours) revealed a smooth and homogeneous surface
with very small coefficient of friction (approximately equal to 0.04) [9]. In the case
of fibre reinforced polymer composites, the quality of mechanical bonding in the

interface should depend on the surface roughness of the fibres and wettability of the
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matrix to the fibres. The effects are likely to be much more significant under shear
loading than in transverse tension unless there are a large number of re-entrant angles
on the fibre surface [1]. In addition, mechanical bonds can be further affected by the
residual stress built up in the system. For example, the compressive radial residual
thermal stress may be formed across the fibre-matrix interface due to the mismatch
of coefficient of thermal expansion between the fibre and the matrix. Combined with
nonzero coefficient of friction, the compressive residual stress is expected to provide

friction resistance against the interfacial sliding.

3.1.2 Mechanical characterisation of the fibre-matrix interface

The ideal technique for measuring interfacial mechanical properties of a composite

should have the following characteristics:

(1) Easy to set up and operate the experiment in terms of both sample preparation

and testing fixture.

(2) Sensitive to interfacial properties.

(3) Insensitive to the sample and testing conditions such as sample geometry,

loading mode, and loading rate etc.

(4) Resemble actual loading configuration of practical composite components.

(5) In-situ observation of the failure process.

(6) Easy to reduce the data.
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Over the last four decades a number of experimental techniques have been
developed to assess fibre-matrix interface bond quality. In general these techniques
can be classified into two different categories depending on the nature of samples
used and the scale of testing: on a microscopic scale, microcomposites often
involving a single fibre are employed to provide direct measurements of interface
properties. In the case of macroscopic level, bulk composite specimens are usually
used to measure the interlaminar/intralaminar properties, from which the fibre-matrix
interface properties are inferred. Reviews on these techniques and related issues can
be found in many fine books and papers [1, 4, 10-12]. Over the years, it has become
quite clear that the micromechanical tests serve as the major tools for directly
measuring fibre-matrix interfacial properties. The test methods in this category
usually include the single fibre pull-out test, microbond test, fragmentation test and
single fibre push-out test. In these tests, the bond quality at fibre-matrix interface is
measured in terms of the interfacial fracture toughness, Gjc, or the interfacial shear
strength (IFSS), tu.. The former is the energy release rate of the composite
constituents required to extend a debonded crack and the latter is the shear stress
required to produce shear failure locally at a point at the interface. When IFSS is
obtained under the assumption that interfacial shear stress is uniformly distributed at
debonding, it is usually regarded as apparent IFSS, 1,,, Despite the simplicity and
popularity, numerous work has revealed that using the apparent IFSS to characterise
the fibre-matrix adhesion without knowing the real shear stress distribution can
sometimes considerably underestimate the interface bond strength [13-16]. Moreover,
it has been found that the 7.y, values can be highly contaminated by interfacial

friction from the partially debonded interface [17, 18]. Therefore, the local IFSS is
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considered by many researchers to more correctly characterise interface strength. The
importance of the local IFSS is further emphasised along with the determination of
adhesional strength, o, which is another interfacial failure criterion that has been
proposed by several authors in recent years [19-21]. In comparison with IFSS, the
adhesional strength can also be seen as interfacial normal strength (IFNS), which is
the tensile stress component at the fibre-matrix interface at the moment of the
debonding onset near the crack tip. It is said to have the following advantages as an
interfacial parameter and eventual failure criterion: (a) it corresponds to the actual
mechanism of crack initiation in the fibre pull-out test; (b) the oy value is directly
proportional to the work of adhesion, W,, between the fibre and the matrix surfaces

[21].

The fact that the parameters discussed above can be obtained from either single
fibre pull-out test (SFPT) or microbond test (MBT) makes these two methods stand
out for the inspection of interfacial bond quality. In both tests, a fibre is partially
embedded in a matrix block. While the matrix is constrained, the fibre is loaded
under tension. The external force applied to the fibre is recorded as a function of
fibre end displacement during the debonding and subsequent pull-out process. In
most cases the resin droplet in MBT is much smaller than the matrix block in SFPT.
The essential difference between these two tests, thus, lies in their specimen scale
and geometry, or in other words, the fibre volume fraction and boundary conditions.
In a typical load-displacement curve for SFPT and MBT, the force increases linearly
with the fibre end displacement until it reaches the maximum, F,,, at which the
fibre-matrix interface completely debonds and a sudden drop in the recorded load is

normally expected to appear. The fibre is then starting to be pulled out of the matrix
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and the interfacial friction force, Fy, recorded in the following stage reflects the
interfacial friction strength (IFFS), 1 between the fibre and the matrix due to
compressive radial residual stress, o4, For SFPT, the force will decrease with the
reduction in the fibre embedded length, which, on the contrary, remains constant in
MBT before the free fibre end enters the matrix block. Depending on the interfacial
failure mechanisms (i.e. catastrophic or non-catastrophic interfacial failure at
debonding), debonding initiation can occur before Fp, is reached. This has been
both experimentally observed and theoretically predicted [22-25]. A typical force-
displacement curve for non-catastrophic interfacial failure can consist of three parts
corresponding to the three stages of the test [11]. The fibre-matrix interface remains
intact before the applied force reaches initial debonding force, F4 and this part of the
curve is nearly linear for a fibre-matrix system whose components considered to be
linearly elastic. Once the external load reaches F4, debonding at the point with the
maximum shear stress occurs and interfacial crack propagation is initiated. The
applied force continues increasing with the crack length due to the frictional load in
the debonded regions being incorporated into the adhesional load from the intact part
of the interface. After Fy. is reached the crack propagation becomes unstable and
the whole embedded length fully debonds and the measured force drops from Fp.x to
Fs. It has been demonstrated that the value for Fyq can be obtained from either direct
observation of debonding initiation or the load-displacement curve if the testing

system is adequately stiff and the free fibre length, Ly is short [26].

The SFPT and MBT have been extensively studied since they were developed
several decades ago [27-30]. The SFPT is more widely used for fibre reinforced

thermoplastic composites [17, 31-38] due to its limitations associated with the scale
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of the specimen. There exists a maximum embedded length of fibre, L., which is
inversely related to the fibre-matrix adhesion. Ly, is usually short, which causes
experimental difficulties and large data scatter especially for composite systems with
strong interface bonding and small fibre diameters. Moreover, an elevated meniscus,
which forms around the fibre during sample preparation, causes large stress
concentrations and makes the test results often inaccurate. With much in common,
the MBT is often seen as a variant of the SFPT. In this test, a small amount of resin is
deposited onto the single fibre to form a concentric microdroplet in the shape of an
ellipsoid. The stress concentration at the fibre entry can be reduced to a certain extent
due to the presence of the smooth curvature at the boundary between the fibre and
the microdroplet. This leads to the reduction of the large variation in the
experimental data. The MBT is a versatile tool for the mechanical characterisation of
the interface in various fibre composites [39-45]. Nevertheless, this technique also
suffer limitations related to the nature of the specimen and loading condition as
found in experiments [46-48], finite element method [49], and photoelastic analyses
[10]. The stress state in the droplet varies significantly with the location and loading
modes. In addition, the small size of microdroplet makes the in-situ observation of
the failure process rather difficult. Moreover, the meniscus formed around the fibre
in MBT specimen can result in inaccuracy in the measurement of the embedded fibre
length, which will have a more significant influence on calculated bond strength
values than in the SFPT. In the case of thermosetting microdroplets, mechanical
properties may also vary with sample size partly because of the variations of
concentration of the curing agent [50]. The problems that both tests have to face

include the need for a special jig/fixture to fabricate and hold the matrix [40, 51] and
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small fibre volume fractions where any effects of interactions between neighbouring
fibres cannot be taken into account. In addition, the lack of standardisation makes it
difficult to compare the results from the same composite system measured by the
same or different tests due to the large scatter in the results [52]. In spite of all these
disadvantages, the measured bond strength values appeared to be reasonably
sensitive to sample preparation conditions and various fibre surface treatments.
Moreover, the IFSS value obtained by these tests for a given system is consistent
with the mechanical properties of macrocomposites. A strong correlation has also
been found between the IFSS and such thermodynamic parameters as surface free
energy or specific enthalpy of adsorption. Therefore, it seems to be possible to obtain
useful information about fibre-matrix adhesion from these micromechanical
experiments. In the following content, SFPT and MBT will not be distinguished and

together referred to be as fibre pull-out test unless otherwise stated.

3.1.3 Theoretical analysis of interfacial failure in fibre pull-out test

In general the fibre-matrix interfacial failure consists of two distinct processes:
interfacial debonding and frictional pull-out. Theoretical analysis of interfacial
failure has gained significant attention especially for the fibre pull-out test. The
theoretical models of interfacial debonding in fibre pull-out test can be classified into
three categories: the shear stress controlled approach, energy controlled approach,
and the normal stress controlled approach. In the shear strength criterion, when the
interfacial shear stress reaches the interfacial shear strength (IFSS), t,, debonding
occurs. In the fracture mechanics approach, propagation of a debonded crack requires

the potential energy release rate of the composite constituents to reach a critical value,

106



the interface fracture toughness, Gi.. Both 1y and Gj. are assumed to be material
constants in these two debonding criteria and they are the characteristic interface
properties to be determined in experiments. Investigations carried out for several
fibre-matrix systems have demonstrated that the stress based and energy based
criteria (ty; and Gi.) are not contradictory [53, 54]. More recently, another stress
based criterion, adhesional strength, o, has been proposed to more correctly
characterise the interfacial bond strength [19-21]. This criterion in cylindrical
geometry assumes that an interfacial crack is initiated when the radial stress reaches

its critical value, oy, which is directly related to the practical adhesion of the system.

3.1.3.1. Shear stress controlled approach (t,)

Theoretical analyses of interfacial debonding in the fibre pull-out test were
initially modelled by Kelly et al for ductile matrices assuming a uniform interfacial
shear stress at the fibre-matrix interface [55]. This is based on the matrix yielding
over the entire embedded fibre length as a predominant failure mechanism at the
interface region. This gives rise to a linear relationship between the fibre debonding

stress, o4 and Tty through a simple force balance

3.4)

This is thought to be true only in the case of a highly ductile matrix, which allows an
extensive rearrangement of the stresses as a consequence of the plastic yielding of
the matrix [45, 56]. However, both experimental and theoretical studies have shown

that when the fibre embedded length remains small, a linear trend of debonding force
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with respect to fibre embedded length can still be noticeable for the composites based
on brittle matrices such as epoxy [18, 28, 39, 40, 42]. Nevertheless, it was also found
that the interface between glass fibres and a very ductile low density polyethylene
could fail in a brittle fashion [17]. Despite the debates on whetherz,, =7, , it is
generally acceptable to calculate t,,, as the first approximation to Ty, Furthermore,

Tapp Usually suffices to qualitatively evaluate the bond strength and to estimate the

effects of matrix and/or fibre surface modification on the bond strength.

Numerous studies have revealed that in most composites materials, the distribution

of interfacial shear stress is not uniform upon interfacial debonding andz,, >7,,,.

The possible reasons for this are summarised below:

(a) In an elastic fibre-matrix system, the value of the interfacial shear stress
decrease along the embedded length and its maximum is reached at the point

of fibre entry into the matrix.

(b) Thermal shear stress caused by the mismatch of coefficient of thermal
expansion between the fibre and the matrix symmetrically varies along the
embedded length and will be superposed upon the mechanical-induced

interfacial shear stress.

(c) The coexistence of bonded and debonded regions along the interface during

the fibre pull-out test.
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(d) The functional dependence of the external stress for interfacial debonding is
non-linear due to the effect of the Poisson contraction of the fibre, which is

subjected to uniaxial tension.

Greszczuk considered the case of an elastic matrix and modified Cox shear-lag
model [57] to fit into the fibre pull-out loading geometry, assuming that the tensile
stress in the matrix is negligible relative to the fibre while the shear stress in the fibre
is small compared to the matrix. He showed that the shear stress distribution was no
longer uniform for an elastic composite system and depends on the properties of the
elastic matrix. Lawrence and Laws further modified Greszczuk’s model by taking
into account the effect of frictional resistance of fibre pull-out in the debonded region
[24, 58] and identified that the maximum shear stress for complete debonding is
dependent on the embedded length and the ratio of the IFSS to IFFS. Takaku et al
further considered Poisson contraction of the fibre when subjected to tension and
demonstrated its effects on debonding and pull-out stresses [59]. Gray gave a
comprehensive review of these theories and concluded that the mixture of adhesive
debonding and friction resistance that occurs in a pull-out test specimen depends on
the fibre embedded length [60]. Moreover, a so-called ‘two-way’ debonding model
where interfacial shear stress concentration occurs both at the loaded and embedded
ends of the fibre, was also developed, suggesting the possibility of debonding
propagation from both ends in the context of a shear strength criterion [61, 62].
Despite the difference among the theoretical models above, they all commonly
suggest that local IFSS, 1y, is reached at the fibre entry into matrix in the fibre pull-
out test. In practice, 1, values can be obtained from either graphic methods [42, 51]

or analytical methods [13, 20].
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3.1.3.2 Energy controlled approach (G;.)

The energy-controlled approach is based on the fracture mechanics. In the early
work, Outwater and Murphy derived the solution for the constant fibre debonding
stress by equating the rate of strain energy released from the fibre for complete
debonding of embedded length, L., to the incremental interfacial fracture energy,
which is the product of interface fracture toughness, Gj., and cylindrical debonded
area, mD¢L. [63]. Having reviewed some previous theoretical models, Stang and Shah
derived a debonding criterion based on a compliance analysis and applied the
analysis to the classical pull-out test to determine the specific work of interfacial
cracking, which was then used to predict the uniaxial tensile strength of the
composites [64]. Wells and Beaumont considered the effect of the Poisson
contraction of the fibre and non-linear friction in the debonded region and derived
models for predicting the debonded length and the probability distribution of pull-out
lengths of both individual fibres and bundles [65]. Piggott used shear-lag methods to
evaluate the stresses and strain energy in pull-out specimens and accounted for the
increase in debonded length with the energy changes resulting from the fibre axial
tension and matrix shear, assuming that the shear stresses in the fibre and the tensile
stresses in the matrix make negligible contributions to the total strain energy. [18].
Gao et al. also presented a relationship between the debonding and post-debonding
frictional pull-out stresses versus embedded fibre length [66] and the model has been
demonstrated to be able to determine the inherent interfacial properties [67]. A
comprehensive theory, which also includes friction and thermal residual stresses, has
been developed by Nairn et al [68-70]. They expressed the energy release rate, G, as

a function of crack length, with a number of factors including embedded length,
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external force, temperature difference between the test temperature and the stress

free temperature, interfacial friction and specimen geometry.

3.1.3.3 Normal stress controlled approach (o)

Several authors have demonstrated that crack initiation in the fibre pull-out test
occurs in normal tension (Mode I) [71]. The variational mechanics analysis carried
out by Scheer and Nairn showed that the shear stress is zero at the point where the
fibre enters the matrix, and the radial tensile stress is at its maximum instead [69].
Analytical expressions derived by them allow for calculating all stresses in a fibre
pull-out specimen including the radial normal stress at the interface. This offers a
possibility of identifying the value of this radial normal stress at the moment of crack
initiation at the point where debonding starts with oy Based on this method,
attempts have been made to correlate the “practical” adhesion, o, with the
independently measured ‘“fundamental” adhesion W,, for several fibre-matrix

systems [20].

3.2 Experimental

3.2.1 Material

In order to minimise complexity of the interface, the choice of the materials was
limited to uncoated glass fibre and homopolymer polypropylene. The fibres were
boron free uncoated E-glass fibres (Ave. diameter = 17.5um) from Owens Corning-

Vetrotex in combination with commercial isotactic homopolymer polypropylene
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SABIC®PP 531P (PP0.3), 576P (PP19), and 579S (PP47) with melt flow index = 0.3,

19, and 47 g/10 min at 230°C and 2.16 kg respectively

3.2.2 Design and manufacture of the microvise

In this project a microvise for constraining the matrix block in fibre pull-out test
was designed and manufactured in the light of the work done by Craven et al [40].
The technical drawings for individual parts can be found in Appendix (B). The

disassembled and assembled microvise models are illustrated in Figure 3.1.

Vise end

TE: EXPLSTATE[2]
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Fig. 3.1 Microvise model (a) dissembled and (b) assembled
The microvise consists of a vise bottom, two vise tops and two vise ends. The vise
tops can be assembled on to the vise bottom through a “dove-tail” joint and
connected to the vise ends through a pair of springs at each end. More details can be

seen in Figure 3.2.

|l‘ooo__t

Nylon adjustment screw Micrometer head

113



Aetal bar

Fig. 3.2 Photos of self-manufactured (S)))microvise and (b) shearing plates

The forth movement (i.e. towards the middle of the micovise) of the vise tops is
controlled by a pair of micrometer heads. The back movement (i.e. towards the
corresponding vise ends) of the vise tops is achieved by the spring pulling. The
resolution of the micrometer heads position is 1um, which would mainly decide how
precisely the movement will be controlled if the resistance to it is insignificant.
Nylon adjustment screws can be used to remove any twist in the vise. In order to
shear the matrix block off the fibre, a pair of shearing plates were manufactured and
installed on the vise tops. Shearing plates play a critical role in the fibre pull-out test
because they are responsible for directly applying the load to the matrix and this load
will be transferred to the fibre through the fibre-matrix interface. Various shearing

plates can be found in the literature and they are schematically illustrated in Figure

3.3 28,40, 42, 72].
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C d

Fig. 3.3 Schematic presentation of common shearing plates

The shearing plates that offer a slope as the contact surface with the microdroplet
(see Figure 3.3a) are likely to exert radial compressive stress component at the
interface. This can complicate the stress state at the interface and give inaccurate
measurements of IFSS. Although such radial compressive stress may also be caused
by the flat contact surface due to the curved shape of the resin droplet [46], it could
be avoided or at least significantly reduced when the shear plates are brought
together to make contact with the fibre. A circular shearing plate was shown to give
an axisymmetric geometry, load and stress distribution (see Figure 3.3b) [72].

However, it usually requires highly precise machining such as laser drilling to
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produce a very small hole, which could also bring extra difficulties in mounting the
specimens into the experiment jig. Moreover, it is almost impossible to maintain a
zero gap between the fibre and the edges of the hole since diameter can vary
considerably from one fibre to another. The shearing plates that offer a flat contact
surface were the early configuration [29] and compared with the droplet-droplet

shearing arrangement as shown in Figure 3.4.

Shearing droplet

Sheared droplet

Fig. 3.4 Droplet-droplet shear arrangement

It showed there was no significant difference in measured IFSS for the same fibre-
polymer system [29]. Shearing plates shown in Figure 3.3c were initially chosen in
this work. A number of modifications to the shearing plates were carried out and

described below in the sequence of the occurrence.

(1) The surface area facing the fibre was reduced to leave a very thin edge by
polishing as shown in Figure 3.3d. This could minimise the probability for
the shearing plates to collide when they were brought extremely close to each

other in the case of zero gap between the fibre and the plates.
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(2) Instead of aluminium or low carbon steel, high carbon content stainless steel
was used to manufacture the shearing plates because this could ensure that
after the polishing, there was a perfect finish along the loading edges, which
did not have sharp rims and damages as found in the plates made of the

aluminium and low carbon steel.

(3) Instead of having the plates screwed to the vise tops, the plates were pressed
down on the vise tops by four metal bars. This allows shearing plates to be
easily adjusted in order to produce the parallel loading edges with the same

height as shown in Figure 3.3d.

3.2.3 Sample preparation

There seems to be no accepted standard way of using thermoplastic polymers to
make samples for either the single fibre pull-out (SFPT) or the microbond test
(MBT). Every laboratory, thus, has developed their own methods with essentially the
same idea and different procedures. The method developed in this work is presented

as follows.

For the MBT, a slightly different method from the one that has been adopted in

other works to form droplets on a single fibre [73] is illustrated in Figure 3.5.
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Fig. 3.5 Schematic illustration of sample preparation for the MBT

A single glass fibre (GF) was carefully extracted from a bundle without touching the
fibre surface. The fibre was suspended horizontally. Then a small piece of
polypropylene (PP) fibre was transferred on the surface of the GF. The PP fibre hung
loosely on the GF fibre and could shake off easily. Thus a soldering iron was used to
slightly heat the PP fibre so that it could firmly coil itself around the GF. Finally a
number of these samples were transferred together into an oven at a temperature of
220°C, which is well above the melting temperature of this PP (T,,=158°C from
DSC in chapter 2) to ensure complete melting and a reasonably low viscosity of the
PP melt. The samples were heated either in air or under nitrogen (more about heating
under nitrogen can be found in chapter 4). The time for specimens being retained in
the oven was set to at least 4 min because 2 and 3 min proved too short a time to

form enough testable droplets. The samples eventually cooled down to ambient
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temperature and were then screened using a Nikon Epiphot Inverted optical
microscope before testing. Only well-shaped, symmetrical droplets were selected for
the experiments. The droplet size including droplet length (i.e. fibre embedded length,
L.) and droplet diameter, Dy,, and fibre diameter, Dy, were measured to determine the
embedded area of the fibre, A, as shown in Figure 3.5. PP47 was used to prepare the

samples for the MBT.

For the SFPT, the method employed by Thomason and Schoolenberg was adopted
to make samples [31]. In order to obtain consistent and repeatable results from the
fibre pull-out test it was imperative that the techniques used to create and prepare
samples for testing were consistent and identical for all samples created. The first
step in making the sample was to melt two small pellets of the required PP grade on a

glass slide using a hot plate heated to around 230°C (Figure 3.6a).
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Fig. 3.6 Schematic illustration of sample preparation for the SFPT
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Upon melting of the pellets, a further glass slide was positioned on top to create a
sandwich configuration; thus creating a thin PP film between the slides. A 1 kg
weight (also preheated to 230°C) was then placed on top of the assembly to apply a
holding pressure. This was then left on for 30 seconds, after which the slides and PP
film were removed from the hot plate and placed on a glass block to cool down to
room temperature. Upon cooling, the PP film was removed from the slide and the
thickness of the film measured. The desired thickness of the film was in the range
0.1-0.12mm. The film was then cut with the use of razor blades into a square
(13x13mm), ready for the next stage of the preparation. The next stage of the process
was to sandwich the glass fibres between a set of the square PP films. This was
achieved by laying down one of the films onto a glass slide; the glass fibres were
then positioned across the film and secured at either end of the glass slide by sticky
tape (Figure 3.6b). Another PP film was then positioned on top of the fibres, square
to the film below, thus creating a PP film and glass fibre sandwich assembly. A small
glass cover slide was then positioned over the PP films in order to reduce oxidisation
during the next heating stage. The next process was to heat the assembly in order to
melt the PP films and thus embed the fibres. This was achieved through placing the
assembly into a Mettler FP82 hot stage at 220°C for 2-6 minutes, after which the
sample was removed and cooled at ambient room temperature. The PP film (and
embedded fibres) was then removed from the glass slide and dissected into
individual samples as shown in Figure 3.6¢. Care had to be taken when cutting up the
samples to ensure that the length of embedded fibre left after cutting was not too long,
as the embedded length L. is limited by the strength and diameter of the fibre, 65, and

Dy respectively and the IFSS, t,; according Equation (3.5).
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D
L <———— (3.5)

Given that with a gauge length of 5 mm and diameters in the range 15-21 pum, the
average tensile strength of uncoated glass fibre is approximately 1.5 GPa and the
average IFSS for neat GF-PP is usually found to be in the range of 3-8 MPa, a
maximum testing embedded length of 1.9 mm is possible (most samples tested in this
study were actually far shorter than this value due to extra handling weakening GF).
It was also important to vary the embedded length to obtain a wide range of
embedded areas to test. With the samples mounted on the card as shown in Figure
3.6d, it was then possible to measure the fibre diameter of each sample using the
microscope. Three different grades (i.e. PP0.3, PP19, and PP47) were used to prepare

the samples for the SFPT.

