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Abstract

Abstract

Epoxy polymers are widely used as adhesives and as matrix materials in
composites. Their major disadvantage, inherent brittleness, has been overcome by
introducing a secondary phase into the matrix. Among the materials used for the
secondary phase, rubber particles in particular have been very successful in
improving their fracture toughness.

The static fracture behaviour of rubber modified epoxy polymers has been
investigated by many researchers. The main toughening mechanisms are
considered to be shear yielding and plastic void growth, which follows the
cavitation of the particles. However, there are relatively few studies concerning the
fatigue behaviour of such materials, although such behaviour is important in many
applications. The main aims of the present research are, therefore, to gain a much
better understanding of the toughening mechanisms in fatigue fracture, and to
develop a quantitative model to describe the fatigue behaviour. Apart from rubber
toughened epoxy polymers, such materials modified with thermoplastic toughners
have also been studied.

Fracture mechanics tests were conducted using a range of rubber modified
epoxies to study the fatigue behaviour. Fractographic studies were employed to
investigate the toughening mechanisms. The experimental results show that a
high static toughness does not guarantee good fatigue resistance, especially when
the fatigue applied load is relatively low. This observation arises because the
toughening mechanisms initiated by rubber particles can not operate effectively
under such conditions. It is also revealed that the material which has relatively
small rubber particles has the better fatigue resistance. Indeed, the critical value of
stress intensity factor at which the toughening mechanisms become active is
closely related to the particle size.

A model of the toughening mechanisms in fatigue conditions was also
developed, and the energy dissipated by each mechanism was calculated. The
modelling results indicate that shear yielding is the dominant toughening
mechanism, and that the contribution from plastic void growth increases as the
value of Kmax, the maximum value of the stress intensity factor, in the fatigue
increases. The rubber bridging mechanism plays a relatively minor role, especially
for the material which possesses a relatively large ductility.
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Chapter One : Introduction and Aims

Chapter One

Introduction and Aims

In recent years, epoxy polymers have been extensively used as adhesives
and matrix materials in composites in a multitude of applications. Their use has
broadened due to their excellent properties, such as high strength, high modulus,
. high glass transition temperature, good creep resistance, etc. They, however, do
have major disadvantages for many applications. That is, they are inherently
brittle and possess a poor resistance to fracture. Many workers have made efforts
to improve their fracture toughness in order to overcome these disadvantages.
Such improvements, without losing their other outstanding properties, have been
achieved by introducing a secondary phase into the epoxy matrix. Rubber particles,
hard particles such as glass spheres, thermoplastic particles, short fibres, etc. are
commonly used as materials for the secondary phase. Of these materials, the
introduction of rubber particles has been the most successful.

The use of rubber particles was reported first in the 1970’s. Since then,
many researchers have studied the fracture processes and the toughening
mechanisms of the rubber modified epoxies [1-11]. The effects of the material
properties on the fracture behaviour have also been investigated. However, most of
the previous research has, however, concentrated on studying the fracture
behaviour under monotonic loading (termed “static”) conditions, and there have
been relatively few studies concerning the fatigue fracture of the rubber modified

epoxy polymers.

Recently, the fatigue behaviour of rubber modified epoxy polymers has
been investigated by some researchers [12-16], and it has been suggested that
there were some discrepancies in the fracture behaviour between the static and
fatigue fracture. However, these investigations of the fatigue of rubber modified
epoxy polymers focused on the fatigue crack propagation behaviour in a relatively
high crack growth rate region. Furthermore, the toughening mechanisms in
fatigue conditions have not been studied in any detail. Research on the toughening

mechanisms in a relatively low crack growth rate region is of significant
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Chapter One : Introduction and Aims

importance, because the fatigue behaviour near any threshold value of the applied
cyclic load (where below a threshold load no fatigue crack growth is observed) will
have a great influence on the fatigue life of the materials.