3.2.4 Fibre pull-out test

Both the SFPT and the MBT were carried out in the same experimental jig as

shown in Figure 3.7.
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Fig. 3.7 Experimental setup for the fibre pull-out test

To perform the fibre pull-out test the sheets of card were cut to create a tab with the
sample hanging off. A hook attached to a 10N load cell on an Instron Model 3342
tensile testing machine was positioned through the circular cut-out section to act as
the loading point. In order to aid the setting up of testing and then to be able to
observe the debonding and pull-out process, a stereo microscope (45x magnification)
with a digital camera attached — feeding real time video to a computer screen — was
placed in front of the testing area. The microscope made it possible to accurately

position the sample into place and then observe the fibre pull-out occurring during
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testing. Due to the small size of resin microdroplets in MBT, some card frame was
left taped to the bottom of the fibre to keep it under tension (~.0.5 mN) so that the
sample can be perfectly aligned with the loading direction prior to testing. This is
apparently not a problem for the specimens in SFPT. The free loaded fibre length, Ly,
was kept constant at 5 mm throughout all the tests. The loading edges of the shearing
plates were brought to make contact with the fibre. With the sample in place the test
could then start and the load cell extended the fibre end at a constant rate of
0.1mm/min. During a period of the test a load vs. displacement plot was produced in
real time. These plots helped to identify when debonding had occurred and also when
the fibre was complete pulled out. Figure 3.8 represents a typical fibre pull out test
plot (although they can vary in shape significantly in some cases) with an initial
ramp representing the sample being loaded as the load cell increases the extension,
followed by a peak load, Fy.x, where it is thought that the debonding between the

fibre and the matrix occurs.
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Fig. 3.8 Typical load-extension curves for the fibre pull-out test

In MBT, the load was then found to abruptly drop and gradually proceed into a
constant level, which was usually about 50% of F,x. In SFPT, it was less likely to
observe the sudden load drop, which was found to be about 20% of F,,x for a
number of specimens. The linear downward slope after the peak load indicates the
fibre being pulled out of the matrix and overcoming the frictional forces until
complete pull-out. In addition, the work energy of the interface can be shown by the

area between the experimental curve and extrapolation line of the linear slope as
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shown in Figure 3.8. This analysis should be carried out in the future work. There
were some difficulties in confidently identifying the actual point of pull out as it was
not always completely clear purely through observation. However, using the point of
zero load to determine the fibre embedded length may cause larger error because the
load could simply not return back to zero when the fibre had been completely pulled
out. Alternatively, the embedded length may be determined using the intercept of
linear fitting line in pull-out process with the extension axis. The drawback of this
method may come from the Poisson effect. After testing, the pulled out fibres were

examined under the microscope to confirm the interfacial failure.

Large scatter in the micromechanical results seems to be a common issue and
tends to inhibit the development of effective data reduction. Owing to the lack of
standardisation, the scatter arises not only from the inherent characteristics of small
scale testing but also from the sample preparation and testing procedures. A number
of factors that could bring about the scatter in the results from the MBT are listed

below (some of them also apply to the SFPT):

a) Inherent heterogeneity of fibre surface

b) Fibre surface contamination

¢) The different thermal history in the specimens

d) The measurements of the fibre diameter

e) The size of the droplet (due to the loading edges can never as absolutely high

as each other, smaller droplets will be more misaligned with loading direction
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than bigger ones during testing).

f) The positioning of the droplet in the shearing microvise

g) The conditions of loading edges including parallelism, vertical interval and

contact surface with the matrix

h) The environment (e.g. temperature, humidity, aging) prior to/during the test

(see chapter 4 and 5)

Finally, a few basic points are given to help achieve a sound micromechanical test

a) Make a detailed record for the experiment including the dates of sample
preparation, measurements and testing, pictures of samples before and after
testing, fibre diameter, droplet dimensions, and notes of testing process (e.g.

level of misalignment).

b) Keep the tested samples safe and clean so that no artefacts (e.g. damage,

scratches or dust) would affect the post-microscopy measurements.

¢) Ensure that the numerical label for sample number, test number and the
microphotograph is matching, otherwise a lot of confusion in the later

analysis of the results could arise.

3.3 Results and discussion

3.3.1 Microbond test (MBT)
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When polypropylene (PP) melt is exposed to an oxidative atmosphere, it is
subjected to thermo-oxidative degradation as will be discussed in details in chapter 4.
It is therefore necessary to avoid such complication by either forming the resin
droplet under inert gas such as nitrogen or minimising the exposed sample surface as
in making single fibre pull-out specimens. Furthermore, PP may also undergo
thermal degradation if the processing temperature is too high. Figure 3.9 shows the
results for weight loss of PP melt at 220°C and 250°C under nitrogen by

Thermogravimetric analysis (TGA).
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Fig. 3.9 Weight loss of PP47 at 220°C by Thermogravimetric analysis

It clearly shows that under nitrogen thermal degradation of PP can occur at 250°C
while it does not appear to be the case at 220°C even after a prolonged period of time.
The processing temperature, T, for PP composites normally ranges from 200°C to
240°. Thus, 220°C was chosen as T, to fabricate all the specimens for
micromechanical tests in this project. In addition, 4 minutes was chosen as the
processing time, t,, for MBT samples because shorter time proved insufficient to

form the axisymmetric PP microdroplets as shown in Figure 3.10.
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100pm ! T 100pm '
Fig. 3.10 SEM photos of nonaxisymmetrical and axisymmetrical PP microdroplets

Due to the high viscosity of the PP melt, good wetting of glass fibres by the PP melt
might require more time than 4 minutes. The effect of t, on measure IFSS will be

discussion in next section.

In practice, the relationship between embedded fibre length, L., and droplet
maximum diameter, Dy, can be used to inspect the results for droplet dimension
measurements [45] and determine the droplet profile [74]. Figure 3.11 shows this

relationship for the microdroplets formed in this work.
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Fig. 3.11 Plot of maximum PP droplet diameter and fibre embedded length
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An excellent linear fit can be obtained with R?> close to 1,
yielding D, =0.86L, —29.54 for the relation between fibre embedded length and
droplet diameter. It is also noticed that there is an indication of Dy, levelling off at the
lowest L. values in Figure 3.11. In fact such behaviour is expected because Dy, will

not continue to follow the line as L. decreases, but instead must level off at D, = D £

which is the fibre diameter. This linear relation, therefore, is only valid

whenD, >>D,.

The microscopy observation of debonded area (see Figure 3.12) shows a clean

surface, indicating an interfacial failure.

Debonded

surface |‘ ‘

Debonded

interface

Fig. 3.12 Photo of the MBT sample after fibre pull-out test

The droplets were found too small to visually observe the interfacial debonding as

shown in Figure 3.13.
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Fig. 3.13 Photo of MBT sample in testing

Results of maximum force, Fo.x, versus fibre embedded area, A., obtained for GF-

PP47 samples, prepared under nitrogen and tested at room temperature are shown in

Figure 3.14.
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Fig. 3.14 Plot of peak force vs. embedded area measured for neat GF-PP47 using
MBT
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Almost half of the data points are actually from a different testing fixture (see
chapter 5). It will be seen in chapter 5 that the two methods, which are essentially the
MBT, yield identical results. It does not make any significant difference to the
potential conclusions drawn from the results by pooling the two sets of data. The
linear relation expressed by the Equation 3.4 is used to fit the data and it clearly
shows from Figure 3.14 that there exhibits a significant linear relationship between
Fmax and A.. The least-square fitted line gives a value for apparent IFSS, t,,, = 7.8
MPa (with a 95% confidence limit = 0.3 MPa) in this system. The exactly same
value for t,p, is found in some other works with neat GF-PP system (i.e. bare GF and
neat PP) [33, 35], although the processing conditions in that work were different and
PP weight average molecular weight (My,) used was My=314000 g/mol, which is
higher than that of PP47 with estimated M,,=198918 g/mol according to [75]. The
relatively low value for the GF-PP IFSS is normally attributed to the weak bonds,
resulting from the nonpolar nature of PP homopolymer [31, 33]. Furthermore, the
fact that the excellent fit to the data is achieved by Equation 3.4 may justify the
validity of the underlying assumption that the interfacial shear stress is distributed
uniformly along L. at Fy.. This situation is thought to occur if interfacial bonds
yield, resulting in extensive redistribution of stresses at the interface. Some examples
can be found in the literature [45, 55, 56]. Since a two dimensional interface is
normally assumed for neat GF-PP system, the interfacial yielding may be attributed
to the yielding of the matrix at the interface. Since the PP47 at the interface may

exhibit ductile behaviour at debonding, its shear strength at yielding, ty, is estimated
by Von Mises criterion (i.e. 7, =0, / V3 ) with tensile strength at yielding, oy,

which is 35.3 MPa for PP47 according to the results presented in chapter 2. Thus, 1y
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=20.4 MPa is obtained for PP47. This value is significantly higher than measured
IFSS. Nevertheless, the matrix is under compression during testing and the
compressive yielding stress therefore may be more useful for estimation of ty. Figure

3.15 shows the dependence of T,p, On L. for GF-PP47 measured by MBT.
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Fig. 3.15 Dependence of IFSS on embedded length for GF-PP47 measured by MBT

The straight line is inserted into the figure to indicate the principal trend of data
points and does not represent any data fitting. Unlike the inverse dependence usually
found in brittle interfacial failure, t.p, obviously does not show any significant
correlation with L. in the case of GF-PP47. In fact, the slightly positive slope of the
data in Figure 3.15 can be observed. Similar observation was found in carbon fibre-
poly(phenylene sulphide) composite, which was believed to give a ductile interfacial
fracture in SFPT [56]. Without giving the references, it was mentioned that slightly

positive slope of fitting line for t,,, versus L. can be observed with other material
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combinations such as glass fibre-polycarbonate and GF-PP systems [56]. It is

therefore reasonable to conclude that for GF-PP47 system7,, =7, .

From the load-displacement curve for MBT in Figure 3.8, one can see that the

frictional shear stress, 15, may be calculated by

T, = . (3.7

Such stress arises from the compressive radial residual stress, 6,4, by

Tfr = /’ldy ' Grad (38)

where 4, is coefficient of dynamic friction. Combing these equations above, 4,

can be evaluated if 6,9 is known. Nairn’s model is employed in this work to

calculate oraq (see chapter 5 for more details) [76]. The value of 4, is then estimated

for each sample. The average value of 15 is 2.22 MPa with a 95% confidence
limit=0.2 MPa and the average value of oy at 20°C is 8.07 MPa with a 95%

confidence limit=0.04 MPa. x, =0.27%0.03 is obtained for neat GF-PP47 system
at 20°C. g, is likely to be underestimated to some extent since the Poisson effect in

the transverse direction of both the fibre and the matrix is not taken into account.
Fibre contraction in the lateral direction can occur since the fibre is still under tensile
stress during post-debonding pull-out process. This contraction should reduce the 6,44
from the matrix. In contrast, the matrix is still under compressive stress in the MBT
and Poisson expansion in the lateral direction is also expected. A number of authors

have commented on the role of 6,4 contributing to the fibre-thermoplastics adhesion
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[77-81]. In principle, IFSS should depend on not only the thermal shrinkage but also
the physiochemical interactions between the fibre and the matrix (e.g. acid-base
interaction, dispersion forces etc.). The two contributors are independent from each
other. The former depends on, among various factors, fibre volume fraction, Vy,
whereas the latter is independent from Vy. The V; dependence of thermal shrinkage
will be discussed in chapter 5. Although the shrinkage stress is unlikely to fully
account for the interfacial bond quality in those systems, the complex interactions at
the fibre-matrix interface may be reduced to a single parameter: coefficient of static
friction, u . Based on the results in Figure 3.14 and 3.15, it may be reasonable to
assume that friction mechanism can be used to account for the GF-PP47 adhesion. Or
more precisely, interfacial failure of neat GF-PP47 is probably governed by the
friction law. One of laws of friction states that friction is independent of the nominal
area of contact which suggests that the basic relations F,, = P also apply locally
to any element of the contact interface, where F;is static friction, P is normal force

across the interface of two rigid bodies, and g, is considered as a characteristic

constant of the interface [82]. If local slipping takes place this leads to

7’.ulz‘ = lllsr ’ Gn (39)

where o, is compressive radial stress (CRS) across the interface. In this case, it
could be the sum of o,, and the adhesive component resulting from molecular

interaction between the fibre and the matrix. Therefore, upper boundary of the

%

coefficient of static friction, 4, may be obtained by replacing o, with o, in

st ?

Equation (3.9), yielding the value of 0.97+0.01. The value of x , could therefore lie
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in the range of 0.27+0.03 to 0.97+0.01. Further examination on Nairn’s model
suggests that 6,4 1S likely to be overestimated in the case of MBT samples, which
involve a finite fibre embedded length. Quek has showed an nonuniform radial shear
stress distribution in a concentric cylinder model with finite length [83]. Moreover,
the maximum resin droplet diameter was used as the input of matrix diameter in the

cylinder model. This may lead to the overestimation of c,,4. Hence x, may also be

lower in magnitude than the value presented above.

3.3.2 Single fibre pull-out test (SFPT)

Unlike the small MBT samples, SFPT samples are large enough to monitor the
pull-out process. However, it proved difficult to capture the debonding initiation due

to inadequate magnification and the reflection as shown in Figure 3.16.

Loading 2
plane

PP Matrix

Hollow region after
~ fibre being pulled. |
Fig. 3. 16 Photo of SFPT sample in testing

135



The thin samples with rough contact surface often result in misalignment during
testing. Microscopy observation of tested samples showed no residual resin left
behind on the debonded area, indicating the occurrence of interfacial fracture in
SFPT. The influence of processing time on measured IFSS was investigated by
varying the processing time at 220°C. Results of maximum force, Fy,.x, versus fibre
embedded area, A., obtained for GF-PP47 samples, heated for 2 minutes — 6 minutes

and tested at room temperature are shown in Figure 3.17.

Peak Load (mN)

0 \ w \
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Fig. 3.17 Plot of peak force vs. embedded area measured for neat GF-PP47 with
different processing times

It can be seen that each data set displays an excellent linear relation between F,,x and
A, indicating the uniform interfacial shear stress distribution at debonding. Thus

7, =7, 1s applicable for the results from SFPT as well. The value of IFSS for neat

ult app

GF-PP47 system, prepared under the same thermal conditions as in MBT, is 7.15
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MPa, which is very close to the value of IFSS obtained in MBT. In addition, there is

considerable overlapping between 2 minutes and 3 minutes data sets and between 4

minutes and 6 minutes data sets. The effect of t, on 1y is summarised in Figure 3.18.
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Fig. 3.18 Effect of processing time in SFPT sample preparation on measured IFSS

It shows that within the first 2 minutes the bond strength of GF-PP47 already reaches

70% of its maximum value obtained in this work. It is interesting to see that t, has

much more significant effect on IFSS when 3<t,<4 than 2<t,<3, although more

measurements are required for 3 minutes data set to confirm this. Despite this

difference, the measured IFSS generally increases with t, and levels off after 4

minutes. The results in Figure 3.18 emphasise the importance of wetting in achieving

good bond quality for neat GF-PP. 6 minutes appears to be a good choice for a fairly

short t,, from which the measured IFSS is also independent. However, since the

samples were fabricated in air, t,= 4 minutes is more likely to reduce the risk of PP

thermo-oxidative degradation and is in preference to t,=6 minutes.
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Figure 3.19 shows a plot of peak force vs. embedded area measured for neat GF-

PPO0.3, PP19, and PP47 using the SFPT.
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Fig. 3.19 Plot of peak force vs. embedded area measured for neat GF-PP0.3, PP19,

and PP47 using the SFPT

It clearly shows that in the same range of embedded area the peak force for PP0.3 is
significantly smaller than that obtained from other two grades. There is, however,
little difference in the plot between PP19 and PP47 as illustrated in Figure 3.19. The
comparison of mean values of measured IFSS for these three grades is shown in

Figure 3.20.
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Fig. 3.20 Effect o f molecular weight of PP on measured IFSS for neat GF-PP

It can be seen that PP19 and PP47 give the values almost two fold higher than that of
IFSS for PP0.3. These results may well reflect the effect of molecular weight (MW)
of PP on measured IFSS. Molecular weight is a measure of the average length of
polymer molecules and influences many crucial properties of PP as showed in
chapter 2. Low MW (i.e. high MFR) may result in higher mobility of polymer chains
than that of long chains under the same thermal conditions. Consequently the matrix
melt with lower MW can lead to better wet-out of the fibres and increasing the bond
quality between the matrix and the fibre. Furthermore, it has been shown in chapter 2
that both PP19 and PP47 give a higher crystallisation temperature, which is normally
accepted as the stress free temperature, at which the thermal residual stress begins to
build up in the material. This means that PP19 and PP47 may have a higher
compressive radial residual stress, o4, at the interface than that of PP0.3. Results
related to crystallinity of PP in chapter 2 also indicate that PP19 and PP47 give a
higher crystallinity than PP0.3. This implies that the matrix of PP19 and PP47 may

lead to greater volume shrinkage than that of PP0.3 during sample cooling. This can
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again result in greater c,,4. In order to quantitatively evaluate how much difference
there is in 6,,¢ among these three PP grades, 6,4 is estimated using the cylinder
model here. Sample thickness (i.e. 0.1 mm) is taken as the diameter of the matrix
cylinder and other inputs are based on the results in chapter 2. Since only PP47 was
measured for coefficient of linear thermal expansion (CLTE), CLTE for other grades
is set to be the same as that for PP47. The values of calculated o,,q at 20°C for PPO0.3,
PP19, and PP47 are 7.47 MPa, 8.54 MPa, and 8.28 MPa respectively. Thus among
those possibilities mentioned above, better wetting is the most likely cause for the
observed increase of measured IFSS in PP19 and PP47. Note that although there is a
significant difference in MFR between PP19 and PP47, the difference in MW is
much smaller than that between any of them and PP0.3 since MFR is exponentially

related to MW of PP [75].

3.3.3 Comparison between MBT and SFPT

Figure 3.21 and 3.22 show the comparison between MBT and SFPT of IFSS and

fibre embedded length dependence of IFSS for the same neat GF-PP47 system.
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Fig. 3.21 Peak load vs. embedded area from both MBT and SFPT on neat GF-PP47
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Fig. 3.22 Dependence of IFSS on embedded length for GF-PP47 measured by the
MBT and the SFPT

Solid lines are linear least square fits for MBT and SFPT data points respectively and
dotted line is the linear fit for all the data in Figure 3.21 and 3.22. It can be observed
that the linear relation between F,,,x and A, explains the entire data as well as it does
for the separate data sets. There might be a slight tendency of the data deviating from
the linear relation at the large embedded area (i.e. long fibre embedded length). The
decrease of apparent IFSS with increase in L. is regarded as a common feature in
brittle interfacial fracture [13, 16, 18, 25, 28, 42, 68, 70, 84]. More recently, Piggott
also observed this in a composite with very ductile low density polyethylene and fit
the results using an energy-based model, in which the tensile strain energy in the
matrix and the shear strain energy in the fibre are neglected. This model is also

employed here to fit the L. dependence of F,x as shown in Figure 3.23.
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Fig. 3.23 Dependence of Peak load on embedded length with fit by Piggott’s model

The effective matrix radius, Ry,, was adjusted until the fitting line lies on top of linear
regression line. However, this requires an almost infinite value for R, which is
completely unacceptable. Thus, it is confirmed from this that neat GF-PP47
interfacial failure is governed by a ductile fracture mechanisms and that the adhesion
between the two materials can be evaluated by Equation 3.4. The excellent
agreement between MBT and SFPT results also implies that the SFPT samples did

not experience any significant degradation.

Transcrystallisation is a nucleation-controlled process taking place under quiescent
conditions in a semicrystalline polymer such as PP in contact with other material
such as fibres [85]. It occurs at the fibre surface when closely spaced nuclei at a
foreign surface hinder the lateral extension and force growth in one direction, namely

perpendicular to the fibre surface as illustrated in Figure 3.24.
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Fig. 3.24 Transcrystllisation of PP47 on Kevlar fibre

Transcrystallisation in GF-PP system and its effect on GF-PP adhesion have been
extensively studied [37, 86-93]. It has been shown that the application of stress at the
interface between a glass fibre and a supercooled PP melt (by mechanical pulling of
the fibre) can result in PP transcrystallisation at the interface [87]. The thermal
residual shear stress formed during the sample cooling might give rise to such
interfacial morphology. To confirm this, Both MBT and SFPT samples were

inspected under polarised light as shown in Figure 3.25.

5L ; S & -_."‘(; ; s
Fig. 3.25 MBT and SFPT samples under polarisation microscope
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No transcrystalline zone around the fibre could be observed in any of these samples

under the polarisation microscope.

3.4 Summary

Fibre pull-out tests (i.e. MBT and SFPT), were developed in our laboratory,
including design and manufacture of a microvise and shearing plates. The protocols
for both MBT and SFPT sample preparation were established and no transcrystalline
zone at the interface was observed under polarisation microscopy. Samples were
monitored by the stereo-microscope during the test and the pull-out process was

followed until the fibres were pulled out of the matrix.

MBT results for IFSS exhibited a significant linear relation between the maximum
load and fibre embedded area, giving IFSS value, 7.8 MPa for neat GF-PP47 system.
The possible range from 0.27+0.03 to 0.97+0.01 for coefficient of static friction was
estimated by measuring dynamic friction from MBT loading-displacement curves

and assuming a friction mechanism for neat GF-PP47 adhesion respectively.

SFPT results also showed an excellent linear relation between the maximum load
and fibre embedded area, giving an IFSS value of 7.2 MPa for the same GF-PP47
system. In addition, the effect of processing time in sample preparation on the
measured IFSS was investigated and the results indicated that approximately 70% of
the bond strength in neat GF-PP47 could be achieved within the first 2 minutes at
220°C. The measured IFSS increased significantly within the first 4 minutes and

levels off afterwards.
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The results for IFSS obtained from the MBT and the SFPT were in good
agreement and the data as a whole can be well fit by linear least square method,
yielding the value of 7.3 MPa for the IFSS of neat GF-PP47. Moreover, the data was
also fit by the model based on brittle interfacial failure and unrealistic input had to be
adopted to achieve the same fit as the least square method. Consequently ductile
interfacial fracture was concluded to be the most probable interface mode of failure

for the composite system studied in this work.
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Chapter 4

Effect of Thermo-oxidative Degradation on IKSS for

GF-PP

4.1 Literature review

4.1.1 Introduction to polymer degradation

Degradation of polymers is a process where changes in the physical properties
and/or chemical structure of the polymers occur due to external chemical or physical
stresses caused by chemical reactions, involving bond scissions in the backbone of
the macromolecules that lead to materials with characteristics different from (usually
worse than) those of the starting material [1]. Polymer degradation in broader terms
can be classified as biodegradation, thermal degradation, oxidative degradation,
mechanical degradation, photodegradation and high energy degradation (radiolysis),
ultrasonic degradation and catalytic degradation. Each type of degradation has its
own mechanism and kinetics of the reactions, following specific pathways. The
modes, extent and/or mechanism of degradation are strongly dependent on the
intensity and duration of the physical and chemical stresses, to which the polymer is
exposed, including environmental pollutants, heat, light etc., which may be
experienced individually or, more often, in multiple combinations [1]. Therefore,
countermeasures in stabilisation need to be developed to protect polymers from these
harmful effects. The most commonly used method is to add effective stabilisers into

the materials, in which the stabilisers are consumed in sacrificial reaction so as to
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inhibit the unwanted reactions that would lead to the degradation. Figure 4.1 also

summarises other different types of degradation and corresponding stabilisation.

Degradation

(An irreversible process leading to a significant
change in the structure of a material, typically
characterised by a loss of properties and/or

fragmentations)
Photo-degradation

(Degradation preceded by light (UV))

Bio-degradation
(Degradation processes in which at least one step
is mediated by biological agents)

Thermal degradation
(Degradation caused by heat and temperature)

Ultrasonic degradation
(Degradation caused by ultrasonic sounds)

High energy degradation
(Degradation caused by high energy radiations
like X-ray,

Stabilisation
(The protection of polymeric materials from
which lead to deterioration of properties)

L

Photo-stabilisation
® Screening radiation
® Absorption of radiation

® Radical scavenging

Bio-stabilisation
® Chemical inertness

® Coating of anti-microbial agents

Thermal stabilisation
® Flame retardancy

® Introducation of thermal stabilisers

High energy
® Introduction of radiation nrotectors

Fig. 4.1 Schematic representation of different degradation and stabilisation processes

in polymers [2]

Degradation of polymers has been studied extensively with the aid of various

analytical techniques. These methods have proved useful not only in defining

suitable processing conditions for these polymers and drawing up useful service

guidelines for their application, but also in obtaining information on the relationships

between thermal properties and polymer chain structure. Factors generally used to

characterise polymer degradation include changes in rheology, changes in loss and
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storage moduli,

molecular

weight characteristics

and polydispersity

index.

Additional measurements include branching, content of new functional groups

(unsaturation,

oxygenated groups),

loss (consumption) of

stabilisers

and

discoloration (yellowness index, YI). The techniques that can measure these factors

are summarised in Figure 4.2.

Functional changes
® Infrared spectroscopy
® UV spectroscopy
® Photophosphoresence

® Chemiluminescence

Radicals, ions

® ESR

® Chemiluminescence

Surface analysis
® ESCA

Molecular weight
changes

® GPC (SEC)

® Viscosity

X

Degraded products
®GC

® GCMS

¢ MALDI-TOF
®LC

Morphology
® SEM
* TEM

Physical —»{ ® XRD
propertie ® DSC

Characterisation of

polymer degradation

) ’\
~ -
/ o -

Chemical
propertie

Percentage
degradation

A 4

® Weight loss
®LSC

® CO estimation

Crystallinity

Mechanical
properties

® Instron

* DMA

Fig. 4.2 Different analytical techniques to analyse the polymer degradation [2]

Different aspects of polymer degradation and stabilisation have been the object of

numerous investigations [1, 3-7]. The importance of study in this field cannot be

understated since polymers have become an indispensable ingredient of human life.

There is often a natural concern regarding the durability of polymeric materials.

Studies of degradation mechanisms can serve as a basis for prolonging the lifetime of

polymers and reducing maintenance and replacement. On the other hand, their
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enormous use is a matter of great environmental and economic concern, which has
motivated the researchers and technologists to induce different degrees of
degradations in the polymers. Therefore, controlled stability of the polymers for

specific product applications is the ultimate goal through various research activities.

4.1.2 Mechanism for thermo-oxidative degradation

To control polymer stability, understanding of the degradation mechanisms is a
primary requisite. Degradation involves very complex mechanisms, occurring by
several simultaneous and successive reactions. The individual reactions and even the
elementary steps are affected by chemical composition, molecular structure,
molecular weight, morphology, etc [8]. Various factors, such as impurities, additives,
oxygen, light, temperature, and humidity, also act simultaneously under practical
conditions. Despite this complexity, there is a well-established mechanism of
polymer degradation and stabilisation due to the tremendous research effort. Thermal
degradation of polymers can follow three major pathways: side-group elimination,
random scission, and depolymerisation [1, 8]. Random scission involves the
formation of a free radical at some point on the polymer backbone, producing small
repeating series of oligomers usually differing in chain length by the number of
carbons [1]. If such random scission events are repeated successively in a polymer
and its degradation products, the result is initially a decrease in molecular weight and
ultimately weight loss, as degraded products, with a broad range of carbon numbers,
become small enough to evaporate without further cleavage. Unlike thermal
degradation, where polymer scission can occur randomly and/or at the chain end,

thermo-oxidative degradation is characterised by random scission in the polymer
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backbone [1]. Polypropylene (PP) is known to be very vulnerable to oxidative
degradation under the influence of elevated temperature and sunlight because of the
existence of tertiary carbon atoms. PP degradation chemistry has been very
extensively studied and recognised as a free-radical chain reaction, which leads to
chain scission [9-13]. The free-radical degradation of PP consists of initiation,
propagation, chain branching and termination leading to non-radical products [3].
Initiation results from thermal dissociation of chemical bonds, whereas the key
reaction in the propagation is the reaction of the polymer alkyl radicals (Pe) with
oxygen to form polymer peroxy radicals (POOe) in a very fast reaction. The next
propagation step is the abstraction of a hydrogen atom by the polymer peroxy radical
to yield hydroperoxide polymer (POOH) and new alkyl radical. The chain branching
of POOH results in the formation of very reactive polymer alkoxy radicals (PO*) and
hydroxyl radicals (HOe). The polymer oxy radicals can react further to form in-chain
ketones or can be involved in termination reactions. The termination of PP radicals
occurs by various bimolecular recombinations. The key reactions in the process of
PP oxidation are illustrated in Figure 4.3. Once the carbon-based radical is formed,
intramolecular hydrogen abstraction will tend to occur. The act of intramolecular
abstraction will cause the radical site to migrate down the polymer chain. This
migration provides a mechanism for radicals to “find” another radical or antioxidant
molecule which can terminate the chain reaction. If termination does not occur, then
a mechanism exists for the buildup of hydroperoxide concentration in the polymer.
During this migration, the free radical has a choice of hydrogens to abstract: primary,

secondary, or tertiary, forming the corresponding radical. A teriary sterically
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hindered carbon radical is thermodynamically favoured and becomes the one of the

most common locus for chain scission termed as [-scission [3].

Recats with primary
antioxidants

(hinders phenols, ™.,
hindered amines stabilizers)_

Reacts with secondary
antioxidants (phosphites,
hydroxylamines)

to yield inactive products

E i i

Energy, catalyst

resmues
R -——————POOH+R

(Polymer) nght
Oxygen

\.

Carbon centered “~a Recats with primary
radicals react with lactone an_tloxldants
based stabilizers (hinders phenols,

hindered amines stabilizers)

Path of degradation R* Alkyl radicals
-------- Path of stabilization RO* Alkoxy radicals
ROO* Peroxy radicals
ROOH Hydroperoxide

Fig. 4.3 Schematic presentation of mechanism of PP oxidation and degradation [3]

The oxidative degradation of PP can occur in its different physical forms (i.e. solid
or molten). Many studies have been carried out with PP in these forms to evaluate
the effects of a variety of factors on oxidation and degradation. In the solid form, PP
is a semicrystalline polymer with a crystalline content that is normally between 40%
and 60%. The crystalline regions are essentially impervious to oxygen, so the
oxidation only occurs in the amorphous region [5, 14-16]. Furthermore, it has been
shown that the initiation of the oxidation starts specifically in the interface of the

crystallites since it can be reasonably assumed that most of the anomalous groups are
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placed in this region [17]. Unlike in the solid form, morphology is no longer a
concern for molten PP. The stereoregularity of PP was found to be a rather influential
factor. The relative stability of PP was found to decrease in the following order:
syndiotactic PP > atactic PP >> isotactic PP [11, 18]. Other factors, such as
molecular weight, chemical composition, and catalyst residue, have also been studied
[19-21]. Regardless of different physical forms, the temperature and availability of
oxygen are key factors in the thermo-oxidation degradation of PP. High temperature
can accelerate the oxidation and affect the effectiveness of antioxidant in the material.
At PP processing temperatures of 200°C to 300°C, the oxidative reaction rates are
extremely rapid [3]. Fortunately, a very limited amount of air has access to the melt
during the extrusion or moulding of PP. It has been reported that PP under repetitive
processing (e.g. multiple extrusion) shows an absence of changes in the chemical
structure but an increase of melt flow rate (MFR) [22]. This suggests that chain
scission is not dominated by oxidation but mechanical stresses, namely mechanical
degradation, where the polymer is subject to very powerful shearing force that will
break the molecules and reduce the average molecular weight. In practice, however,
oxidation of PP or other polymers during extrusion may occur if there is a
considerable amount of impurities, such as hydroperoxide [23]. Oxidation may also
be deliberately induced in the process of reactive extrusion, where peroxide is added

to change the rheological properties or even the durability of the polymers [24, 25].

4.1.3 Effect of degradation

Like any other types of degradation, thermo-oxidative degradation tends to worsen

the different mechanical properties of the polymers to the different extents. The study
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of degradation of PP during multiple extrusions showed that small strain properties
(e.g. yield stress and modulus) were slightly affected, whereas break properties (e.g.
tensile strength and energy to break) demonstrated a considerable reduction, which
makes initially ductile material become practically brittle [22, 26]. Thermo-oxidation
induced embrittlement was also reported for the solid PP [27]. The influence of
degradation of PP by multiple processing on coefficient of thermal expansion (CTE)
was studied during the development of a new position sensor used in the
measurement of CTE. It showed that the first three cycles reduced the CTE by about
6—22% within the temperature range up to 100°C and CTE increased again in the

subsequent cycles [28].

An advantageous aspect of having PP oxidised involves adhesion improvement by
surface modification. It is well understood that oxidised polypropylene shows an
increase in surface energy relative to its unoxidised counterpart [13]. Surface
oxidation of PP by various means (e.g. thermal and flame) has been adopted to
polarise the polymer surface and improve the adhesion of PP to other materials with
polar surface as well [29, 30]. However, it should be mentioned that this adhesion
enhancement is mainly evident in the applications such as painting coating and
printability, where the wetting characteristics of PP is the dominating factor for the
adhesion. In addition, it seems that the surface oxidation needs to be mild enough not
to lead to severe degradation, which appears to have an adverse effect on adhesion
[29]. A direct attempt at evaluating the effect of thermal degradation of several
thermoplastic polymers on the interface strength to a steel wire can be found in [31].
In this work, single wire pull-out samples of LLPE, HDPE, and PP were tested and

the fabrication temperature was varied from 150°C to 220°C combined with the
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variation in fabrication time from 5 h to 24 h. It was concluded that both prolonged
heating at low temperature and short periods of time at high temperature can reduce

the strength of the adhesive joints to a certain extent.

4.2 Experimental

4.2.1 Material

In order to minimise complexity of the interface to be investigated, the choice of
the materials was limited to uncoated glass fibre and homopolymer polypropylene.
Boron free uncoated E-glass fibres (Ave. diameter = 17.5um) were supplied by
Owens Corning-Vetrotex and commercial isotactic homopolymer polypropylene PP
579S (PP47) with melt flow index = 47 g/10 min at 230°C and 2.16 kg was supplied

by Saudi Basic Industries corporation (SABIC).

4.2.2 Single fibre composites

The interfacial shear strength (IFSS) of GF-PP47 was measured by using
laboratory-developed microbond and single fibre pull-out techniques. The specific
procedure to prepare the samples for microbond and pull-out tests and details of how
to conduct both tests have been described in chapter 3. Initially unaware of the
severity of PP degradation during sample preparation, the formation of PP
microdroplets for the microbond test was originally carried out in air. Various factors,
including knife edges, microvise gap, glue type and effect of solder iron, had been
investigated previously to account for inconsistent results with large scatter in them

and residual resin left around the debonded area on some fibres. None of these

160



factors seemed to show a marked effect on the measured IFSS in a single set of data.
For instance, PP droplets sheared off by knife edges vs. PP droplets above them, gel
superglue vs. liquid superglue, use of solder iron vs. without using it. Further review
of the results gathered from all sets of data suggested that PP droplets may
experience severe thermo-oxidative degradation under the applied conditions for

their formation.

To verify this hypothesis, PP droplets were also formed under nitrogen. Owing to
lack of a nitrogen purged oven for making microbond samples under nitrogen, we
used a small metallic chamber and drilled a hole on its lid to let the nitrogen flow
into the chamber, where the samples were kept. The chamber was then transferred
into the oven and heated at 220°C. The temperature inside the chamber was
continuously monitored by a thermocouple and the nitrogen flow was controlled by a

flow regulator. This experimental setup is schematically presented in Figure 4.4.

O\

220°C

O

/

N2

7

Fig. 4.4 Tllustration of the setup for droplet formation under nitrogen
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In order to avoid any unexpected complexity, a group of metal frames were made to
replace the cardboard as the sample holder, which is shown in Figure 4.5 together
with other details about this sample preparation. Rapid cure Araldite epoxy was
applied on the metal frame to secure the multiple fibres, on which a number of
isolated PP resin droplets could be formed. The chamber could accommodate 10 of
these metal frames. To seal the chamber, sealing tape was wound around the joint
line between the box and the lid. The lid had two holes. One was located in the centre
as the inlet of the gas and the other was at one of the corners to allow the
thermocouple to stick into the chamber. Before the chamber was heated in the oven,
it had been fully purged with nitrogen to make sure there was no air trapped inside
the chamber as seen in Figure 4.5(c). The nitrogen travelled into the chamber through
a copper pipe, which was coiled to enable the nitrogen to sufficiently heat up before
it entered the chamber as shown in Figure 4.5(d). The nitrogen flow rate was
maintained at 150ml/min and samples were heated in the chamber until some
droplets were formed. It was found that it became very difficult to form symmetrical
PP droplets around the fibres under nitrogen at 220°C even after a prolonged period
of heating. This will be discussed in the Results and discussion section. The samples
cooled down at ambient temperature immediately after the chamber was moved out
of the oven. Single fibres with PP droplets on them were retrieved from the metal
frame and secured on to standard cardboard test frames. The process for the
measurement of sample dimensions and IFSS via the microbond test remained the

same as described in chapter 3.
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back view o front view
(d)
Fig. 4.5 Photos for presenting the procedure of forming PP microdroplets on glass
fibres under nitrogen
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4.2.3 Hot stage microscopy

In order to better understand PP microdroplet formation and degradation, a
transmitted light optical microscope equipped with a Mettle FP 82 hot stage was
employed to visualise the formation of PP microdroplet on a single glass fibre and
the dimensional change of the droplet during heat treatment. A single glass fibre was
suspended slightly above a glass slide and secured with the aid of plaster. A PP fibre
was then deposited on the surface of the glass fibre as seen in Figure 4.6(a). The
sample was inserted into the hot stage, where it was heated rapidly from ambient
temperature up to 220°C in air as shown in Figure 4.6(b). Time started to be
registered when the temperature reached 218°C. For those droplets whose formation
had completed within the first minute, a series of photographs of the droplets were
then taken by the digital camera connected with the microscope at time interval of 30
sec for 60 min. The fibre embedded length and diameter of the PP droplet in each
picture were then measured using the image analysis software, Image-Pro Plus as

shown in Figure 4.6(c).

,,,,,,,,

Fig. 4.6 Photos of (a) coiled PP fibre on a glass fibre secured by plaster on a cover
slip, (b) hotstage setup, and (c) formed PP microdroplet with the measurement of its
dimension
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4.2.4 Nanoindentation test

GF-PP47 microbond samples with PP microdroplets that had different initial
dimensions were heated at 220°C in air and nitrogen respectively. The mechanical
properties of these droplets were then measured by an Agilent Nano Indenter G200
equipped with the continuous stiffness measurement (CSM) technique. In the
conventional nanoindentation test, the measurement of contact stiffness is made just
at the point of unloading, whereas the CSM technique offers a direct measure of
dynamic contact stiffness at any point during the loading portion of an indentation
test by imposing a small sinusoidally varying force, which is added to the nominally

increasing load, on the indenter as illustrated in Figure 4.7 [32].

Load, P

Displacement, h
Fig. 4.7 Schematic of the CSM loading cycle [32]

The force oscillation and the relevant displacement response of the indenter allow

Young’s modulus and viscoelastic properties of the resin droplet to be continuously
probed as a function of indentation depth. If the oscillating force is P(t) = P,e'”, in

which Py is the force amplitude and ® is the harmonic frequency, the assumed
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particular solution for the displacement is A(t) = hye'®, in which 0 is the phase

angle between the applied force and resultant displacement. The ratio of these two

can be written as

P(1)

2 —E +iE 4.1

h @b

and

P,

h_0: (Ej cos @+ E, sin @) +i(E, cos @ — E; sin 6) 4.2)
0

where E, =K, +S—m®’ and E, =(C; +C,)w deduced from the mechanical

model for nanoindentation as shown in Figure 4.8 [33].
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Fig. 4.8 Mechanical model for nanoindentation [33]

From Equation (4.1), we have

E,
tand = —= 4.3
£ 4.3)
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and

)

=JE +E; 4.4)

0

From the equations above, the contact stiffness, S, can be obtained by

Fy 2

hy

S = cos@+mw” —K; 4.5

The storage modulus of the polymer determined through nanoindentation is

S T
E_ﬁ\/; (4.6)

where 3 is a constant that depends on the geometry of the indenter and A is the

projected contact area, which is determined as a function of contact depth [33].

In this work, the microbond samples were first secured on a highly stiff substrate.
The specimen was then placed into the indenter and the top area of each droplet was

located as the testing field seen in Figure 4.9(a).
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Fig. 4.9 (a) SEM photo of a sample for the nanoindentation test, (b) load vs.
displacement curve during testing, (c) samples with porous and contaminated surface,
and (d) injection moulded PP47 disc and indents after the nanoindentation test

The indentation test was conducted with maximum indentation depth and spacing

division set to lum and 20 um respectively throughout all the samples. The force

oscillation had the frequency of 45 Hz. Figure 4.9(b) shows a typical load-
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displacement curve for the nanoindentation test, which exhibits the following test

segments:

1. Load until the penetration depth reaches 1um.

2. Hold the peak load constant for 10 seconds.

3. Unload the force on the indenter until the applied force becomes 10% of the

peak force.

4. Hold the load on the indenter constant for 100 seconds

5. Withdraw the indenter completely.

Prior to the test, samples were carefully chosen to offer a smooth surface. Figure
4.9(c) presents an example of samples that should not be used in the nanoindentation
test because of surface porosity and contamination. Complexity could arise from the
curved surface of PP microdroplets and nonhomogeneity in their mechanical
properties from the surface to the core. Therefore, the data in the defined depth range
from 600 um to 1000 um were chosen to calculate the mean values. At least 6-9
measurements were carried out on each PP microdroplet to obtain the average values
for its mechanical properties. The same measurements were also made on the
injection moulded PP samples with flat smooth surface to establish reference values.
The sample and indents can be seen in Figure 4.9(d). The tested samples were then
examined using ISAAC Quanta 200F field-emission environmental scanning

electronic microscope (SEM) to observe the indents. With SEM in combination with
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energy dispersive X-ray spectroscopy (EDX), quantitative elemental analyses were

also conducted on the tested samples.

4.2.5 Thermo-oxidative degradation of PP

To understand how the thermo-oxidative degradation of PP would affect the
measured IFSS, the effect of degradation on thermo-mechanical properties of PP
needs to be evaluated. It was not possible to do this with degraded PP microdroplets
by using normal thermal analysis techniques (e.g. DMA and TMA). Thus, a number
of PP rectangular bars were treated under a thermo-oxidative environment. These
samples were oxidised and degraded to different extents by varying the duration of
the treatment. The thermo-oxidative treatment was carried out on a hotplate at
approximately 220°C. The sample dimensions were determined by the channel

formed by 5 pieces of microscope glass slides as shown in Figure 4.10.

Fig. 4.10 Arrangement of glass slides for making PP sample bars

The injection moulded PP bars were used as the initial material rather than PP pellets

because PP pellets could cause many air bubbles to be trapped in the sample bars and
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these air bubbles may have adverse effect on thermo-mechanical characterisation.
The PP bars first melted in the channel with an opening wider than expected sample
width. This was because as the degradation proceeded the exposed upper surface
gradually sank due to the evaporation of degraded material and formed a concave
because of the adhesion between the melt and inner sides of both top glass slides A
and B. This could strongly affect the three-point bending test in DMA and thermal
expansion measurement in TMA since in both cases having a pair of parallel flat
surfaces was a critical requirement for the sample geometry. Although a flat surface
may also be obtained through polishing away the material from the top, removal of
this part of the material can disrupt the basis of comparison established by the heat
treatment due to the fact that the degraded PP samples may no longer be
homogeneous after thermo-oxidative treatment and a gradient of severity of
oxidation and degradation through the thickness of the sample might exist. In this
work a flat surface was created simply by slowly push the glass slides A and B
towards each other (i.e. reducing the melt width). This forced the PP melt move
towards the middle of the channel and in turn raised the concave surface. The flat
surface was then obtained by putting the sixth glass slide on the top of the melt.
Another advantage of having a flat surface in such way was to produce samples with
exactly the same thickness, which was an important parameter for a three-point
bending test. The samples made by this method had dimensions of width=4.00+0.32
mm and thickness= 1.01+0.03 mm. The treatment duration varied from 0 min to 60
min and after that the PP melt cooled down at ambient temperature. The sample was
weighed using the Mettler Toledo analytical balance before and after the treatment to

yield the weight loss due to the polymer degradation. Each sample was further
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subdivided into 3 pieces for the three-point bending test in DMA Q800 as shown in
Figure 4.11(a), the measurement of CLTE in TMA Q400, and crystallinity

measurement in Mettler Toledo TGA/DSC 1 respectively.