The aims of the present study are therefore:

(1) To investigate the fatigue behaviour of rubber modified epoxy polymers over the
complete range of fatigue crack propagation rates.

(2) To identify the toughening mechanisms of the rubber modified epoxies in

fatigue fracture.

(8) To elucidate the effects of the microstructure of the polymer on the fatigue

behaviour of rubber modified epoxies.

(4) To develop a quantitative model of the toughening mechanisms and calculate
the energy dissipation caused by each toughening mechanism in fatigue fracture of

rubber modified epoxies.

_16_
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Chapter Two

Literature Survey

2.1 Introduction

'Before proceeding with the investigations outlined in Chapter One, it is
essential to have a clear understanding about the basic principles involved in the
present study. The current Chapter serves this purpose by reviewing previous
work on the relevant subjects.

A brief introduction to linear elastic fracture mechanics (LEFM) is
presented, since it is an important tool in studying the fracture properties of
materials. In the following section, the toughening mechanisms of rubber modified
polymers, such as shear yielding, cavitation, rubber bridging, etc. are reviewed.
The next section summarises the fatigue behaviour of polymers and rubber
modified epoxies, including the effects of experimental parameters and material
properties, such as frequency, stress ratio, crosslink density, etc.

2.2 Linear elastic fracture mechanics

The history of fracture mechanics can be dated back to 1920’s when Griffith
[17] first recognised that the strength of any real solid is governed by the
distribution of flaws and that failure occurs at the largest of them. This hypothesis
was the origin of the later developments of fracture mechanics.

2.2.1 Energy balance approach
Griffith concluded that the energy criterion for fracture is given by:

—5U/B&a>2y 2.1

where U is the potential energy stored in the sample, B is the sample thickness, a

.17 -




Chapter Two : Literature Survey

is the crack length, v is the surface energy. The above criterion means that fracture
occurs when the energy change per unit crack propagation is greater than the
surface energy.

However, experimental results showed that the required energy was much
larger than surface energy, due to the existence of plastic deformation. Thus,
Orowan [18] and Irwin [19] suggested that the criterion should be modified as
follows:

G>2y+vyp (2.2)

Yp is the extra surface energy term arising from plastic deformation around the
crack tip. This modification introduced the idea of G¢, which includes all the energy
dissipation through plastic deformation in the vicinity of the crack tip. Generally,
the criterion for crack growth can be proposed as:

G>Ge 2.3)
If the material is linear elastic, G can be expressed as:
G.= (P:2/2B)5C/da 2.4)

where P, is the critical load for crack propagation, and C is the compliance of the

specimen which can be defined as:
C=u/P (2.5)
where u is the displacement in load direction, and P is the applied load.

2.2.2 Stress-intensity factor approach

Another approach is available in the case of linear elasticity. Irwin
introduced the concept of the stress-intensity factor, K, to characterise the stress
field in the vicinity of the crack tip. This concept indicates that the stress, o(r,6),

near the crack tip is given by the following equations:

.18-
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o(r,0)=1/(2nr)V2-f©)- K 2.6)
K=Yopal2 2.7

where 1,0 are the polar co-ordinates from the crack tip and oo is the remote stress,
Yis the shape factor and is a function of sample geometry and crack length.

K is the stress intensity factor and a single parameter which completely
specifies the stress field in the vicinity of the crack tip. The fracture criterion can be
depicted as the following:

K>K. (2.8)
Thus, fracture occurs when K reaches a critical value, Kc. The value of K. for a
material is a material property and is often referred as the fracture toughness of

the material or the stress intensity at the onset of crack propagation.