@ (b)

Fig. 4.11 Photos of experimental setup in DMA and TMA

The experimental settings for these tests were the same as those adopted in the
measurement of non-degraded PP in chapter 2. The preload in TMA was set to be
0.04 N to minimise the influence of exerted force on the measurement of CLTE.
Even with this small load the elastic strain of PP samples with different levels of

degradation would vary from 1 to 31 pm/(m-°C) in the course of scan.

Apart from producing degraded PP samples on the hotplate, thermo-oxidative
degradation of PP was induced also in TGA Q50, which gave a much better control
of the thermo-oxidative environment and accurate evaluation of the weight loss.
Initial weight of each sample was kept the same and degradation was controlled
based on the weight loss this time. To obtain the sample with the consistent shape,
Mettler Toledo standard Aluminium crucibles with diameter of 6 mm and depth of

1.6 mm were used as the sample holder. Non-degraded samples were made at 220°C

172



under nitrogen and degraded samples were treated at 220°C in air. The samples were
tested in TMA Q400 to obtain the CLTE of PP as shown in Figure 4.11(b). TGA-
treated samples gave the curved surface, which would reduce the contact area
between the surface and the TMA probe and in turn increase the localised stress
around the edge. As the temperature increases, the edge could go through a
significant deformation, which would cause a great error in the measured thermal
expansion. Therefore, these samples had to be polished to obtain the flat smooth

surface.

4.3 Results and discussion

4.3.1 IFSS measurement of GF-degraded PP

Figure 4.12 contains all the microbond data before realising occurrence of the
thermo-oxidative degradation to PP in microbond samples made in air. In other
words, all the data in Figure 4.12 come from thermo-oxidative degraded microbond

samples made and tested under various conditions as mentioned in the figure caption.
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Fig. 4.12 Plot of peak load vs. embedded area of microbond samples made and tested
under different conditions involving microvise modification, the use of solder iron,
gap between the fibre and knife edges, and types of super glue

Although the entire data look like a messy cloud, some interesting implications may
still worth being pointed out in this plot. First of all, the measured IFSS in Figure
4.12 lies in a very wide range of values stretching from 1 MPa up to 8 MPa. Such a
big uncertainty suggests that the factors that dominatingly affect the results were
actually not under the control during the experiment. Second of all, the data points
represented by the green cross indicate that the largest symmetrical PP droplets that
could be formed on a single glass fibre under the experiment conditions had an
embedded length ~460um. Thirdly, it can be seen that there is an overall tendency of
increasing IFSS with the increase of the embedded area (i.e. the droplet dimension)
and the data can be divided by whether the dynamic friction after debonding is

constant or decreasing and whether there is residual PP left behind on the debonded
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area. In fact, the decreasing friction was expectedly accompanied by obvious residue
resin on the fibre. In most cases constant dynamic friction means a clean debonded
area left on the fibre, although in some cases tiny amount of residue resin does not
seem to necessarily correspond to decreasing friction. Residual resin is usually
regarded as an indication of good adhesion between the fibre and the matrix as it
implies that the intrinsic shear/tensile strength of the matrix is actually lower than the
interfacial shear/tensile strength and the matrix fractures before the
interface/interphase. Thus, the matrix strength is usually considered as the practical
limit to the adhesion enhancement for a given composite. However, the results in
Figure 4.12 show the opposite situation, where the data related to the matrix failure
actually forms the lower boundary of the plot. Since many microbond samples with
small resin droplets failed cohesively, this might arise from different load projection
at fibre entry to the matrix due to different contact angle as schematically shown in

Figure 4.13

/

N

Fig. 4.13 Schematic presentation of load projection at fibre entry to resin droplet with
different size

It seems more likely for a small droplet to fail in a mixed mode and for a big droplet
to fail in interfacial shear. In practice, however, the very top part of meniscus should

experience highest stress concentration in this work and may undergo considerable
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deformation. Consequently the shape edge of shearing plate may no long apply a
point load as it does in the beginning but a line or even area load. This would make
little difference in the load projection for different resin droplets. Another
interpretation to the data in Figure 4.12 is that PP droplets have undergone severe
thermo-oxidative degradation during the sample preparation and that the mechanical

properties of PP have seriously deteriorated.

In order to further confirm the effect of thermo-oxidative degradation of PP on the
measured IFSS, we carried out the microbond test on the samples with the 4 min and
6 min heating at 220°C in air. A plot of peak force vs. embedded area obtained from

4 min set is shown in Figure 4.14.
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Fig. 4.14 Plot of peak force vs. embedded area measured for bare GF in PP47 using
microbond test

Apparently the data can also be divided into two groups according to whether there is
constant or decreasing dynamic friction after debonding. This division seems to be

related to the droplet size. Relatively small resin droplets are more likely to give
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decreasing dynamic friction whereas larger droplets exhibit constant friction after
debonding. Interestingly these two groups also appear to fall on similar trend lines as
shown by the solid fitting lines, neither of which go through the origin. Further
microscopy observation of tested specimens from microbond tests has divided these
two distinctive situations into two categories (A and B) as shown in Figures 4.15 and

4.16.

Category B
Category A
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surface
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Fig. 4.15 SEM photograph of different debonded fibre surfaces

About 2-7 um thickness of residual resin was observed around the debonded area of
the fibres in group B, which corresponds to decreasing friction after the peak load as

seen in Figure 4.16.
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Fig. 4.16 Typical load vs. extension plots of tested samples of (a) category A and (b)
category B recorded in the microbond test

Very occasionally tested samples exhibiting category A behaviour were also

observed with residual resin but at a much lower level. Most samples in the category

A exhibited a clean debonded fibre surface after the test. The observation of matrix
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indentations caused by knife edges (see Figure 4.17) suggests that such a difference
did not arise from the knife edges, which were spaced 20 pm away from each side of

the fibre in these tests.

Category A | Category B

Indentation

e S

o

e

Fig. 4.17 SEM photograph of different indentations caused by knife edges

In addition, the fracture surfaces exposed via the indentation are different between
the two categories. Samples in category A undertaking a higher peak load exhibited a
less severe indentation compared to those in category B with the similar embedded
area. These observations may imply that the difference between these two groups is
caused by a difference in the mechanical properties of the matrix. The failure mode
in B is usually referred to as cohesive matrix failure while in A it is termed as
adhesive interfacial failure. The former is generally considered to be clearly
indicative of good adhesion relative to the latter due to interfacial modification
deliberately made in same work [34]. However, in this case there had been no
modification of the interface in any case, implying all samples should exhibit a
similar level of adhesion. Cohesive matrix failure may also be caused by
deterioration of mechanical properties of the matrix, from which good adhesion with
fibres could hardly be expected. Thus we must seek an explanation for these different

behaviours of the test parameter.
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Consequently another set of microbond tests was conducted with variation of the
thermal history in matrix by changing its duration of stay in the oven from 4 min to 6

min at the same temperature (i.e. 220°C). The results are shown in Figure 4.18.
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Fig. 4.18 Comparison of effect of different thermal loads on the IFSS of bare GF-
PP47 measured using microbond method

It can be seen that the extra 2 min heating has made a significant impact on the IFSS
value obtained for bare GF and neat PP47 studied in the present work. The 6 min set
has an overall lower peak load than the 4 min in the same range of droplet size. Few
tested samples in category B could be found in the 4 min data set, while about half of
tested samples appears as category B in the 6 min group. In both data sets the tested
samples in the category B tend to emerge from relatively small droplets. As droplet
size increases it becomes more likely to have tested samples in category A. In
comparison with two data sets, such a tendency has also been modified by different

thermal loads. It should be noticed in the 6 min group that the peak load seems to
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non-linearly increase with the embedded area and the data from the largest droplets
tend to join into the 4 min data set trend. It can be seen that the additional thermal
load has not only changed adhesive interfacial failure into cohesive matrix failure but
also considerably reduced the value of IFSS. The average values of sum of individual
IFSS for different categories of microbond specimens in both 4 and 6 min sets are

shown in Figure 4.19.
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Fig. 4.19 Comparison of average values of sum of individual IFSS between different
categories of microbond samples in 4 and 6 min groups

It can be seen that the additional 2 min heating has lowered the average value in the 4
min category A set from 2.3 MPa down to 1.6 MPa in the 6 min category A and the
value in the 4 min category B from 1.2 MPa to 0.7 MPa in the 6 min category B.
Statistic analysis of the data in Figure 4.18 using the Two Sample #-test indicated that
the reduction in average IFSS by both increased treatment time (4 min vs 6 min with
fixed category) or a change of category (A vs B at fixed treatment time) was
statistically significant at the 95% confidence level. Tested samples in category B of

both sets generate the values in Figure 4.19 around the shear yielding strength (~1
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MPa) for atactic polypropylene [35], exhibit residual resin on the tested fibres, and

apparently possess a weaker region in the matrix with respect to the interface.

The results of the IFSS and microscopy observation indicate that the variation in
thermal conditions has strongly influenced the properties of the matrix. To examine
this possibility, the embedded length normalised maximum slopes of load-extension
curves recorded in microbond tests were estimated. Individual IFSS values vs.
maximum slopes of corresponding load-displacement curves are plotted in Figure

4.20.
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Fig. 4.20 Comparison of correlation between IFSS and slope of load-extension curve
in microbond tests for 4 min and 6 min sets respectively. Dotted and solid lines are
drawn to visually distinguish category A & B and 4 min & 6 min data sets
respectively

The free fibre length was kept approximately the same throughout all tests. Thus the

variation in slope of the load-extension curve should, to some extent, reflect changes

in matrix stiffness, assuming the compliance of all other parts in the testing fixture
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remain the same. It can be seen in Figure 4.20 that the measured IFSS tends to rise as
the slopes of load-extension curves increase in both groups and overall, samples in
category A of two groups with higher IFSS values also have higher slopes than those
in category B. It is noticed that the situation in Figure 4.20 is analogous to that in
Figure 4.18. Indeed, the fact that the data in Figure 4.18 clearly deviate from the
origin and tend to intersect the positive axis of embedded area means that apparent
IFSS increases as the increase in embedded area, or droplet size if neglecting the
relative small variation in fibre diameter. Thus the combination of these two
observations implies that the slope of load-extension curve increases as the droplet
becomes bigger as shown in Figure 4.21. Consequently it appears that there may be a

correlation between the IFSS and the PP stiffness.
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Fig. 4.21 Slope of load-extension curve vs. embedded length from the microbond test
on bare GF-PP47

One possible explanation for these observation can be found in terms of a variation

in matrix mechanical properties due to thermal oxidation and degradation. Small
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polypropylene droplets are naturally more vulnerable to thermal degradation and
more sensitive to oxidative attack at elevated temperature due to their relative high
surface to volume ratio. Thus when the droplets with various sizes undergo the same
thermal loads, the small ones may suffer from more severe thermo-oxidative
degradation. As the tacticity along the polymer chain is reduced by either the
addition of oxygen atoms on polymer chains or chain breakage, the degree of
crystallinity can be expected to decrease. As a result, in both the 4 min and the 6 min
sets the decrease in crystallinity caused by thermo-oxidative degradation during
sample fabrication could lead to the degradation of PP47 mechanical properties. For
relatively small droplets, this deterioration of mechanical properties was so severe
that PP47 shear strength could be less than its interface strength with glass fibre, and
cohesive matrix failure would then occur. As the droplets become bigger, it would be
more possible for them to maintain sufficient crystallinity and in turn mechanical
properties, which would provide a matrix shear strength higher than its interface
strength with fibre. Interfacial failure would then have a higher probability to occur.
When the thermal process was relatively mild (e.g. 4 min at 220°C), those droplets
that would have failed in the matrix under a severe condition (e.g. 6 min at 220°C)
were able to maintain sufficient mechanical properties and prevent the matrix failure
during the test. Unlike most glass fibre-thermosetting systems, there may be little or
no chemical reaction across the interface between the bare GF and neat PP. The
compressive radial residual stress (CRRS) built around the interface during
fabrication of thermoplastic composites is regarded as the major contribution to the
stress transfer capability at the interface. The level of this radial stress at the interface

depends on processing conditions and physical properties of the fibre and the matrix
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such as their stiffness and thermal expansion coefficients. Although it is known that
for most crystalline polymers, thermal expansion is depressed by crystal lattice
constraints, in a thermoplastic polymer thermal expansion is strongly influenced by
the strength of the secondary bonds between molecules [36]. For instance,
thermoplastic polymer molecules held together by strong hydrogen bonds generally
expand less than those held by dispersion bonds [36]. Therefore if more severe
thermal degradation had happened to samples in the 6 min group, there would be
much more amount of oxygen atoms in polymer molecules held together by strong
hydrogen bonds between those polar atoms. This could lead to relative small CRRS
at the interface of samples in the 6 min group and in turn lower IFSS values than
those in the 4 min group. In addition less crystallinity in the 6 min group may lead to

potential relaxation of CRRS in the matrix, which does not favour high IFSS.

4.3.2 Thermo-oxidative Degradation of PP and its effect on IFSS

In order to provide direct evidence of thermo-oxidative degradation of PP during
the sample preparation for the microbond test, hot-stage microscopy was used to
establish a degradation profile of PP microdroplets with different initial dimensions.
Figure 4.22 shows a series of micrographs following the dimensions of a GF-PP47

microbond sample held at 220°C in air for 30 minutes.
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Fig. 4.22 Photographs of the GF-PP47 microbond sample heated at 220°C in air

It can be clearly seen that there is a considerable reduction in the volume of the PP
droplet over this time. Even in the first 10 minutes the volume loss is significant.
This evidently indicates that the PP droplet undergoes severe degradation during the
sample preparation process, since this volume reduction can only be attributed to
large scale evaporation of volatile products yielded from the degraded PP. It is well
known that the thermal oxidation of PP leads to a step termed as chain scission,
which involves the formation of a free radical at some point on the polymer
backbone [3]. The chain scission produces small series of oligomers with a broad
range of the number of carbons in the backbone. If this process is repeated
successively in a polymer, the resultant products will become small enough to
evaporate without further bond cleavage. Thus, thermo-oxidative degradation of PP
initially leads to a decrease in molecular weight and ultimately weight and volume
loss. Furthermore, the sample shows a marked colour change with time, which is also
a typical sign of significant polymer degradation. It can be expected that such high

levels of polymer degradation will also result in significant changes (reduction) in
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the mechanical properties of the droplet. It is noticed in Figure 4.22 that the decrease
in the transverse dimension of the droplet appears to proceed symmetrically with
respect to the fibre, while the decrease along the droplet length (i.e. fibre embedded
length) proceed to much greater extent on the upper part of the droplet than the lower
portion. A small resin bump also emerges from the upper end of the droplet and
remains on the fibre as the droplet length decreases. The observation of other
samples indicates that the asymmetrical length reduction exists in each sample but
preference to which part decreases faster does not seem to be consistent and the
appearance of the resin bump is not consistent from sample to sample. The
sensitivity of the droplet degradation to the initial droplet dimensions is examined in
Figure 4.23 where the droplet dimensions were measured regularly during isothermal

treatment at 220°C in air.
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Fig. 4.23 Maximum diameter of PP microdrolgi)e)t (a) and fibre embedded length (b)
as function of time as PP microdroples are heated at 220°C in air

It can be seen in Figure 4.23(a) that the droplet diameter decreases immediately
when time registration commences. Oxidation induction time cannot be observed in
these data despite the fact that this commercial polymer contains a full anti-oxidant
package. Diameter decreases linearly as function of time and gradually levels out.
The reduction rate can be obtained from the slope of the linear segment in each curve
and it varies with the initial dimension from 9.3 pm/min for the smallest droplet

down to 5.3 um/min for the largest one. This normalised initial rate as a function of

initial droplet diameter is presented in Figure 4.24.
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Fig. 4.24 Rate of reduction in the diameter of PP microdroplet as a function of its
initial diameter

It is clearly seen that diameter loss in the PP microdroplet accelerates as the initial
droplet diameter decreases and the relationship can be fit perfectly by the power law
in the dimensional range of PP droplets studied in this work. If we consider the
diameter loss as a reliable indication of degradation severity, the results in Figure
4.24 then suggest that relatively small PP droplets degrade faster than large ones.
One explanation for this is surface-to-volume ratio (S/V). Small droplets possess a
higher S/V and offer a greater percentage of polymer molecules exposed to the hot
air. Consequently they are more susceptible to oxidative attack at elevated
temperature and undergo more severe thermal oxidation and degradation within a
given time. It is because the fast degradation rate that it takes less time for the
diameter loss in small PP droplets to reach the plateau, where the degradation may be
close to its maximum. Apparently such effective degradation time is related to the

initial droplet diameter as well and can be obtained at the intersection of the tangent
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at the inflection point with the plateau line in Figure 4.23(a). The linear correlation
between the initial droplet diameter and the effective degradation time is presented

by the fitting line that passes the origin in Figure 4.25.
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Fig. 4.25 Effective degradation time at 220°C as a function of initial diameter of PP
microdroplet

This suggests that for a PP microdroplet with the diameter of 100 pm the completion
time for its degradation at 220 °C in air is only 6.6 min. It can be expected that as the
temperature or oxygen concentration increase the effective degradation time for a

given PP microdroplet will decrease further.

The change in the embedded length is apparently complicated by the presence of
the glass fibre as seen in Figure 4.23(b). Unlike a uniform rate of the diameter loss,
the reduction in the embedded length is inhibited in the beginning, showing a much

slower decrease compared to the diameter loss. In addition, most curves exhibit kinks,
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after which the reduction of embedded length increases to a rate comparable with
diameter loss. The kink in each curve is found to coincide with the emergence of the
resin bump in the corresponding sample. The example for such resin bump has been
shown in Figure 4.22. This phenomenon may be explained by a combination of
contact angle hysteresis and the effect of degradation. Contact angle hysteresis arises
from the existence of energy barriers at the liquid front, manifesting the difference
between advancing and receding angles. For example, removal of liquid from a drop
on a horizontal planar surface will initially make the drop become flatter without
moving its periphery, and the contact angle will become smaller. When enough
liquid is removed, the drop front will suddenly retract. The angle at the onset of this
sudden retraction is the minimum receding contact angle. In the case of the
degradation of a PP droplet on a cylindrical fibre, the fast dimensional decrease in
the transverse direction means a decrease of the droplet-fibre contact angle. It seems
reasonable to assume that the surface tension of the glass fibre and interfacial tension
between the fibre and the molten PP remain constant at least in the early stage of the
heating process. It is also known that the oxidation of PP increases the surface
tension of PP [13]. Therefore, the contact between three phases (i.e. air, PP melt, and
solid glass) is in a nonequilibrium state. To attain the mechanical and thermodynamic
equilibrium, the meniscus of the PP melt tends to move inwards along the fibre
surface. Such movement will be impeded by the energy barriers at the melt front.
Taking the melt elasticity into account, a shear stress could also arise from this
tendency of fluid/fibre motion and the melt in the meniscus is in tension. While the
contact angle continues decreasing, the PP in the meniscus degrades so rapidly that it

gradually loses its mobility due to either good adhesion caused by polarising PP or
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charring. The meniscus part that undertakes the most severe degradation is also
expected to possess the lowest tensile strength. When the stress reaches this criterion,
the movable PP melt then breaks with the meniscus followed by the fast retraction
along the fibre axis. If degradation-induced shear stress does exist, it is very likely to
be incorporated into the thermal residual stress formed during the cooling process.
Consequently, it may slightly affect the absolute level of measured IFSS and it will
certainly contribute to the scatter in the data. In order to examine the discussion
above, the variation of calculated contact angle, 8, of the PP microdroplets, whose

dimensional change is shown in Figure 4.23, is investigated in Appendix C.

In contrast with dimensional change in microbond samples made in hot air, Figure

4.26 presents the different behaviour of the samples made under nitrogen at the same

temperature.
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Fig. 4.26 Diameter of PP microdroplet as a function of its processing time at
220°C under nitrogen
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It can be clearly seen that the PP microdroplets formed under nitrogen do not show
any decrease in their dimensions even after a very prolonged heat treatment,
indicating no degradation occurs to these samples under the applied processing

conditions.

Dynamic nanoindentation test was carried out directly on the PP microdroplets.
This technique allows for measuring mechanical properties as a function of depth in
the sample for a single load-depth cycle. Figure 4.27 demonstrates how the elastic
modulus is continuously measured as the indenter is penetrating into the droplet.
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Fig. 4.27 Plot of Young’s modulus against displacement into surface of PP
microdroplet in nanoindentation test

To minimise the influence of curved surface on the measurement, the average value
for the modulus obtained from each individual sample is calculated in a defined
range of 600 nm to 1000 nm below the surface. The nanoindentation results for
storage moduli of PP microdroplets prepared for 4 min and 6 min at 220°C in air and

under nitrogen are presented in Figure 4.28.
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Fig. 4.28 (a) Storage modulus and (b) tand of degraded and non-degraded PP
microdroplets with different initial dimensions
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It can be seen from Figure 4.28(a) that the PP storage modulus for a given thermal
load is also strongly related to the initial dimensions of the droplet and this correlates
well with the above analysis on the levels of degradation in the droplets. In contrast,
microdroplets prepared under nitrogen show no such loss in the modulus. Young’s
moduli of PP microdroplets present the same relationship with sample dimensions.
Furthermore, damping index, tand, clearly indicates that elasticity loss in the material
is significantly dependent on the dimension of PP microdroplets made in air. Non-
degraded samples, on the contrary, maintain a rather constant low damping
performance. The dotted lines in these plots indicate the average values for the
corresponding properties of injection moulded PP samples. The error bars can be
found at the ends of each line. These average values are obtained from many
measurements on a flat smooth surface and may, thus, serve as the reference to the
results made on the droplets. It is noticed that the storage moduli (elastic moduli as
well) of non-degraded PP droplets are considerably higher than the reference value.
This may be due to the cold metal quench during the injection moulding and the
molecular orientation along the direction of injection. The former may lead to

relatively low crystalline content in the surface of the moulded samples.

The tested PP microdroplets had been unintentionally stored for almost 1-2 months
before they were examined by SEM. No indents could be found even in low vacuum
mode, where non-conductive samples can be inspected without prior coating.
Chemical analysis of the elements in the samples was also carried out by SEM-EDX.

The results are summarised in Table 4.1.
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Table 4.1 Results for the surface composition of degraded PP microdroplets

Sample 4mins at 220 in air 6mins at 220 in air
Initial embedded

length(um) 179 280 393 233 340
C wt% 84.36 85.89 87.52 86.16 87.84
O wt% 15.64 14.11 12.48 13.84 12.16

High vacuum mode 20kv

Although the single measurement on each sample may not be adequate to generate
any conclusive results, it does seem to show that larger droplets tend to have a less
oxygen content. It is unexpected to see that the oxygen content in samples treated for
6 mins is less than that for 4 mins. It may be due to further oxidation during the
storage time, which is one month longer for 4 mins set. Nevertheless, it should be
quite confident to say that oxidation process dose occur to the PP droplets prepared

in air and more than 10 wt% oxygen can be incorporated into the polymer chains.

To further investigate how thermo-oxidative degradation in the polymer affects the
measured IFSS with glass fibre, thermo-mechanical properties of degraded material
need to be measured. The samples were isothermally treated at 220°C in air in an
open system for different times. Figure 4.29 shows the relationship between the

normalised weight percent of PP samples and the time for heat treatment.