2.2.8 Relationship between G, and K

Under the condition of linear elastic fracture mechanics, G. and K. are
interchangeable and the relationships between G and K. vary depending upon the
loading mode and stress condition. There are three basic modes :

Tensile-opening mode (Mode I)
Inplane-shear mode (Mode II)
Antiplane-shear mode (Mode III)

as shown in Fig.2.1. Among them, the Mode I is technically the most important
since it is the most commonly encountered and usually the one which most often
results in failure. For Mode I, G and K: can be connected by the following

equations:
Gi=Ki2E (plane stress condition) 2.9)
Gi=Ki2(1-v2)/E  (plane strain condition) (2.10)

where E is the modulus, v is the Poisson ratio. The general relationship between Gc

and K. can be expressed as:
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G—~Ki/E+KnZ/E+KmZ(1+v)/E  (plane stress) (2.11)
G~Kic2(1-v3/E+Kn2(1-v)/E+Km2(1+v)/E  (plane strain) 2.12)
(@) (b) ©
—>

= =

Fig.2.1 Three loading modes : (a) Tensile-opening mode (Mode 1), (b) Inplane-shear
mode (Mode 1), (c) Antiplane-shear mode (Mode I11)

224 Crack tip plasticity

Linear elastic fracture mechanics (LEFM) assumes that the bulk of the
material is elastically loaded, i.e. there is negligible plastic deformation of the bulk
material. However, as seen in equation 2.6, the local stress tends to infinity as the
distance ahead of the crack tip tends to zero. Consequently for metallic and
polymeric materials, the stress immediately ahead of the crack tip exceeds the
yield stress of the material and a local region of plasticity, i.e. a plastic zone,

develops.

It is often assumed that the plastic zone is circular in shape [20]. The radius

of the plastic zone, ry, is given by :

ry=K/loy)?/2n (plane stress) (2.13)
ry=K/oy)2/6r  (plane strain) (2.14)

where oy is the yield stress. Therefore, if a sample is thick enough to ensure a plane

strain condition, the size of plastic zone changes gradually through the thickness

of the sample, as shown in Fig.2.2.

-920 -




Chapter Two : Literature Survey

edge region : plane stress

central region : plane strain

edge region : plane stress

Fig.2.2 The change in plastic zone through the specimen thickness

The stress distribution inside the plastic zone is schematically depicted as
Fig.2.3.

plane stress plane strain

Oy 3
: Oy

[
»

v

«—> r > r
21'y 2ry
plane stress plane strain

Fig.2.3 Schematic graph of the stress distribution
In the presence of crack tip plasticity, the stress field can be more
accurately characterised by considering an effective crack length, aef, such that:

Qeff =a+Ty (2.15)
K= Yoo(at ry)V2 » (2.16)

This means that we can consider the stress distribution is shifted in the direction of
the crack propagation by a length of ry, due to the presence of the plastic zone.

-21-
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2r

A
A 4

A
v

atr

v

A

Fig.2.4 Schematic image of effective crack length

2.3 Deformation behaviour of polymers

The deformation of a material may be classified as elastic or elastic-plastic,
if there is no time dependence. The simplest deformation is a linear elastic one,
which is described by Hooke’s law and does not dissipate any energy. For most
polymers, because elastic deformation only occurs within a very small strain range,
there usually exists irreversible plastic deformation. Hence, polymers normally
dissipate energy during the loading cycle. In the deformation of rubber modified
epoxies, cavitation of rubber particles and shear yielding of the epoxy matrix play

an important role in the energy dissipation process.

2.8 1 Cavitation of rubbery materials

Under triaxial stresses, such as exist near a crack tip in plane strain
conditions, microvoids initiate inside the rubbery material. If this occurs in the
rubber particles of the toughened epoxies, it is observed as a cavitation of the
particles. Gent and co-workers [21-23] suggested a simple model to describe the
growth of a spherical microvoid in rubbery materials, and established the following

relationships:
p/E = (5-4\1-A4)/6 @.17
A =1/ro (2.18)