Normalised weight Percent
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Fig. 4.29 Normalised weight percent of macroscopic PP samples at 220°C in air as a
function of processing time
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Significant weight loss can be seen in the course of degradation. Although each data
point is representative of one individual specimen, it may be acceptable to regard this
behaviour in weight loss as that anyone of those samples would have if it was treated
continuously for 60 min. Figure 4.30 presents dynamic mechanical properties of

these degraded samples.
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Fig. 4.30 (a) Storage modulus and (b) tand of macroscopic PP samples with different
weight losses caused by the degradation
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It can be seen in Figure 4.30(a) that storage modulus of PP decreases as the
degradation increases in the temperature range of -60°C to 130°C. Particularly during
the first 15% weight loss, which occurs within the first 30 minutes heat treatment
under the thermal conditions applied in this study. Less significant decrease in the
modulus with further weight loss may be due to the fact that three-point bending test
mainly characterises the mechanical properties of exposed surface layer, which may
tend to vary to a less extent as the degradation increases after 15% weight loss. The
correlation between the degradation and the modulus obtained from macroscopic PP
samples by three-point bending test is qualitatively in agreement with the above
nanoindentation analysis on the PP microdroplets at room temperature. Furthermore,
it should be pointed out that although the macroscopic samples were treated at the
same thermal conditions as those for PP microdroplets, results from the same
processing time in both preparations are not comparable due to significantly different
S/V between PP microdroplets and injection moulded samples. The former is
believed to suffer much more severe degradation than the latter for a given
processing time. The effect of thermo-oxidative degradation of PP microdroplets on
their damping property is further confirmed by the results shown in Figure 4.30(b)
with the fact that tand increases as the degradation increases. It is also noticed that
the peak in the curve gradually shifts towards lower temperatures as the degradation
increases until it reaches 55.5% weight loss. This implies that degradation can
depress the glass transition temperature (T,) of PP. This can be attributed to the
increasing number of flexible chain ends caused by a decrease in molecular weight
during the degradation and entrapped low-molecular weight products, which may act

as plasticisers. The rise of T, at 55.5% weight loss certainly needs to be confirmed by
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more measurements. Despite this, the similar trend for the relationship between the
weight loss and T, was also observed in other work on a different polymer[37]. The

results for T, of PP with different levels of degradation are presented in Figure 4.31.
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Fig. 4.31 Glass transition temperature (T,) of PP with different level of degradation

The measurements of CLTE of degraded samples were carried out by using TMA
with macro-expansion probe. The samples include both hotplate-treated PP bars and

TGA-treated PP tablets (see Figure 4.32).
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Fig. 4.32 PP47 samp'lés treated to various levels of degradation in TGA
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The sample with 30% weight loss became so brittle that it could not be taken out of
the DSC pan without breaking it. The results for CLTE of degraded PP are rather
irreproducible, which is the same problem with both types of specimen. This is
thought to be mainly attributed to inadequate thickness of the samples. It is
recommended in ISO 11359-1 that the plastic samples for the measurement of CLTE
in TMA should have a thickness of a few millimetres [38]. The thickness of most
samples made in this work is approximately 1 mm. Moreover, hotplate-treated
samples tend to have a porous surface, which also results in increased imprecision

[38]. The results obtained from these samples are together presented in Figure 4.33.
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Fig. 4.33 Temperature dependence of coefficient of linear thermal expansion for non-
degraded and degraded samples

Only the curves that have been repeated from two individual specimens are presented
in Figure 4.33. It is found that samples with no or little degradation (< 5% weight
loss) tend to give more repeatable results of CLTE as function of temperature. The

results for non-degraded samples agree well with the typical values found in the
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literature [39]. Within the first 5% weight loss, degraded PP exhibits a smaller CLTE
at the same temperature. Other work has reported the 6-22% reduction in PP CLTE
in the case of the first three times of reprocessing [28]. This was attributed to the
decreased amount of free volume caused by the growth of spherulites. Nevertheless,
the growth of spherulites does not necessarily mean a rise in crystallinity. In addition,
it has been stated that the CLTE of a thermoplastic polymer can be reduced by
intermolecular hydrogen bonds, which may be formed by oxygen atoms added to the
PP chains via thermal oxidation [36]. Another factor that needs to be considered is
the molecular weight, whose reduction means the decrease in the length of polymer
chains and in the number of molecular entanglements. These changes could lead to
the increase of PP CLTE. The CLTE of degraded PP may therefore be controlled by

the result of the competition between these factors.

DSC analysis was carried out on degraded PP bars since the microdroplets contain
much too little material for a standard analysis. Figure 4.34 shows melting peaks in

the second heating cycle with different levels of degradation weight loss.
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Fig. 4.34 Melting peaks in the second heating cycle in DSC analysis
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It certainly indicates that the melting peak is broadened and progressively shifted to
lower temperatures as the weight loss increases. Reduction in the onset melting
temperature is expected since polymer chains tend to repel oxidised segments from
the crystals, leading to the increase of surface free energy of the crystals [15]. As for
the decrease of melting temperature, it is known that the melting temperature of PP
decreases with reduction in molecular mass [40], with random copolymerisation [41]
and with increase in stereo-irregularities [42]. Moreover, the entrapped low-
molecular products could act as impurities in the crystal and in turn depress the
melting temperature. Similar melting behaviour associated with degraded PP can be
found in other work [15]. This melting behaviour of PP together with onset of

crystallisation associated with thermo-oxidative degradation is illustrated in Figure

4.35(a).
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Fig. 4.35 (a) Melting and crystallisation b(e]il)aviour of degraded PP and (b)
normalised crystallinity of PP samples and their corresponding storage moduli as a
function of degradation weight loss

The onset crystallisation temperature was found to be lowered by approximately 5°C
up to 55.5% weight loss. The crystallinity of PP is known to be proportional to the
integration of the area between the melting peak and the baseline as shown by an
example in Figure 4.34. Figure 4.35(b) presents the results for normalised
crystallinity and corresponding storage moduli at 20°C of degraded PP samples. It
can be seen that the degradation gives rise to a significant decrease in PP crystallinity
with 44% reduction for the most degraded sample. The storage modulus follows the
similar trend with the degradation weight loss until it reaches 30%, after which the
decrease of storage modulus becomes much less significant. This may be due to the

stiffness compensation resulting from the cross-linked polymer chains at the late

stage of degradation. Regardless of this complication, the results in Figure 4.35(b)
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suggest that the decrease of PP crystallinity is the most likely cause of the drop in

modulus observed in both degraded PP microdroplets and macroscopic samples.

The results and discussion above not only support the findings from the earlier

work on the measurement of IFSS for GF-PP47, but also provide evidence that could

account for a mechanism by which the degradation affects measured IFSS. These

possibilities are summarised as follows:

Thermo-oxidative degradation of PP reduces PP crystallinity. This leads to
the decrease of PP modulus and in turn decreases CRRS at the interface. In
addition, lowering crystallinity can give rise to the reduction in thermal
shrinkage related to the densification, which normally is considered to
account for large residual stress built up in a semi-crystalline matrix [43].

Decrease of crystallinity may also mean potential stress relaxation.

Thermo-oxidative degradation of PP reduces the onset temperature for PP
crystallisation. This temperature is commonly adopted as stress free
temperature, at which the residual stress is thought to begin accumulating
around the interface. In most theoretical models, residual stress is found to be
proportional to the difference between stress free temperature and test

temperature [43, 44].

The CLTE of PP microdroplets is reduced by thermo-oxidative degradation.
This reduction in CLTE will depress thermal shrinkage upon cooling of a

thermoplastic polymer and consequently reduce CRRS at the interface.
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To better elucidate the points made above, compressive radial stress at the interface
was calculated using the concentric cylinder model [43, 44] and experimental results
obtained in this work. The model assumes that the solid cylindrical fibre is
concentrically assembled with the hollow cylindrical interphase (if there is one) and
the matrix. It is also assumed that all components are linearly elastic and possess
perfect bonding between them. In the case of this work, we assume there is no
interphase between the glass fibre and PP matrix and both components are isotropic.
The physical and mechanical properties of the glass fibre are assumed to be
independent of the temperature in this study. The elastic modulus and CLTE of the
glass fibre has been measured by the standard single fibre tension test in chapter 1.
The radii for internal and external cylinders were set to be 9 um and 160 um, which
are average values of the fibre and the PP microdroplet respectively. The temperature
dependence of elastic modulus of PP was obtained from the thermo-mechanical
characterisation of PP and some of the results have been shown in Figure 4.30(a).
The input for the stress free temperature was based on the results in Figure 4.35(a).
Since the results for the CLTE of PP were not available for most degraded samples,
the temperature dependence of the CLTE of PP was taken to be independent of the
PP degradation level throughout the calculation. The results for CRRS are shown in

Figure 4.36.
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Fig. 4.36 Calculated compressive residual thermal stress at the GF-PP47 interface at
20°C exerted by the PP matrix with different degradation weight loss

It can be seen that degradation of the PP matrix does lead to lower CRRS at the
interface. In particular, the first 2.5% degradation weight loss results in the most
significant decrease in CRRS. This should be expected from the results in Figure

4.30(a).

4.3.3 Comparison of IFSS between GF-degraded PP and GF-non-
degraded PP

Results for IFSS of samples prepared in air and under nitrogen are presented in

Figure 4.37.
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Fig. 4.37 Effect of thermo-oxidative degradation of PP on the microbond measured
apparent IFSS of GF-PP47

The simple calculation of IFSS is via the ratio of peak load to embedded area with
the assumption of uniform distribution of interfacial shear stress. It can be clearly
seen in Figure 4.37 that measured IFSS for GF-PP47 is significantly affected by the
thermal load (temperature and time) and the atmosphere (air or nitrogen) in terms of
thermo-oxidative degradation in PP matrix. Without degradation of the PP
microdroplet the measured average IFSS is over twice the magnitude obtained from
degraded PP samples. The fact that the linear fitting lines of the data from non-
degraded samples goes through the origin and lines for the degraded samples do not
indicate that thermal degradation of PP may be one of the reasons why the regression
lines in some microbond studies of IFSS do not pass through the origin. Note that the
data points with hollow symbols in the 4 and 6 minutes sets correspond to the

microbond samples that were previously observed to undergo the matrix cohesive
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failure due to severe degradation and therefore should not be involved in the
comparison of IFSS with non-degraded samples. However, other samples did
undergo the interfacial failure with clean debonded area left behind after testing and
yet they gave much lower values for IFSS than those obtained from non-degraded

samples.

Finally it is worth pointing out that it has been reported in the literature that the
use of degraded/recycled PP in fibre (mainly natural fibres) reinforced composites
can give rise to the good retention or even improvement in some mechanical
properties [45, 46]. In most cases this is attributed to the enhanced compatibility and
resultant higher IFSS between the fibre and the matrix. The results presented in this
study do not necessarily challenge these ideas since the method and scale of sample
preparation are different. In composite preparation by extrusion and moulding,
functional groups resulting from a relatively mild thermo-oxidative degradation of
PP are likely to find the fibre surface directly. However, in the process of formation
of a PP droplet on a single fibre, the degradation takes place in-situ and by the time
PP immediately adjacent to the fibre is functionalised the whole droplet has likely
degraded and become too weak to transfer the applied load to the interface to cause
interfacial debonding in the microbond test. Consequently, the degraded droplet
experiences a matrix shear failure and leaves behind residual resin on the fibre

surface as shown earlier in this chapter.
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4.4 Summary

The effect of thermo-oxidative degradation of homopolymer isotactic PP47 on the
measured IFSS with uncoated E-glass fibre is reported. It was found that PP
micrdroplets employed in the standard microbond test suffered considerable thermo-
oxidative degradation when they were formed in air. Degradation of the PP droplets
proved very detrimental to the apparent level of adhesion of GF-PP47. It is therefore
strongly recommended that PP microbond samples should be formed in an inert
atmosphere, such as nitrogen. Studies on both PP microbond and macroscopic
samples showed that the change in their thermo-mechanical properties is mainly
responsible for the decrease of IFSS in terms of a decrease in the radial residual
thermal stress at the interface. A qualitative correlation between PP degradation and
measured IFSS has been generated in this study. Further work should extend to
investigating how this degradation in PP affects the mechanical properties of

macroscopic GF-PP47 composites.
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Chapter 5

Effect of residual thermal stress on IFSS for GF-PP

5.1 Literature review

5.1.1 Introduction to residual thermal stress

Residual stress can be defined as a self-equilibrated stress that persists in a
material that is free of external forces or temperature gradients. It has its root in the
inhomogeneity of a system such as composites in general. It is regarded that residual
stress is inherently present in virtually all composite materials whether they are based
on polymer, metal or ceramic matrices and yet it is often ignored or underestimated
in both design and analytic modelling [1]. Over the last several decades, material
research, particularly in the composite field, has proved that residual stress plays a
significant in role in the properties of the composite structures such as dimensional
stability, structural integrity, and mechanical performance. The oversight of residual
stress may lead to incorrect interpretations of material characteristics and mechanical
behaviour [1]. It is therefore of utmost importance that the residual stress should be
taken into account in both design and analytic modelling of composite structures.
This accordingly requires a good understanding of the role of residual stress in
composite. The ultimate goal of studies on the residual stress is to control and utilise

it to our advantage.
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5.1.2 Formation of residual thermal stress

The residual stress may be classified into three categories based on the different
origin. They are thermal, mechanical, and phase transformation [1]. The last two are
mainly concerned in composites based on metallic and ceramic matrices, while the
thermal origin is the most prevalent and arises from the different coefficient of
thermal expansion (CTE) of the composite constituents. Residual thermal stress
(RTS) can be defined as a residual stress introduced within a body resulting from a
change in temperature. Composites in general achieve their structural integrity by
being cured as in thermosetting composites or processed at elevated temperature as
in thermoplastic composites. This process invariably induces the residual thermal
stress to build up in the composite when it is at a temperature different from its
process temperature. Favre gave the first review of the RTS in both thermosetting
and thermoplastic composites [2] and more recently the available literature on the
RTS in thermoplastic composites has been reviewed by Parlevliet et al in a series of
published papers [3-5]. They firstly described the sources and mechanisms of
formation of RTS in thermoplastic composites, related to material properties and
processing conditions. Experimental techniques developed for determination of the
RTS in polymer matrix composites were then reviewed. Finally, the effects of RTS

on the composite material properties were also reviewed.

The magnitude of RTS in fibre reinforced composite structures is considered to
primarily depend on four parameters: temperature difference between use
temperature and stress free temperature, at which the residual stress is thought to

begin accumulating, CTE of the composite constituents or plies, thermo-elastic
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properties of these constituents or plies, and fibre volume fraction. Apparently these
parameters vary with different types of fibres and matrices used in composites. For
instance, glass fibres normally show isotropic thermal expansion behaviour, whereas
both carbon and aramid fibres are highly anisotropic with small shrinkage in the fibre
longitudinal direction upon heating [1]. Despite this difference, the CTE for the
reinforcing fibres is in general much lower than for the polymer matrices especially
for the thermoplastic matrices, whose CTEs are normally at least one order of
magnitude higher than those fibres [1]. More significant effect on the RTS comes
from the variation in types of polymer matrices, which are mainly responsible for the
relative shrinkage difference, stress free temperature (in turn, temperature difference)
and sensitivity to the processing conditions. For example, the amount of volume
shrinkage upon the same amount of cooling is believed to follow the order: semi-
crystalline thermoplastic polymer > amorphous thermoplastic polymer >
thermosetting polymer [3]. In addition, the corresponding stress free temperatures are
observed to be the crystallisation, glass transition and cure temperature respectively
[3, 6-8]. Both crystallisation and glass transition temperature are known to be
affected by processing conditions such as cooling rate or atmosphere [9, 10]. For
amorphous polymer matrices, it was concluded that the faster the cooling rate in the
glass transition region, the higher the RTS due to higher stress free temperature. For
semi-crystalline polymer matrices, however, fast cooling may result in lower
crystallisation temperature and crystallinity levels, which all lead to a lower RTS.
Thus, the RTS is considered to be the result of these two competing mechanisms.
When the fibres and the matrix are brought together under certain conditions, an

interface or interphase may be formed, which can affect the RTS. For example,
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higher fibre-matrix interfacial bond strength by chemical treatment will increase the
RTS [11, 12]. That is because during the cooling process, both constituents shrink
but the full contraction of the matrix is constrained as a consequence of being bonded
to the fibre. On the other hand, the fibre is not only shortened by its own thermal
shrinkage, but is also compressed by the constrained shrinkage of the matrix. As a
result, residual axial compressive stresses, which decrease from a maximum at mid-
length to zero at the fibre ends, are induced in the fibre. At the same time, the matrix
is constrained by the fibre from fully shrinking, and as a result, is stressed in tension
in a direction parallel to the fibre axis. Stress transfer from fibre to matrix takes place.
A weak interfacial strength may allow for some extent of fibre-matrix slippage in the

longitudinal fibre direction and in turn relieving partially the stress build-up.

Depending on the geometry and scale of the composites concerned, RTS has been
examined on both micro- and macroscopic levels. RTS on the micromechanical level
directly arises from the mismatch in CTE between the fibres and the matrix.
Analytical studies on this level were mainly carried out on a representative volume
element or unit cell, which usually involves a single fibre completely coaxially
embedded in certain amount of matrix material in a shape of cylinder [13-15].
Recently Shokrieh et al investigated the effect of different representative volume
elements on RTS in fibre-reinforced composites using finite element method and
showed slight difference between different configurations [16]. These models can
serve as the basis of determination in anisotropic thermo-elastic properties of a long
fibre unidirectional lamina. It is this lamina anisotropy that gives rise to a RTS
present on a ply-to-ply scale. The RTS in each ply depends on the specific lay-up in

the laminate. Furthermore, a gradient in cooling rate, temperature or moisture
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conditions throughout the thickness of the composite laminate or structure may lead
to a RTS through the thickness of the composite [8, 17]. Finally, the RTS formed
during processing may also be a function of time if the visco-elastic behaviour of the

polymer matrix is pronounced.

5.1.3 Techniques for characterisation of residual thermal stress

Various experimental techniques have been developed to characterise RTS in both
micro and macroscopic level of different composites. Techniques that use inherent
material properties of the constituents of composites usually include Photo-elasticity,

Micro-Raman spectroscopy and electrical conductivity of carbon fibre reinforcement.

Photo-elasticity is applied to materials that exhibit the property of birefringence
when subjected to the stress and the value for the index of refraction (IR) varies as a
function of the stress applied. When a ray of polarised light passes through such
materials, the light resolves into two components, each of which is oriented into a
direction of principal stress in the material and travelling at different velocity with
the other (i.e. having different IR).This difference in the IR results in a relative phase
retardation between these two light vectors. The magnitude of retardation is
correlated with principal stress by the stress-optic law (also called Brewster’s law).
Photo-elasticity requires a transparent or translucent matrix and has been used to
examine the RTS distribution in the both thermoplastic and thermosetting matrices [6,

18].

Micro-Raman spectroscopy relies on the Raman effect that occurs when there is

the energy transfer between the photons of the incident monochromatic light and the
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molecules of the material during their interaction. Such interaction is inelastic and
known as Raman scattering. The difference in energy between the incident photon
and the Raman scattered photon is equal to the energy of a vibration of the scattering
molecule. This technique is based on the stress (strain) sensitivity of most Raman
vibrational modes of crystalline phases and has been widely used in carbon fibre

reinforced composites [19, 20].

Strain dependence of electrical resistance has enabled the carbon fibre to be used
as intrinsic strain sensor in carbon fibre reinforced composites, where the strain of
carbon fibre can be measured by electrical resistance measurement [21, 22]. The
electrical resistance of carbon fibre increase almost linearly with increasing fibre

length before about 0.7% strain [22].

When the carbon fibre is used in the composites with different reinforcements, it
can serve as an extrinsic embedded strain sensor, which refers to another group of
techniques for RTS determination. The commonly used sensors include strain gauges,
fibre optic sensors, and embedded metallic particles in combination with X-ray
diffraction. Among them, the fibre Bragg grating sensor is most often applied to
monitor RTS formation during processing due to its small diameter and accuracy [4].
A Bragg grating is a permanent periodic change of the IR in the core of an optical
glass fibre, which enables the fibre to reflect a narrow spectral component of a
broadband light source. The central wavelength of the reflected component A is
related to the grating period A and the mean effective IR n,s through Bragg

condition: 4, =2n,A . Any change of the fibre length will modify the grating
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period and the effective IR and in turn leads to a modification of the Bragg

wavelength.

A common manifestation of RTS in composites with unsymmetrical lay-up is out-
of-plane deformation, which partially relieves the RTS. Therefore, warping can be
measured to indicate the magnitude of the RTS [4]. In addition, the methods based
on interferometry can measure in-plane deformation as well as out-of-plane

deformation.

The methods mentioned above are based on non-destructive evaluation of the RTS
in composites. A number of destructive RTS measurement techniques are also
available. These include first ply failure, layer removal, hole drilling and crack
compliance techniques [4]. Destructive techniques are known to have advantage of

determining the RTS distribution through the thickness.

5.1.4 Effect of Residual thermal stress

In unidirectional lamina, RTS often leave fibres in a state of compression and the
matrix under tension in the fibre longitudinal direction. It implies that the stress
transfer between the fibre and the matrix takes place through the interface. In the
radial direction, RTS often put both the fibres and the matrix under compression.
However, close packing of fibres can result in “tricorn” regions which can change
the compressive radial stresses to tensile stresses [13]. This implies that the normal
stress at the interface can be compressive or tensile. Furthermore, compressive and
tensile hoop stresses are also induced in the fibre and the matrix respectively.

Consequently, these stresses will affect the properties of constituents and their
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interface. In general, when the residual stresses and the stresses resulting from
external loads are equal in sign the maximum allowable external stress decreases. For
example, the compressive residual stress in the fibre may give rise to an increased
tensile strength in the fibre direction [7] but also means a reduced compressive
strength. Although the interfacial shear stress induced by the RTS may result in
interfacial debonding, it can also augment the fibre debonding stresses arising from
mechanical loading [15]. Moreover, it was found that with increasing radial
compressive RTS the fibre-matrix interfical bond became stronger due to mechanical
locking [11, 23]. Effects of RTS on the mechanical properties of laminates are more
complicated and generally observed to be detrimental. Much work thus has been

dedicated to minimise the RTS in the composites.

If the RTS is sufficient enough, some defects may be introduced in composite
laminates and structures. Compressive stress in the fibre may give rise to fibre
waviness, which can be defined as fibres deviating from the mean direction of the
laminate and forming a pattern that is often represented mathematically as a sine
wave [5]. Alone or combined with stresses caused by external forces, the interfacial
thermal stresses may initiate an interfacial crack resulting in fatigue failure and
deterioration in material properties. Tensile hoop stress tends to craze or crack the
matrix around the fibre. Voids tend to aggravate the condition at the interface. When
the fibre-matrix interface bond is weak, cracks can propagate along the interface.
When a strong interface is present, cracks may propagate into the matrix. This fibre-
matrix debonding/matrix cracking can grow to form microcracks, which may further
develop into transverse ply cracks. In a laminate, the ply with transverse cracking can

initiate delamination and subsequently leads to the ultimate failure of the laminate.
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Delamination can also be caused by the high interlaminar stresses developed due to

property discontinuities through the thickness at a free edge.

Effects of RTS on fibre-matrix adhesion have been commented through both
analytical analyses and experimental studies. Nairn et al experimentally determined
the RTS in fibre reinforced thermoplastic and thermosetting matrices by means of
photoelasticity [6] Although direct comment on the effect of RTS on fibre-matrix
adhesion was not given in that work, they showed the RTS at the interface could be
significant for most composites and must be taken into account. Based on classic
elasticity theory, Nairn also developed a theoretical model, which clearly showed
significant normal compressive stresses at the interface could be developed upon
cooling [13]. This model was later employed in some other works to mainly account
for the adhesion level in the composites with little or no chemical bonds at the
interface [12, 24, 25]. Di Landro et al. incoporated stress relaxation in the matrix and
Poisson effect into Nairn’s model and found the RTS at the interface was smaller
than that predicted by Nairn’s model. Nevertheless, they carried out the
microfragmentation test at different temperatures for amophous, semicrystalline and
thermosetting matrices and proved that radial compressive stress at the interface
strongly affected the fibre-matrix adhesion in all the microcomposites studied.
Particularly for amophous and semicrystalline thermoplastic matrices, the radial
compressive stress was likely to be mainly responsible for the fibre-matrix adhesion.
More recently, Quek derived closed-form solutions for the thermal stresses in a fibre
of finite length embedded in a definite elastic matrix with the total complementary
energy principle approach and carried out a parametric study on the effects of fibre

length, matrix radius, Young’s modulus, CTE and Poisson’s ratio of the matrix on
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the residual stress distribution [26]. It was found that the thermal stresses in
composites are dependent on the material properties of the constituents as well as
geometry. For a given fibre/matrix system, the thermal stress fields will augment the
fibre debonding stresses caused by mechanical loading, and influence the analysis of
interfacial properties in fibre pull- and push-out tests [26]. Despite various models
being established, they have not been experimentally verified to account for the
adhesion. The main missing requirement in converting these residual stresses into
IFSS is an accurate estimation of the coefficient of static friction (CSF) for any
particular system. A better understating of the role of wetting and interfacial

interaction on CSF is also required.

5.2 Experimental

5.2.1 Material

In order to minimise complexity of the system to be studied, the choice of the
materials was limited to uncoated glass fibre and homopolymer polypropylene. The
fibres were uncoated boron free E-glass fibres (Ave. diameter = 17.5um) from
Owens Corning-Vetrotex in combination with commercial isotactic homopolymer
polypropylene (PP47) SABIC®PP 579S with melt flow index = 47 g/10 min at 230°C

and 2.16 kg.
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5.2.2 Instron-microbond test (I-MBT)

Fibre pull-out tests (i.e. microbond test and single fibre pull-out test) have been
developed in our laboratory and the details on sample preparation and testing
procedures for both tests have been discussed in chapter 3. The processing
temperature, T,=220°C, and processing time, t,=4 minutes were adopted as the
appropriate conditions for producing specimens for fibre pull-out tests. It has also
been demonstrated in chapter 4 that PP melt will undergo significant thermo-
oxidative degradation when it is exposed to oxidative atmosphere (e.g. air) during
sample preparation and concluded that samples have to be fabricated under inert
atmosphere (e.g. nitrogen). Effects of residual thermal stress (RTS) on GF-PP
adhesion is the main focus in chapter 5 and other factors mentioned above should
be kept identical in order not to cause other complication to the work carried out in
this chapter. Therefore, the conditions listed in Table 5.1 will be maintained for the
sample preparation and the microbond test in Instron tensile testing machine (I-

MBT).

Table 5.1 Conditions for sample preparation and MBT

sample preparation testing conditions
Tp ty Ly loading loading  gap between
(°C) (min) atmosphere cooling (mm) mode rate edges (um)
I- strain 0.1
MBT 220 4 N, air 5 ramp mm/min =Dy
TMA- force 0.15
MBT 220 4 N, air 5 ramp N/min =Dy

The specific procedure to form a PP microdroplet on a glass fibre in hot air and
details for the room temperature [-MBT can be found in chapter 3 and will not be

described here again. The formation of PP microdroplets under nitrogen has been
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described in chapter 4 and will not be repeated. However, one of things worth
mentioning is that the success rate of forming axisymmetric PP droplets under
nitrogen is actually much lower than that in air, with only ~15% for the former and
~90% for the latter. This will be discussed in section 5.3. Only well-shaped,

symmetrical droplets were selected for the experiments.

5.2.3. TMA-Microbond test (TMA-MBT)

In order to quantitatively correlate RTS with the GF-PP bond quality, the
measurement of GF-PP adhesion needs to be carried out with different level of RTS.
One of ways to vary RTS is to change the temperature of samples in testing (i.e.
testing temperature, Ty). Assuming the stress free temperature is the same for all the
samples, the temperature range, within which the RTS builds up, can be either
increased by reducing T; or decreased by increasing T,. Considering the MBT
described in chapter 3, this would at least require the sample and the microvise to be
accommodated in a temperature-controlled chamber, which was not directly
available with the facilities housed by the department. An alternative is to adapt the
MBT configuration to fit into a well controlled temperature environment, which is
routinely produced by some thermal analytical instruments. The possibility for such
combination was recognised after examining a Thermomechanical Analyzer (TMA
Q800EM from TA Instruments). Its film/fibre probe has been used in chapter 1 to
successfully measure the coefficient of thermal expansion of a single glass fibre. This

probe also has the potential to carry out the fibre pull-out test as shown in Figure 5.1.
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Stationary
o~~~ outer probe

Fig. 5.1 Photo of TMA fibre/film probe

This system consists of two concentrically installed probes. The outer one is fixed on
a flat stage, while the inner probe is driven up and down by a shaft. Both of them
have a 1.2 mm slot on the top for supporting two clamps normally used at each end
of the specimen when measuring the sample expansion coefficients as shown in
chapter 1. Such a fixture provides the potential of conducting the MBT in TMA,
where the resin droplet could sit on the outer stationary probe and the fibre could
thread through both slots and end up with some attachment that can just fit under the
slot of the inner movable probe. This leads to three main challenges that have to be

overcome in carrying out the MBT in a TMA:

1. Sample mounting - how to connect the fibre to the inner movable quartz

probe.

2. Droplet restraint - the width of the upper slot in the stationary quartz probe is
approximately 1.2 mm which is much too large to engage the resin droplets

with a normal diameter range of 40-400 pm.
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3. Development of an appropriate TMA testing protocol for an instrument not

initially designed for quasi-static tensile testing.

These challenges were met with the following solutions:

1.

The TMA Q800 fibre/film probe is supplied with a pair of stainless steel
clamps for gripping thin film samples and cleaved aluminium balls for
gripping fibre samples. This clamping mechanism works quite well with
tough materials such as polymer films and natural fibres. However, brittle
17um diameter glass fibres do not survive such severe clamping. In addition,
heavy clamps could give rise to underestimation of the maximum load for
interfacial failure or premature sample failure because the weight of the
clamps could excessively pre-strain the sample. Thus, the fibre was glued to
the card tab as used in fibre pull-out samples. The card tab with one fibre end
attached could be positioned under the slot of the inner probe, which was then
able to pull the fibre downwards. It was found that two card tabs actually had
to be used to sandwich the fibre end so that the fibre would not break because
of bending at the joint during testing. Approximately 0.5 mN was applied on
the fibre by the card tab, which is negligible in comparison to the normal

debonding forces (e.g. 25-300 mN for neat GF-PP47 obtained in chapter 3).

To support the resin droplet in the TMA, a small shearing plate with a narrow
slot was manufactured as presented in Figure 5.2. The shearing plate was
machined using high carbon content stainless steel and consisted of three
separate parts, as shown in Figure 5.2(a). The bar on the top was used to

integrate other two bars in the same plane. The shearing edges were created in
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the same way as the shearing plates in the microvise. Two plates had been
polished to form a sharp edge along one of the surfaces. Instead of having a
pair of parallel loading edges, a small angle of approximately 1.2° was
deliberately left between these knife plates to facilitate sliding of the fibre (i.e.
the sample) into the gap. Moreover, this arrangement gave a varying distance
between two loading edges from 95um—Oum, which completely covered the
range of fibre diameters (i.e. 15.5um—22.5um) encountered in this work. This
ensured that the contact between the fibre and the loading edges could always
be achieved for any fibres. Compared to parallel shearing plates, this small
angle leads to the difference of 0.33% in the fibre perimeter in loading points
around the fibre on each side. For the maximum fibre diameter in,
approximately 22 um, the difference in the arc length between two loading
points of the parallel plate and that of the angled plate is only 0.23 um.
Consequently, this slight non-parallel alignment of the shearing plate edges
was not expected to make any significant difference in the loading pattern of
the resin droplet in comparison with the conventional parallel slot. The TMA-
shearing plate was small enough to be positioned on the top of the stationery

quartz probe. No clamp is required to hold the plate on the probe.
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Fig. 5.2 TMA-MBT shearing plate (a) model, (b) photo, and (c) dimensions

3. The TMA configuration proved to be a tricky part in the process of achieving
TMA-MBT since this instrument was intended for the measurement of length
change with the temperature not for conducting the MBT. In a normal TMA
test with the film/fibre probe in use, two steps have to be programmed to
allow an experiment to run. They are zero initiation and initial length
measurement. In zero initiation, the inner probe rises until it makes contact
with the bottom of the outer probe. The screen then displays the thickness of
the two stages of the probes. In initial length measurement, the inner probe
drops until it makes contact with the sample (i.e. the card tab in TMA-MBT)
and applies a static pre-load on the sample to remove the slack of the fibre or
film and put them under slight tension. The choice of this parameter mainly

depends on mechanical properties of materials to be tested. In the case of
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TMA-MBT, the pre-load should be significantly smaller than the maximum
load for interfacial failure, even though it will be automatically incorporated
into the applied force upon the start of testing. In fact, it is desirable to set the
pre-load to be as small as possible because, firstly, the loading process should
be free of pre-loading for the sake of comparison between I-MBT and TMA-
MBT; secondly, significant creep may be caused by a long period of static
loading, especially when the test is carried out at elevated temperatures; and
thirdly, sudden loading may cause damage to the sample and lead to a
premature failure. However, it was found that a small load was not enough to
register the presence of the sample and stabilise the probe on the card tab
because the probe could be readily bounced away while it was trying to press
down the card tab to carry out the initial length measurement. Furthermore,
the vibration resulting from the movement of closing the furnace tends to
disturb the inner probe with the small pre-load and makes it move up again.
In order to completely solve this problem, the process of the length
measurement was tricked by providing an artificial resistance to the inner
probe movement as shown in Figure 5.3. After zero initiation, the sample was
amounted into the shearing plate. A piece of string was attached to the probe-
locking lever, which moves along with the inner probe. The string was gently
strained and kept under a metal block as shown in Figure 5.3. In this way the
inner probe would stay at the zero initiation position when carrying out length
measurement. In other words, after the length measurement the TMA would
“think™ that the initial sample length was equal to the thickness of the two

stages of the probes. The furnace was then closed and the set temperature was
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reached while the inner probe was still being held. It was not until 30 seconds
before the load was going to be applied to the sample that the inner probe was
slowly released by relaxing the string. The inner probe would then gently
land on the card tab and apply the pre-load on the sample. The advantages of
using this method includes:(a) easy to use, (b) no modification to TMA, (c)
free of potential damage caused by the length measurement process and (d)
free of pre-load until a few seconds before testing. The minimum pre-load of

1 mN was used in TMA-MBT.

®

.\ Probe-locking

lever

Fig. 5.3 Setup for length measurement in TMA-MBT
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The I-MBT is carried out by measuring the load generated during the
displacement of the free fibre end at constant rate (i.e. linear strain ramp),
however, this mode could not be employed in TMA-MBT because the load
generated during strain ramp with the same rate as in I-MBT somehow could
not be recorded continuously, but in a stepwise manner as shown in Figure
5.4. This unexpected behaviour was not associated with the data readout
speed. No real solutions were provided after consulting the technical service
of the TMA manufacturer. Consequently, the TMA had to be configured to
measure sample displacement during a linear force ramp. It can be seen from
Figure 3.8 in chapter 3 that the rate of force increase in I-MBT force-
displacement plot is approximately linear during most of the strain ramp up to
the debonding force. The loading rate can be obtained from the slope of the
force-displacement, which depends on extension rate and the stiffness of the
entire fixture. The average value of the slope of the force-displacement curve
for the measurements on MBT samples made under nitrogen was found to be
0.15 N/min. In order to keep the TMA-MBT as comparable as possible to the
I-MBT we therefore adopted 0.15 N/min as the applied force ramp rate in the

TMA-MBT.
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Fig. 5.4 Plot of force vs. sample length in TMA-MBT under strain ramp

The measurement protocol then proceeded as follows (see Figure 5.5).

(1) The probe displacement was electronically zeroed.

(2) The single fibre microdroplet sample was loaded into the shearing plate with

the lower card tab hanging freely below the movable quartz probe.

(3) With the movable probe immobilised above the card tab, the furnace was

closed. The initial sample length and probe position was recorded.

(4) The sample temperature was equilibrated at the desired test temperature (in
the -40°C to 100°C range) with an addition 3-5 minutes isothermal segment to

ensure a constant equilibrium temperature was attained.
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(5) The movable inner probe was then lowered very gently to contact the card tab

and the force ramp was initiated at 0.15 N/min.

plate

I 2
stationary

quartz probe

Fig. 5.5 Schematic and close up photograph of the TMA-MBT test configuration

The increasing probe displacement was then recorded until debonding occurred. A
typical result obtained from a TMA-MBT test is plotted as a force-displacement

curve in Figure 5.6.
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Fig. 5.6 Load-displacement curve from a typical TMA-MBT test

The general form of the curve is clearly different than that obtained in I-MBT.
However, the maximum value of force required to obtain a full debonding event is
still obtained. The major difference is what occurs after debonding. Since the TMA
continues to attempt to increase the applied force above Fy,, after debonding there is
a rapid downward displacement of the debonded fibre, which is approximately 2 mm.
Consequently, in this test configuration, there can be no further information obtained

on post-debonding dynamic friction in a similar manner to I-MBT.

The TMA-MBT was carried out at five different temperatures (-40°C, 0°C, 20°C,
40°C, and 100°C) and ~30 data points were collected for each set. The uncoated
glass fibres became more fragile after extra handling from sample preparation. Fibre
breakage often occurred during testing especially when TMA-MBT was performed
under subambient temperatures due to the increase of fibre-matrix adhesion. Many

samples had to be wasted to obtain the decent number of data points. What made the
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test even much more time-consuming was the extremely low success rate of droplet
formation under nitrogen. It was because of these disadvantages that we decided to
use the specimens repeatedly. The nature of thermoplastic polymer allowed
debonded PP microdroplets to be reshaped at elevated temperature. Additional
thermal treatment under the conditions applied in this work was unlikely to alter the
results for measured interfacial shear strength (IFSS), 1.y, as indicated by the results
in chapter 3. The bond between the fibre and the matrix was formed at the new fibre
surface, which was ~2 mm away from the debonded surface. After test, the free fibre
length, Lg, was enlarged up to 7 mm and readjust back to 5 mm by detaching the

fibre from the card tab and re-gluing it on the card tab.

5.3 Results and discussion

5.3.1 PP Droplet formation under nitrogen

It proved extremely difficult to actually form an axially symmetric PP47
microdroplet on a glass fibre under nitrogen. Only a few out of dozens of samples
treated at 220°C under nitrogen for 4 minutes could offer the axisymmetric droplets
for the MBT. Considerable time extension for heating process did not seem to bring
about any improvement to the droplet yield. Figure 5.7 presents the photos of various
axially asymmetric PP47 microdroplets after total 270 minutes heat treatment, which
was stopped at 4, 15, 30, 60, 120, and 270 minutes respectively to examine the

droplet yield.
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Fig. 5.7 Micrographs of various axially asymmetric PP47 microdroplets after 270
minutes heat treatment

It was found that there were 5 droplets formed out of 42 samples in 4 minutes and no
droplet formed afterwards. It raises the question that if such a prolonged period of
heating did not produce any more droplets, why any droplet should be formed at all
in the first 4 minutes and whether those testable PP microdroplets represent the PP47

matrix.

It has been known that there are two types of equilibrium conformations of a small
liquid drop on a cylindrical fibre: barrel shape and clam-shell shape [27-31]. For a
given system, the transition between these two shapes, also called roll-up process,
depends on the reduced volume, which is the ratio of the droplet volume to the fibre
radius. Large reduced volume favours the barrel shape and clam-shell shape is the
preferred conformation when the reduced volume is small [28]. The critical value of

this reduced volume for the shape transition to occur is dependent on the equilibrium
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contact angle [28]. However, it can be seen from Figure 5.7 that axially asymmetric
droplets on fibres in this case may not be related to such shape transition since it
occurred to the droplets with various volumes. It may not be attributed to the
wettability of PP melt to glass fibre either due to the fact that zero equilibrium

contact angle is normally found for this system [32, 33].

In chapter 3, Figure 3.10 exhibits a clam-shell shaped droplet, which appears not
to fully wrap up the fibre. Physically the droplet will tend to form the barrel shape if
the fibre surface is completely included in a liquid droplet. However, it is impossible
to see these details in Figure 5.7. Nevertheless, let us assume some fibre surface is

fully included in asymmetric liquid droplet as shown in Figure 5.8.
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Fig. 5.8 Schematic illustration of the formation of the axisymmetric droplet

The contact line of the larger resin volume will correspond to a contact angle greater
than the equilibrium one, while a contact angle smaller than the equilibrium one will
be found at the contact line of the smaller resin volume. To achieve the mechanical
equilibrium around the entire contact line, excessive liquid resin will flow into the
other side to form a symmetric droplet shape with respect to the fibre axis as shown
in Figure 5.8. For a given system and thermal conditions, the time for such
transformation will be strongly affected by the polymer viscosity. The higher
viscosity is, the more time is required to form symmetric droplet on a fibre. Figure

5.9 displays two PP47 microdroplets on the same glass fibre heated at 220°C in air.
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Fig. 5.9 Micrographs of two PP47 microdroplets heated at 220° in air

As discussed in chapter 4, the smaller droplet degraded faster than the larger one due
to different surface to volume ratio. Therefore, the molecular weight and in turn the
viscosity of the smaller droplet decreased faster and form the axially symmetric
shape significantly earlier than the opponent. It is therefore reasonable to state that
the shape of PP47 droplet on a fibre could be strongly affected by the polymer

viscosity. Note that PP47 is actually a relatively low molecular weight polymer.

From the discussion above, the possibilities for those droplets formed under
nitrogen within 4 minutes may involve (a) some of fibre surface had been fully
included in the PP melt upon melting and (b) the PP samples had contained some
residual peroxides, which oxidised the polymer and led to polymer degradation and
reduction in viscosity. The former may depends on how the PP fibre deforms upon
melting and can be affected by the way the PP fibre coils up and wraps up the fibre.

Such behaviour is influenced by the dimensions of PP fibres. Raising processing
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temperature may give higher droplet yield. However, to maintain the same conditions

in sample preparation throughout this project, this change was not made in this work.

5.3.2 Comparison between I-MBT and TMA-MBT

Results of F,,x versus embedded area, A. obtained for GF-PP47 samples, prepared
under nitrogen, using the -MBT and the TMA-MBT at room temperature are shown

in Figure 5.10.
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Fig. 5.10 Comparison of results for GF-PP obtained from [-MBT and TMA-MBT

It is noticeable that the two data sets completely overlap with each other and both
data sets clearly exhibit a significant linear relationship with a low level of scatter
and high value of R% The linear least square fitted lines illustrated give a value for
apparent IFSS, t,,p, equal to 8.0 and 7.7 MPa respectively in GF-PP47 system. It can

be seen that the comparison of the two test configurations indicates an excellent level
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of reproducibility of the measured IFSS of PP with bare glass fibres. Therefore, the
results from two techniques have been pooled and presented in chapter 3. Both
extrapolated lines pass through the origin as predicted from Equation 3.4 and the
frictional mechanism may account for the GF-PP47 adhesion as discussed in chapter

3. Thus, Tyy= Tapp for the GF-PP47 system.

5.3.3 Temperature dependence of measured IFSS

Due to the significant inefficiency in forming the axisymmetric PP47 droplet for
MBT, the tested specimens were reused as described in section 5.2. TMA-MBT was
carried out from high temperature (100°C) to low temperature (-40°C) in sequence in
order to maximise the use of the samples. Newly made samples were also added to
gradually increase the total number of the testable samples because it became more
likely to encounter fibre fracture during testing as the test temperature, T, decreased.
Many samples tested at subambient temperatures failed to produce interfacial failure

before the fibre breakage, which led to relatively less data points than expected.

The TMA-MBT results for F,,x versus embedded area obtained for this system at

five different T; in the range -40°C to 100°C are shown in Figure 5.11.
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Fig. 5.11 TMA-MBT peak load versus embedded area for GF-PP47 at various test
temperatures

Once again the data for each T exhibit a strong linear relationship with a low level of
scatter, high values of R?, and all extrapolated lines pass through the origin as
predicted from Equation 3.4. It is a bit surprising to see that the high values of R?
were also obtained at subambient temperatures (i.e. 0°C and -40°C), which lie below
PP glass transition temperature (T, =2°C) as reported in chapter 2. Ductile interfacial
fracture during I-MBT at room temperature was assumed in chapter 3, although the
estimated matrix yielding strength appeared to be much higher than measured IFSS
for GF-PP47. However, the mechanical properties of the interface may be different
from the bulk matrix. Below T,, the polymer matrix becomes more brittle and
jeopardise the validity of the assumption of uniform shear stress at the interface.
Nevertheless, simple linear least square technique seems to be the best fit to the

results obtained from TMA-MBT at all test temperatures as seen in Figure 5.11.
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The results for IFSS obtained for this system at five different T; in the range -40°C
to 100°C are summarised in Figure 5.12, which shows the average values of apparent

IFSS (with 95% confidence limits) plotted versus the testing temperature.
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Fig. 5.12 Dependence of IFSS of GF-PP47 on test temperature

It is clear that the IFSS of GF-PP is significantly dependent on testing temperature. It
is worth noting that the rate of change of IFSS with temperature is highest around
room temperature (approximately 0.2 MPa/°C at 20°C). It is well known that the
scatter in the measurement of IFSS using the MBT can often be quite high. The
results in Figure 5.12 indicate that, at least with PP matrices, small variations of the
sample test temperature could contribute significantly to observed scatter in the
results for IFSS. Although no measurements of IFSS have been carried out at the
stress free temperature (120°C for GF-PP47 based on DSC results in chapter 2), at
which the residual thermal stress starts building up, the trend seems to show the

contribution mainly from actual adhesion component between the bare glass fibre
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and the PP47 may account for almost 30% of measured IFSS at room temperature.

Consequently the value of 2.1 MPa is assumed for the IFSS of GF-PP47 at 120°C.

Varying sample temperature through controlling T, can change the magnitude of
residual thermal stress (RTS) in the sample. From the results above, one can see that
RTS does play a significant role in stress transfer capacity of the fibre-matrix
interface. One of possibilities is related to the compressive radial residual stress

(CRRS), o,,,, acting perpendicularly across the interface. Analytical studies of the
distribution of o, in a unit composite have been carried out by a number of authors

and have been reviewed in section 5.1. Based on experimental results obtained in this

work, a simple linear model is first used to estimate o, [34-36]:

(am - af X’TT - Tref )Em

Gmd = 1—V

(5-1)

1+v, +—F

E;

where &, and «,, are coefficient of thermal expansion of the fibre and the matrix
respectively; v and v, are Poisson’s ratio of the fibre and the matrix respectively.

When the magnitude of E¢ is very high, Equation (5.1) is normally reduced to

- E (5.2

rad

= (am _af )(T;‘ _Tref

The situation in which the materials have temperature dependent mechanical

properties can be handled by

Gy =[G (T)dT (5.3)
Trﬂf
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The above equations do not take into account the dependence of o, on fibre

volume fraction, V;.

In addition, the concentric cylinder model is also employed to calculate the RTS
in GF-PP47. The model assumes that infinitely long solid cylindrical fibre is
concentrically assembled with the infinitely long hollow cylindrical interphase (if
there is one) and matrix. It is also assumed that all components are linearly elastic
and possess perfect bonding between them. In this work, we assume there is no such
interphase between the glass fibre and PP matrix and both components are isotropic.
Glass fibre properties are temperature dependent but on an insignificant scale and
can be considered constant in the temperature range studied in this work. The elastic
modulus of the glass fibre was measured by the standard single fibre tension test at
room temperature and the coefficient of linear thermal expansion (CLTE) of the
glass fibre was also obtained in chapter 1. The temperature dependence of elastic
modulus and CLTE of PP47 was obtained from the thermo-mechanical
characterisation of non-degraded PP47 in chapter 2. The stress free temperature was
set to be the crystallisation temperature determined by DSC analysis in chapter 2,
which showed the matrix solidification process of PP began when the temperature
dropped below 120°C. This may be indirectly supported by the observation of
contraction behaviour of the PP microdroplet during cooling process shown in Figure

5.13.
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Fig. 5.13 Contraction behaviour of PP microdroplet during cooling process at
20°C/min

This PP droplet was formed on a single glass fibre in the hot-stage as described in
chapter 4 and cooled down at 20°C/min. It can be seen from Figure 5.13 that the
contraction proceeds rapidly above 120°C and gradually levels out after that. It
indicates that the matrix starts to gain solid-like character early in the crystallisation
region and implies that constrained shrinkage is likely to be large, resulting in large
residual stresses. Otherwise, dimensional changes may still be significant after 120°C.
Finally, the radii for internal and external cylinders were set to be 9 um and 160 pum,
which are average values of the fibre diameter and the maximum diameter of PP
microdroplet respectively. These inputs for the calculation of CRRS in GF-PP47 are

summarised in Table 5.2.

Table 5.2 Properties of glass fibre and polypropylene

Property Glass Fibre Polypropylene
Young's modulus (GPa) 78.70 Dependent on T;
Poisson’s ratio 0.22 0.35
CLTE (um/(m-°C) 4.8 Dependent on T;
Volume fraction (%) 0.3 99.7
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The calculation derivation for the cylinder model can be found in Appendix (E). The
calculation was carried out in Matlab®R2010b software and the code can be found in

Appendix (F).

As discussed in chapter 3, the combination of o, and physiochemical interaction

at the interface (i.e. adhesive component) may fully account for the measured IFSS
on a basis of the coulomb friction law. For the sake of simplicity, we first assume
that these two components are independent from each other and the Equation 3.9 can

then be extended into
Tult = ﬂst O-n = /’lm‘ (O-O + O-rad ) = Tult (Tref )+ /’lm‘ Gmd (54)

where p is the coefficient of static friction (CSF) and o, is the interfacial normal
stress purely resulting from molecular interaction between the fibre and the matrix.

In this sense, 7, (T )= MU,0, when the test temperature is equal to the reference

ref

temperature, at which o, is expected to be zero.

Figure 5.14 shows the comparison between the measured IFSS using TMA-MBT

and the calculated IFSS using Equation (5.4), in which o,, is determined by

Equation (5.3), different values p are used to fit the results, and Ty, (Trer)=2.1 MPa.
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Fig. 5.14 Comparison between measured IFSS using TMA-MBT and calculated IFSS
based on the linear model

It can be seen that the calculated IFSS builds up significantly as the temperature is
lowered. Furthermore, the experimental IFSS data fall well within the range of
calculated IFSS for py=0.4-1.0, which almost lies in the CSF range of 0.27+0.03 to
0.974£0.01 estimated in chapter 3. The detailed dependence of the IFSS on
temperature will clearly require further investigation; however it is clear that there is
a strong dependence of the IFSS in GF-PP on the test temperature. As indicated in

Equation (5.4), this could be interpreted as direct evidence of the importance of o,

on the stress transfer capabilities of the interface.

Figure 5.15 displays the comparison between the measured IFSS using TMA-

MBT and the calculated IFSS based on the cylinder model.
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Fig. 5.15 Comparison between measured IFSS using TMA-MBT and calculated

IFSS based on the cylinder model

The model shows the significant increase in calculated IFSS as the temperature
decreases. Measured IFSS data fall well within the range of calculated IFSS for
us=0.4-0.9, which completely lies in the CSF range estimated in chapter 3. This is
not surprising since the upper boundary of pg is actually obtained based on the
cylinder model too. From the results presented in Figure 5.14 and Figure 5.15, it is
reasonable to say that the simple linear model can fit the experimental results as well
as the more complex cylinder model. Nevertheless, the cylinder model allows us to

easily examine the effects of V¢ on the rate of ¢, build-up and cumulated o, , as a

rad

function of temperature (see Figure 5.16 and Figure 5.17).
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Fig. 5.17 CRRS as a function of temperature in GF-PP47 with various fibre volume
fraction

The overall trend of each curve in Figure 5.16 is the same, with the rate increasing
with the increase of temperature before T, and dramatically decreasing after T,. Thus,

the highest rate for o,, build-up per degree appears at T,. This is the result of
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opposite dependence of E;, and CLTE on the temperature as shown in Figure 5.18
for PP47. It is also clear that the rate is strongly affected by Vg, with high rate

corresponding to low V. The same dependence of o, on V¢ can be found in Figure
5.17. The effect of V¢ on o,, in GF-PP47 at various temperatures can be more

directly seen in Figure 5.19 with V¢ presented in the logarithmic scale.
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Fig. 5.18 Dependence of storage modulus and coefficient of linear thermal expansion
of PP47 on temperature measured by DMA and TMA respectively
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Fig. 5.19 Dependence of CRRS on fibre volume fraction at various temperatures
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It shows that o, , will decrease as V¢ increases but this effect is insignificant until V¢
reaches approximately 10% at various test temperatures applied in this work. V¢ in
most of microbond samples used in TMA-MBT is even less than 5%. This means

that the variation of o,, caused by different V¢ in microbond samples may be
negligible. Although it is not obviously presented in Figure 5.19, o, actually

linearly decrease with V¢ after 10%. The slope of linear fitting line to each curve

gives the amount of reduced o, , due to 1% increase of V. It is can be seen from

rad
Figure 5.19 that the value of this slope should also be significantly influenced by

temperature. The relation between them is presented in Figure 5.20.
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Fig. 5.20 Reduction per 1% increase of fibre volume fraction of CRRS as a function
of temperature

The dependence of o, on V¢ is inversely related to temperature. In other words,

o, becomes more sensitive to the change of Vy at lower temperature.

rad

251



In the case of the MBT samples, the fibre volume fraction in each cross-section
constantly varies from the mid-span of the droplet length to both ends. This could
result in different CRRS distribution at the interface compared to that based on the
cylinder model. However, to the author’s best knowledge, there seem to be no
analytical models currently available to directly deal with such droplet geometry. An
indirect approach is to replace the matrix region surrounding the embedded fibre
with an equivalent cylinder of matrix in terms of matrix volume by choosing the
diameter of the matrix cylinder to preserve the total amount of matrix material [37].
If the droplet of MBT samples is assumed to have an ellipsoid shape, the total

volume, V, will be

el
302 2

m}L, D, Y
V, = =1.5 L (5.6)

The diameter of the converted matrix cylinder is then
D =D /15 (5.7)

In fact, whichever value is adopted as the diameter of the matrix cylinder does not

significantly affect the calculated o, since o, , is ultimately dependent on V; as
shown in Appendix (E). As long as the droplet is not too small, o,,, can always be

regarded to be independent of the converted droplet diameter as demonstrated above.
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The discussion above may justify use of the average droplet diameter of 320 um in
the calculation of o, . This may be further checked by examining the V¢ dependence
of measured IFSS for neat GF-PP47. According to Equation (5.4), if pg and ty(Trer)
remain constant at a given temperature, t,; will change with V¢ in MBT samples due

to the variation in o, . Figure 5.21 presents a plot of measured IFSS against Vyof

MBT samples at various temperatures.
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Fig. 5.21 Plot of measured IFSS versus V¢in MBT samples at various temperatures

The straight lines are inserted into the figure to indicate the principal trend of data
points and do not represent any data fitting. They do seem to indicate that the
measured IFSS tends to slightly decrease as V¢ increases. However, if this was the
case, such tendency would become more obvious at lower temperature as suggested
by the results shown in Figure 5.20. Nevertheless, this does not seem to be the case

in the results in Figure 5.21.
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From analysis above, one can see that neither the linear model nor the cylinder
model can fit the IFSS data with a single value of CSF. It is said that CSF may be
expressed by molecular (adhesion) component of the frictional force and the
deformation component caused by the introduction of microroughnesses into the
softer of the two working bodies and their deformation of the surface layer [38]. The
former implies that the CSF is associated with the adhesive interaction at the
interface and is said to normally decrease with temperature, while the latter is said to
monotonically increase with temperature. The overall correlation between CSF and
temperature depends on the result of superimposition of these two components and in
turn the materials that come into contact, surface state and processing conditions.
Therefore, it is not reasonable to assume a constant CSF in the calculation of IFSS at
different temperatures. Wrébel et al showed in temperature range of 25°C to 60°C
CSF for low density polyethylene can vary significantly [39]. Clearly, investigation
of temperature dependence of CSF between the glass and the polypropylene should

be recommended in future work.

Apart from temperature dependence of CSF, it is also worth noting that the
cylinder model assumed infinitely long cylinders with definite elastic behaviour. This
leads to the situation that no shear stress develops at the interface. This might not be
true with finite-length cylinders, in which interfacial shear stress will develop near
the cylinders’ ends as shown by Quek’s model [40]. In addition, Quek’s model also
showed the residual radial stress at the ends of the single fibre composite is actually
tensile. Analysis of stress distribution in the single fibre pull-out test has revealed
that the radial stress at the interface changes from tensile to compressive along the

fibre length [40]. This tensile stress caused by the Poisson effect, together with the
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tensile stress resulting from RTS, could weaken the interface in the vicinity of the

loaded free fibre and even give rise to premature failure during the pull-out test.

Neither of these models took into account polymer viscoelasticity, which could
lead to relaxation of RTS. The stress relaxation to the CRS can be very dramatic for
the semicrystalline matrix as shown in [41]. Such relaxation is expected to become
more significant above glass transition temperature (T,) and lead to lower level of
CRS. The stress state is probably also strongly perturbed by the presence of
inhomogeneous cooling stresses in the polymeric droplet, and in the embedded
portion of the fibre. These stresses must be accounted for in the calculation of the

interfacial shear strength.

It can be seen from the results presented in Figure 5.15 that at room temperature
the fibre-matrix adhesion only makes up of 29% of measured IFSS, while the CRRS
is responsible for 71% of measured IFSS, which supports the hypothesis that the
principal contribution to apparent IFSS in GF-PP results from a combination of
CRRS and static friction at the fibre-matrix interface. Moreover, there is a very
interesting correlation between this percentage and the results in Figure 3.18. For the
first 2 minutes, the measured IFSS already reaches 5 MPa, which coincides with 71%
of the highest IFSS measured in this work. This could be mainly attributed to the
CRRS since wet-out of the fibre surface by molten resin has a time dependence
whereas the same magnitude of CRRS will be introduced as long as the fibre-matrix
system is equilibrated at the elevated temperature during heating. This implies that
the sequent increase in measured IFSS after 2 minutes may solely arise from

improvement of wetting.
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5.4 Summary

It proved very difficult to form testable PP microdroplet under nitrogen at given
thermal conditions due to high viscosity of the polymer. In order to investigate the
temperature dependence of the measured IFSS of neat GF-PP47, the microbond test
has been successfully adapted to be carried out in the temperature controlled
environment of a thermo-mechanical analyser. Excellent comparability was obtained
for the IFSS of GF-PP47 measured at room temperature by the TMA-microbond and
the Instron-microbond test configurations. TMA-microbond test was carried out in
the range -40°C up to 100°C and an excellent linear relationship between the
debonding force and embedded area was held for the results obtained from TMA-
microbond test at all chosen temperatures. The temperature dependence of IFSS of

neat GF-PP47 showed a highly significant inverse dependence on testing temperature.

Both simple linear model and classic concentric cylinder model were used to
obtain the compressive radial residual stress (CRRS) and little difference was found
in the calculation. The measured IFSS at different temperatures was fit by a simple
coulomb friction law combined with different values for coefficient of static friction

(CSF) and estimated CRRS.

The IFSS at stress free temperature was estimated to be 2.1 MPa, which, together
with the combination of CRRS and CSF may fully account for the measured IFSS for
GF-PP. CRRS proved to be mainly responsible for the stress transfer capacity at the
interface, making up of 71% of measured IFSS at room temperature. This supports

the hypothesis that the principal contribution to apparent IFSS in GF-PP results from
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a static friction resulting from the combination of CRRS and CSF at the fibre-matrix

interface.

Finally one can see that the results from micromechanical tests carried out in
chapter 3-5 address different aspects of PP-GF microcomposites, which involve only
a single fibre embedded in the matrix. One of the obvious differences between a
microcomposite and a macrocomposite is the fibre volume fraction and gross
interfacial area. The PP-GF macrocomposite with very high fibre volume fraction
may lead to low CRRS and in turn low IFSS. Regardless of the different scales, the
optimal processing time for PP47-GF appears to be at least longer than 4 minutes
when the processing temperature is set to be 220°C. The influence of thermo-
oxidative degradation of PP in macrocomposite is likely to be less concerned than in
microcomposite since the oxygen availability is normally quite low during composite

processing and S/V is very low for the former.
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Chapter 6

Summary and Further work

It is well known that the fibre-matrix interface has great importance to the
mechanical performance of fibre reinforced composite materials. The aim of this
project was to supply sufficient experimental data to test the hypothesis that the
principal contribution to the IFSS in glass fibre reinforced polypropylene comes from
the static friction resulting from the combination of compressive radial residual stress
(CRRYS) and coefficient of static friction (CSF) at the fibre-matrix interface. Towards

accomplishing this aim, three major work programmes have been conducted:

1) Estimation of the level of thermal residual stresses in glass fibre reinforced
polypropylene (GF-PP). The measurement of the axial fibre stiffness at room
temperature and thermal expansion coefficient of a single glass fibre in axial
direction over a wide temperature range were carried out. Similar data were
also obtained for the matrix PP. This work was covered in chapter 1 and 2
respectively. The data obtained in chapter 1 and 2 then fed into a theoretical
model to calculate the thermal residual stress for GF-PP at different

temperatures.

2) Estimation of the interfacial strength of GF-PP. This led to the construction of
an appropriate experimental rig and establishment of protocols for the sample
preparation for the direct characterisation of the interfacial shear strength

(IFSS) of GF-PP. This work formed chapter 3 and 4.
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3) Evaluation of temperature dependence of IFSS for GF-PP. A novel technique
was developed to carry out the microbond test in a well-controlled
temperature environment provided by TMA. The results were then fit on a
basis of the hypothesis mentioned above. This work was described in chapter

5.

The summary of the main results presented in each chapter is given below:

In chapter 1, the mechanical characterisation of the reinforcement glass fibres
was carried out at room temperature. The standard single fibre tension test was
employed to measure the tensile properties of both uncoated and APS-coated glass
fibres over a gauge length range from 5 mm to 80 mm. The measured Young’s
modulus for uncoated fibres was found to be 3 GPa higher than that for APS-coated
fibres. Further confirmation on this result is required by using more accurate
techniques such as the ultrasonic method. The data for the tensile strength was fit by
the classic two parameter Weibull analysis. The results obtained from uncoated
fibres were found to be reasonably explained by unimodal Weibull distribution
whereas the APS-coated fibres show a multiple flaw distribution, which requires the
maximum likelihood method to estimate the unknown parameters of Weibull
analysis in the future. Compared to uncoated fibres, APS-coated fibres showed
considerably higher strength controlled by less severe flaws but no significant effect
on the strength controlled by the most severe flaws. This result is contrary to that
found in the literature and subject to further verification by conducting the same tests

on in house-coated fibres.
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Axial CLTE of a single uncoated glass fibre was measured in TMA with the aid of
plaster as the sample holder material. Temperature range covered low operating
temperature up to processing temperature (approximately -40°C to 240°C) of GF-PP
composites in most applications. The preliminary results showed that the CLTE of
the uncoated E-glass fibre was found to be fairly constant in the temperature range of
20°C-300°C with the value close to 5 um/(m-°C), which is usually assumed in
various calculations associated with the CLTE of E-glass fibre. The protocol for the
procedure to this characterisation needs improving through further more

measurements.

In chapter 2, the thermal and thermo-mechanical characterisation of the matrix
PP with different molecular weights (MW) was described. The results from DSC
showed that PP grades with low MW tended to crystallise at higher temperature and
gave rise to a relatively greater crystallinity. This was in agreement with the DMA
results, which suggested that PP with low MW tended to give relatively high
dynamic moduli above T,. Below T,, however, high MW grade had higher dynamic
modulus, which might be related to the larger number of tie-molecules. T, = 2°C was
obtained for PP47 by both DMA and TMA. In addition, the tensile properties of
PP47 at small strain were obtained by a set of normal unaxial tensile tests, including
elastic modulus, 0.2% offset yield strength, and tensile strength at yielding, which

was used in chapter 3 to estimate the shear strength at yielding for PP47.

In chapter 3, the microvise with controllable shearing plates was manufactured
from scratch in the laboratory. The protocols for sample preparation for both

microbond and single fibre pull-out tests were established. The testing process could
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be monitored by a stereo-microscope until the fibre was pulled out the matrix.
Excellent compatibility was obtained for these two methods and the results for IFSS
exhibited a significant linear relation between the maximum load and fibre embedded
area, giving a value of 7.3 MPa for IFSS of neat GF-PP47. Consequently a ductile
interfacial fracture was concluded to be the most probable interfacial failure mode
for the composite system studied in this work. The CSF was estimated to be in the

range from 0.2740.03 to 0.97+0.01 for neat GF-PP47.

In addition, the effects of processing time in sample preparation and molecular
weight on the measured IFSS were also investigated. The results indicated that
approximately 70% of the bond strength in neat GF-PP47 could be achieved within
the first 2 minutes of heating at 220°C. The measured IFSS increased significantly
within the first 4 minutes and levelled off afterwards. Lower MW PP tended to yield
higher IFSS. These results emphasised the important role of wetting in interfacial

adhesion of GF-PP.

In chapter 4, the effect of an originally unexpected variable, thermo-oxidative
degradation of PP matrix, on the measured IFSS for GF-PP was studied. It was found
that PP microdroplets in the standard microbond test suffered considerable thermo-
oxidative degradation when they were fabricated in air. Degradation of the PP
droplets proved very detrimental to the measured IFSS of GF-PP47. Studies on
thermo-mechanical properties of both degraded PP microbond and macroscopic
samples showed that the change in these properties was likely to be the cause for the
decrease of IFSS in terms of a decrease in CRRS at the interface. Further work may

extend to investigating how this degradation in PP would affect the mechanical
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properties of macroscopic composites of GF-PP47 and how this would be related to

the use of recycled PP in PP composites.

In chapter 5, the microbond test was successfully adapted to be carried out in a
temperature controlled environment provided by a TMA. Excellent comparability
was obtained for the IFSS of GF-PP47 measured at room temperature by the TMA-
microbond and the Instron-microbond test configurations. TMA-microbond test was
carried out in the temperature range -40°C up to 100°C and results showed a highly
significant inverse dependence of measured IFSS on testing temperature, particularly

at the PP glass transition region.

The IFSS at stress free temperature was estimated to be 2.1 MPa, which, together
with the static friction resulting from the combination of CRRS and CSF may fully
account for the measured IFSS for GF-PP. CRRS proved to be mainly responsible
for the stress transfer capacity at the interface, making up of 71% of measured IFSS

at room temperature. This supports the hypothesis mentioned earlier.

The measured IFSS at different temperature was fit by a simple coulomb friction
law combined with different CSF values and estimated CRRS based on both simple
linear model and classic concentric cylinder model. The experimental IFSS data fall
well within the range of calculated IFSS for CSF values obtained in chapter 3.
Further work would involve studies on the temperature dependence of CSF for the
interface of GF-PP by measuring the dependence of debonding force on an externally

applied hydrostatic pressure at different temperatures.
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The accuracy of predicted CRRS will be improved if compressive properties of the
polymer matrix and stress relaxation are used. It is therefore recommended that a
thermo-mechanical characterisation of compressive properties and the temperature
dependence of (compressive) stress relaxation in the polymer matrix should be

carried out.

The methodology developed in this work can also be applied to different material
systems such as carbon, aramid, and natural fibres combined with other
thermoplastics. Note these fibres are known to be anisotropic and thermo-mechanical
characterisations should be carried out in both axial and transverse directions. This
may also be the case for the matrix when anisotropy is introduced by the presence of
transcrystallisation. The measurement of interfacial strength in these systems do not
have to be carried out at various temperature as done for GF-PP in this work, if an
experimental jig is available to determine the CSF. However, one of merits in the
TMA-microbond technique is to evaluate the contribution from adhesive component

to the interfacial bond quality by measuring IFSS at the stress free temperature.

The mechanical performance of the fibre-matrix interface has been the main focus
throughout this work and this makes the mechanical characterisation of the interface
become an essential routine. Therefore, the integration of this work can also be
reflected in terms of the mechanical characterisation of the fibre-matrix interface as

illustrated in Figure 6.1.
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From material’s point of view, for a given combination of the reinforcement fibre
and the matrix their physical and chemical properties decide the intrinsic nature of
the fibre-matrix interface (chapter 1 and 2). The practical characteristics of the
interface, however, can be highly altered by the composite formation conditions,
including processing time, temperature, and atmosphere (chapter 3 and 4), cooling
rate, and various artificial treatments such as surface coating and additives. These
factors could strongly influence the nature of the interface through effects on
wettability (chapter 3), morphology, degradation (chapter 4), chemical reaction and
thermal residual stress (chapter 5). The ultimate nature of the interface decides what
bonding mechanisms (usually multiple) will take place across the interface and what

level of ultimate interfacial strength should be expected.

From mechanical characterisation’s point of view, the first thing that comes to
mind should be whether the material selected will be a representative sample and
indicative of the properties of bulk material (chapter 1 and 2). This becomes
extremely important when it comes to the micromechanical characterisation since
only a tiny amount of material may be required to meet the entire sample demand for
a study. The composite formation conditions must be strictly controlled throughout
the study since they can strongly affect the nature of the fibre-matrix interface
(chapter 3), otherwise the additional complexities (i.e. variables) could be introduced
(chapter 4). It is desirable to have a mechanical characterisation technique that is free
from the influence of sample geometry and can generate direct information on the
fibre-matrix interface (chapter 3). It must also put a strict control on parameters for
testing such as humidity, temperature, and loading mode and rate, unless one of these

variables is intended to be studied (chapter 5). The obtained data should be reduced
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with appropriate methods, whose underlying assumptions have a high probability to
be valid and theories can well account for the process of interfacial failure in the test.
The reduced data should give rise to some type of characteristic parameters, which

are able to truly characterise the strength of the fibre-matrix interface.
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Appendix (A)

Statistical Strength Of Analysis Of The Glass Fibres

The results for E-glass fibre strength and Weibull distribution are presented
according to ASTM C1239-07, which suggests that the Weibull plot (i.e.
ln[— In(1 - P, (0))] vs. In(o) plot) should have the ordinate axis and abscissa labelled
as probability of failure and failure stress respectively. Figure A-1 present these
Weibull plots for uncoated and APS-coated glass fibres tested at a variety of gauge

lengths.
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Fig. A-1 Comparison of Weibull plots of uncoated and APS-coated glass fibres
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It can be seen in Figure A-1 that the measured strength for uncoated E-glass fibres is
quite low compared with the intrinsic fatigue strength, 3.5 GPa, indicating there must
have been damage resulting from subsequent processes (e.g. roving) after fibre
formation and/or extra handling in sample preparation. In addition, the experimental
data obtained from the uncoated glass fibres appear to show linear trends in the
Weibull plots for each gauge length. This implies that the failure of the uncoated
glass fibres may be dominated by one flaw population, which can be described by
unimodal Weibull distribution. It also means that the graphic method can be used to
estimate the unknown parameters for the Weibull distribution. Table A-1 contains

estimated parameters, correlation coefficient, R? of linear fitting, and mean strength,

o for uncoated E-glass fibre at various gauge lengths.

Table A-1 Fibre strength and Weibull analysis of uncoated glass fibre

Gauge Characteristlic

length  Numberof Meanstrength,  wejpyll strength, o,

(mm) sample o, (GPa) modulus (GPa) R?
5 107 1.55 4.8 1.69 0.97
10 97 1.51 5.0 1.64 0.98
20 89 1.26 4.1 1.38 0.99
40 60 1.19 33 1.34 0.96
80 72 1.14 3.9 1.26 0.96

It is found that the experimental data are well approximated by the unimodal Weibull
distribution except for the weakest fibres. This discrepancy is likely to be caused by
the damage done to the fibres in the specimen preparation process. R? coefficients
are very close to 1, indicating a good degree of linearity. The values of 3-5 for
Weibull modulus are obtained from the slopes of the fitting lines in the Weibull plot
and agree with typical values found in the literature. Such low values indicate that

the strength of uncoated E-glass fibres statistically vary a great deal due to flaw
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heterogeneity in terms of flaw size, shape, and orientation. Weibull characteristic
strength corresponds to a failure probability of 63.2% and is found to decrease as the
gauge length increases. This is the manifestation of dimension effect, which leads the
Weibull plot to completely shift towards lower stress with increase of the gauge
length as seen in Figure A-1. It means that it is more probable to encounter more
severe flaws as the fibre length increases. Despite the fact that the data at each gauge
length can be well fit by the unimodal Weibull distribution, it seems unsafe to claim
that the failure at gauge lengths from 5 to 80 mm is controlled by just one type of
flaw distribution, since the Weibull modulus varies quite significantly with the gauge
length. Particularly for the data obtained from 40 and 80 mm fibres the Weibull
modulus is much lower than others. Carefully inspecting their Weibull plots in
Figure 1.22 further reveals that the data may be fit better using multimodal Weibull
distribution. Thus, the Weibull modulus may have been underestimated in a way as
pointed out by Beetz. This implies that the conclusion that the linear regression plots
are linear only by judging from the R? coefficients can be misleading. In fact, it is
said that a more robust statistical analysis of linear regression revealed that in all

cases the assumption of linearity is disputable.

The APS-coated E-glass fibre, on the other hand, clearly presents nonlinear
Weibull plots except the one at 5 mm gauge length. These nonlinear curves are likely
to be fit with three linear lines. This suggests that the failure of APS-coated glass
fibres at gauge length from 10 mm to 80 mm is controlled by three distinct types of
flaw populations A, B, and C in the order of severity. The overall failure distribution
is the result of a competition between these flaw populations, which may be

described by the multimodal Weibull distribution. It also means that the graphic
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method is no long valid to estimate the Weibull parameters and numerical methods
are required. One of the most commonly used methods is maximum likelihood
technique, in which multiple flaw distributions are assumed to coexist in a certain
way, the corresponding likelihood function is then derived, and finally the numerical
procedures are required to yield independent sets of parameter estimates for
respective flaw distributions. This work should be carried out in the future to further
analyse the results for the APS-coated glass fibres. The failure strength distribution
of 5 mm fibres appears to be controlled by only type C flaws, which account for high
tensile strength in the range of 2.5-3.2 GPa. It is quite unlikely that type A and B
flaws do not show up at all within a large number of 5 mm fibres tested but then
emerge as a big portion in the Weibull distribution for 10 mm fibres. This may be
due to the end effect, which affects the short fibres to a greater degree in a sense that
the failure that occurs near the fibre ends is more likely to be treated as the end
effect-related event. Moreover, weaker fibres at 5 mm gauge length were more likely
to be broken when the section on both sides of the card is cut away, leaving the fibre
free to loading because of less slack in 5 mm fibres. In addition, the test started off
with 5 mm fibres and there could be the tendency to the selection of strong fibres
because of operator’s skills at the early stage. To partly deal with this problem, a card
puncher will be designed and manufactured for the further work to more efficiently
produce the card frame with small cut-out as well as reduce the width of the card
section that will be cut away. It can also be observed from Figure A-1 that the
distribution related to type C flaws gradually fades out the Weibull distribution as the
fibre length increases. In contrast, the distribution associated with type A and B flaws

form the majority of the Weibull plot as the gauge length increases. It is obvious that
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the more severe flaws have greater separation and vice versa. The analysis of the
Weibull plot can be effectively supported by fractography, which should also be

recommended as further work.

So far we have not touched the most interesting feature in Figure A-1. The
comparison of Weibull plots between uncoated and APS-coated glass fibres clearly
shows that there is no doubt about strength improvement brought about by the APS
coating on the glass fibres. In the same Weibull coordinate the Weibull plots of
uncoated fibres tested at every gauge length are all located on the left of those
obtained from APS-coated fibres. More interestingly, the distribution related to type
A flaws in APS-coated fibres tends to overlap with unimodal Weibull distribution for
uncoated fibres, indicating that the failure of uncoated glass fibres are dominated by
type A flaws. At gauge length 40 and 80 mm the overlap even extends to the
distribution related to type B flaws. This supports the early speculation on multiple
flaw distribution for uncoated glass fibres at 40 and 80 mm, suggesting that the
failure of glass fibre at 40 and 80 mm are dominated by both type A and B flaws. In
general, the difference in Weibull plots between uncoated and APS-coated fibres
becomes less dramatic as greater portions of both plots overlap between them with
the increase of the fibre length. Therefore the effectiveness of strength improvement
resulting from APS is dependent on the fibre length. Without knowing the specific
mechanism for strength improvement, one of the possibilities for this length
dependence could be related to the nonuniformity of APS distribution on fibre
surface, which is known to be the case in most sizing applications. The coated fibres
with long length, thus, may have a greater probability to encounter an area uncoated

by the APS and in turn more likely fracture due to pre-existing severe flaws. As for
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the mechanism for strengthening E-glass fibres by coating, it has been proposed that
surface coating can have ability to heal the surface flaws when the aggregates
chemical species in the coating are small enough to effectively fill the flaw space and
increase the crack tip radius. Consequently the concept of critical dimension of flaws
was introduced to account for the fact that little difference was found for the strength
controlled by the small flaws (i.e. high strength) between uncoated and APS-coated
E-glass fibres. Apparently the Weibull plots presented in this work have showed the
opposite situation, in which the strength improvement is actually exhibited in high
strength part of Weibull plots. In other words, the silane affects the relatively small
flaws (e.g. type B and C) rather than large flaws (e.g. type A). However, this does not
necessarily lead to the conclusion that APS coating appears to heal small flaws and
leave large flaws unaffected. There may be other possibilities under the healing
effect reported in the literature: Compared to the coated fibres, the uncoated fibres
suffer more adverse disruption to the fibre surface after fibre forming due to less
protection from stress corrosion and more severe abrasion between fibres. The flaws
therefore can be created and/or altered in series of processes before testing, including
roving process, transportation, and any additional fibre handling in this case.
Consequently tensile failure of the uncoated fibres may be controlled by the type A
flaws within the gauge lengths studied in this work. However, such explanation only
accounts for the fact that there is no overlapping in high strength data in Weibull
plots between uncoated and APS-coated fibres and leaves occurrence of overlapping
in low strength data unexplained. The latter may be partially attributed to nonuniform
silane distribution on the fibre surface as mentioned earlier. More work needs to be

carried out to further investigate this.
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If the unimodal Weibull distribution is appropriate to explain the experimental
data, theoretically the mean strength vs. length plot in log coordinates should yield a
linear relation, which can then be fit by the least square method. According to the
Equation 1.10, the slope of this plot is another way to obtain the Weibull modulus.

Such plot is presented in Figure A-2.
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Fig. A-2 Dependence of the mean strength of uncoated glass fibres and average
strength of APS-coated glass fibre on gauge length

The error bars correspond to the average strength standard deviation estimated as

S, / Jn , where S, and n are standard deviation of the fibre strength and the
number of tests at the given gauge length respectively. Although the data for APS-
coated fibre cannot be fit by unimodal Weibull distribution, its log (average strength)
vs. log (length) plot is still included into Figure A-2. It turns out that not only the
data for uncoated fibre form a straight line in agreement with Equation 1.10, but

those for APS-coated fibre appear to show a linear relation as well. It implies that
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using this method to analyse the results can sometimes be very misleading. The least
squares method only provides a mean value between all the points as shown in
Figure A-2. The Weibull modulus for uncoated fibre obtained from the slope of the
linear fitting line is 8.3, much higher than any values obtained at individual gauge
lengths. The similar situation has been reported in other work and treated as one of
the inherent drawbacks in Weibull theory. Despite this discrepancy, the gauge length
dependency of fibre strength allows the prediction of average fibre strength at
untested gauge lengths. This can be very informative and useful for short fibre
applications such as chopped fibre reinforced composites, in which the chopped
fibres usually start with the initial length ~4mm and end up with the sub-millimetre
length. In practice, extrapolation outside the range of data is always subject to greater
uncertainty. Thus, multiple gauge lengths should be tested before using these
techniques in an effort to obtain as much information as possible concerning the
gauge length dependency of average fibre strength. Nevertheless, one can see from
Figure A-2 that there could be no difference in average strength between uncoated

and APS-coated E-glass fibres when the length is enough long.
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Appendix (B)

Technical Drawings For The Microvise: (i) Vise top, (ii) Vise Bottom And (iii)
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Appendix (C)

Contact Angle Analysis for PP Droplet On A Single Glass Fibre

Direct measurement of contact angles, €, by methods which work well with
planar surfaces proved inaccurate when applied to monofilaments and indirect
measurement by means of Wilhelmy technique or inverse gas chromatography also
have some serious disadvantages. Therefore a number of numerical methods have

been developed based on Young-Laplace equation:
1 1
AP:}/LV(RT‘FR—j [Cl]

where AP is the pressure difference between liquid and vapour, ¥, is the interfacial

tension and R,, R, are two principal radii of curvature at a point in the surface. The
numerical method developed by Wagner was employed here to determine the contact
angles for PP47 microdroplets on uncoated E-glass fibres. The programme was run
by Mathematica 5.2 and the code can be found in Appendix (D). The results for € as

a function of time are shown in Figure C-1.
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Fig. C-1 Variation in calculated contact angle of PP microdroplets on uncoated E-
glass fibres during thermo-oxidative degradation

The contact angle for most samples can only be determined in the early time of
heating except the smallest sample, whose calculated contact angle can almost cover
the entire heating process. This is not surprising since the numerical method is based
on the Young-Laplace equation, which accounts for the pressure difference in
equilibrium state. In other words, the method applies to the static fluids, which are in
stable equilibrium. However, the system in this study hardly achieves such
equilibrium state as described above. Moreover, the numerical method proved quite
sensitive to the inputs. Continuously determinable contact angle in the early period of
heating may be related to the quasi-equilibrium and the results consistently show a
decrease in @ with time. Unexpectedly, & in the sample 1 can be determined almost
in the entire time range of its heat treatment and these data points are connected with
each other as shown in Figure C-1. Regardless of the absolute values, it can be

clearly seen that @ initially decreases considerably until it reaches 2.5 minutes.
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There is abrupt fluctuation in 8 between 2.5 minutes and 4.5 minutes, after which
the values increases with time and almost goes back to the initial magnitude at 7.5
minutes. After that @ again decreases with time and finally drops to a level, which
appears to be less dependent on time. The variation of € in the sample 1 with the
processing time seems to agree well with the results in Figure 4.20 and the relevant
discussion. The decrease of € within the first 2.5 minutes implies the rapid decrease
in the droplet diameter. The time range for the abrupt fluctuation in @ coincides
with that for occurrence of the kink as shown in Figure 4.22(b). Afterwards the
increase of @ corresponds to the rapid decrease of the embedded length as seen in
Figure 4.22(b). Less dependence of & on the processing time after 12 minutes
correlate well with the little change in droplet dimensions during that time as shown

in Figure 4.22.

283



Appendix (D)

Mathematica Programme Code For The Calculation Of Contact Angle

1 = reduced droplet length;

t = reduced droplet thickness;

thetal = 48.0*Pi/180;

theta2 = 55.0 * Pi/ 180;

a = (t*Cos[thetal] - 1.0)/(t - Cos[thetal]);

k =1-a"2/t"2;

phi = ArcSin[Sqrt[(1 - 1/t*2)/k"2]];

11 = 2*(a*EllipticF[phi, k] + t*EllipticE[phi, k]);

a = (t*Cos[theta2] - 1.0)/(t - Cos[theta2]);

k=1-a"2/t"2;

phi = ArcSin[Sqrt[(1 - 1/t*2)/k"2]];

12 = 2*(a*EllipticF[phi, k] + t*EllipticE[phi, k]);

theta3 = (thetal - theta2)*1/(11 - 12) + (11*theta2 - 12*thetal)/(11 - 12);

While[(Abs|[theta3 - theta2] > 0.00001), {thetal = theta2, 11 =12,

theta2 = theta3, a = (t*Cos[theta2] - 1.0)/(t - Cos[theta2]),

k=1-a"2/t"2,

phi = ArcSin[Sqrt[(1 - 1/t"2)/k"2]],

12 = 2#(a*EllipticF[phi, k] + t*EllipticE[phi, K]),
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theta3 = (thetal - theta2)*

/(11 - 12) + (11 *theta2 - 12*thetal /(11 - 12)}

theta3 = theta3*180/Pi
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Appendix (E)

Theory Of Pressurized Thick-Walled Cylinder

One cylinder

If a single hollow cylinder with free ends is subjected to the constant axial strain and
every cross-section perpendicular to the axis undergoes radial strains only as shown

in Figure [1], the equations of equilibrium for an element of material are

=0 [E2]

E = du [E3] i
dr Fig. E-1 Arbitrary cross-sectional slice of a
long hollow cylinder subjected to uniformly
y distributed internal, P;, and external, P,
Ep=— [E4]
r
dw
£, = & [ES]

o, v
E, =—"F—-—\o,+0.)=— E6
= gt [E6]
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o, V u
Ey=———\o,+0, )=— E7
o= lo ro)== [E7]
e =% V(o 4g,)= [ES]

dz

Differentiating eqn. [E7] with respect to r gives

-V —v [E9]
dr dr dr

E[du u\ do, do. do,
dr r

r

Substituting for du/dr and u/r from eqns. [E6] and [E7] and simplifying,

—yp—L—p—-1L [E10]
r dr dr dr

1+V(0r—0e)=d06 do do

Since ¢_is constant, de_/dr =0 and differentiating eqn. [E8] gives

do, . do, N do, (E11]
dr dr

Substituting into eqn. [E10] for do_ /dr from eqn. [E11] and (O'r -0, )/ r from eqn.

[E1] and simplifying gives

(1—#(‘1; +d;6j:0 [E12]
r r

From eqns. [E12] and [E11] we see that do, /dr =0 and therefore o, is constant

through the wall thickness. Integrating eqn. [E12] shows that

O, +0, =constant=2A [E13]
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Eliminating o, between eqns. [E11] and [E1] gives

do, 20, -2A
—+ =

0 El4
dr r [ ]

from which, multiplying by 7%,

2a-2re -2 3% g [E15]
dr

and

or. —%(ﬂa,):o [E16]

By integration,

Ar’-r’c, =B [E17]

Hence

o =a-2 [E18]

and from eqn. [E13],

o, :A+r£2 [E19]

where A and B are constants which may be found using the boundary conditions. For

a linear elastic, isotropic cylinder under internal pressure P; and external pressure P,,
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the boundary conditions are: at r =r,, 0, =—p, (pressure being negative in sign);

andat r=r,, 0, =—p,,

B B
-p;=A-—and -p, =A-— [E20]
from which, we get
2.2 2 2
B: (pz zpo)’z.i 7'0 and A: piriz p;ro [E21]
r, —r Iy =1

Therefore the radial and hoop stresses become

2 2 2.2

pirt —=p,r; p,=p )’
- 11 o 0 — 1 (2] 1 (2] E22
o, r2 2 rz(rz _r'z) [ ]

o l o l

2

et A V0l B
P22 rz(rz _r‘z)

o 1 o 1

[E23]

Two cylinders

Let us now consider two concentric cylinders, where the internal cylinder (the fibre)

is solid rather than hollow and external cylinder is regarded as the matrix. At the

centre of the fibre r, =0 and this might imply that radial stress in the fibre o’ is

infinite, but this cannot be so and therefore B must be zero; hence, at all point in the

fibre
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and

o/ =c’ [E25]

where A’ and C’ are constants. On the other hand, the matrix is subjected to
internal pressure from the fibre. The external pressure is atmospheric only and can be

neglected in relation to the internal pressure (i.e. p, =0). According to eqns. [E22]

and [E23], we get

Bm

ol = A" - [E26]
r

oy =A"+ 2 [E27]
r

o =C" [E28]

where A", B" and C™ are constants. Thus, the problem is reduced to the
determination of those five constants. The radial stress boundary conditions are

associated with continuity of tractions at interfaces:

c"=0atr=r" [E29]

o'=0! atr=r/ [E30]

A force balance in the longitudinal direction yields

o'V 46"V =0 [E31]
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where V/ = (rf / r'”)2 and V" =1-V’. By using eqns [E24]-[E28], the conditions

[E29]-[E31] yield

B" = A"} [E32]
Al = A”’[l—(:—fj } —A" [E33]
cl=-c" “;—f [E34]

These expressions reduce the number of unknowns to only two, namely, A™ andC",

which can be determined by applying the strain-stress relationships:

£, I/E —-v/E —-v/E) (0, (&
e, |=|-v/E VE -v/E|x|o, |+ a|T-T,) [E35]
£, -v/E —-v/E 1/E o.) \a

where v stands for the Poisson’s ratio, E is the Young’s modulus, 7 is the use

temperature and T, is the stress-free temperature. This equation applies to both the

fibre and the matrix and superscripts f and m are used respectively. Assuming there is

no interfacial slip between the fibre and the matrix, we have

el =¢e"atr=r' [E36]

e) =€) atr=r' [E37]
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The eqns [E36] and [E37], combined with the eqn. [E35], yield two simultaneous

equations with two unknowns:

0 0 A" B K, ~
(Q3 Q4jx(cmj_(sz(T Tref) [E38]

where:
P E39
s VI (5]
11"
= ——— [E40]
Q: (E’" E’ vfj
1-v/ 14+v™ V" 2
=- + —t— E41
o K E' E" Jvf E’"} (B4
VR VEA VA
= E42
A TATR (B4l
K =K,=a"-a’ [E43]
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Appendix (F)

Matlab Programme Code For The Calculation Of Residual Thermal Stress
Based On Two Cylinders (the sign “%” is used to indicate the description only

and will not be run in the programme)

function [fr,fz,mz]=funl(Data)

% fr is the residual radial stress (MPa) on the fibre, fz is the residual longitudinal
stress (MPa) in the fibre, and mz is the residual longitudinal stress (MPa) in the

matrix

[R, L]=size(Data);

fr = zeros(R, 1);

fz = zeros(R, 1);

mz = zeros(R, 1);

fori=1:R

Em=Data(i,2);

em=Data(i,3);

[sfr,sfz,smz]=f(Em,em);

fr(i, 1)=sfT;

fz(i, 1)=sfz;

mz(i, 1)=smz;

end
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end

function [sfr,sfz,smz]=f(Em,em)

um=0.35;

9% um is Poisson’s ratio of the matrix
uf=0.22;

9 ufis Poisson’s ratio of the fibre
Ef=78700;

% Efis Young’s modulus (GPa) of the fibre
ef=5e-6;

% ef is CLTE (°C™) of the fibre

rf=9;

Y% rf'is fibre radius (um)

rm=160;

% rm is droplet radius (um)

vi=rfr2/rm”?2;

vm=1-vf;

k1=2*(um/Em+uf/Ef*vm/vf);
k2=-(1/Em+1/Ef*vm/vf);
k3=-(((1-uf)/Ef+(14+um)/Em)*vm/vf+2/Em);

k4=k1/2;
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k5=(ef-em);

K=[k1 k2;k3 k4];

b=[k5:k5];

x=K\b;

Am=x(1);

Cm=x(2);

Bm=Am*rm”2;

Af=-Am*vm/vf;

Cf=-Cm*vm/vf;

sfr=Af;

sfl=Af;

sfz=Cf;

smz=Cm;

end
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