.29.
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where p is the inflating pressure, E is the Young’s modulus, 1o is the initial radius
of microvoid, and r is the radius of inflated microvoid. This model indicates that the
microvoid will expand infinitely at a critical pressure of 5E/6. Practically, a
microvoid does not usually enlarge infinitely, but just a small, but visible, void is
formed. Therefore, the critical pressure for crack initiation or void formation, pe, is

given by the following equation:
p. = 5E/6 (2.19)

Later, it was found that when the volume under the dilatational stress,
p=(c11+022+033)/3, is small, the critical pressure for crack initiation is much larger
than the predicted value given by equation 2.19. This was considered due to the
extra effect of surface energy, and Gent and Tompkins [24] modified the criteria as
given by the following equation:

pe = B5E/6 + 2y/ro (2.20)

where v is the surface energy. This implies that the second term, i.e. the surface

energy term, is dominant when the size of microvoid is relatively small.

It should be noted that these models were derived from the assumption of
elastic instability. There exists a region where these models can not apply. For
instance, if the microvoid is rather small, we have to take into account the
stiffening of the rubber under high strain. If the microvoid is large, the degree of
inflation, A, is so small and the critical pressure, pc= 5E/6, can not derived from

equation 2.17.

The above model assumes the presence of a microvoid, and the size of the
rubbery material is not mentioned. In order to evaluate the influence of the particle
size on the cavitation process, Bucknall et al. [25, 26] theoretically investigated the
initiation of a microvoid in dispersed rubber particles. They calculated the energy,
U@), of the rubber particle which contains a small void, including the surface
energy. It is given by :

Uw = %mqf,sKr (AV; - 13/1,8)2 + 4mx2Ty + 213 G F (i) @.21)

.923.
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where r is radius of the hole formed at the centre of a rubber particle, rp is radius of
a rubber particle, G is the shear modulus of the rubber, K; is the bulk modulus of
the rubber, AV; is the volume strain in the rubber particle, I'y is surface energy of
the rubber, and the function F(\s) is dependent on the failure strain of the rubber,
A, under biaxial stretching conditions. According to this model, a rubber particle
having a relatively low shear modulus, G, forms a microvoid, an order of 10-8m, at
less volume strain. Once a microvoid forms, the particle’s resistance to further
dilatation is drastically reduced, and a microvoid may turn into a void. This model
also predicts that the rubber particle becomes more difficult to cavitate on
increased crosslinking or on cooling into the region of Tg, because of the associated
increase in Gr. It also suggests that the largest particles will cavitate first.

2.8.2 Yielding in polymers

Yielding is a common phenomenon in the deformation of most materials,
including polymers. Some general aspects of the yield behaviour of polymers are

briefly reviewed in this section.

232 1 Definition of vielding

Yielding may be defined as the deformation which involves a permanent,
irreversible, strain. When the applied stress reaches to a certain level, the material
starts yielding, and after the yielding, it maintains a strain even when the stress
returns to zero. This definition can be applied to both metals and polymers, but the
details are rather more complicated for polymeric materials. One reason for this is
the time dependency. As polymers show a relatively large time dependence in their
material properties, their yielding points vary with the testing rate and test
temperature. Another reason is the phenomenon that almost all the plastic
deformation is recoverable in glassy polymers when the material is heated above

its glass transition temperature, Tg.

A typical stress-strain curve is shown in Fig.2.5. As shown in Fig.2.5, there
are two different yielding points, “intrinsic’ and “extrinsic’ yield points. The
“intrinsic” yield point is the maximum point in the stress-strain curve. We
normally use this stress value as a yield stress. It is a material property and
independent of the test geometry. The “extrinsic” yield point can be defined as a

.94.
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tangent to the curve through the point on the abscissa where nominal strain
equals to -1. In the case of a tensile test, the deformation becomes unstable from
this point, and a necking starts. It is called the “extrinsic” yield point because of its
geometry dependency. After yielding, strain-softening occurs in most cases, and
then strain-hardening follows. Strain-softening is an important phenomenon for

the formation of shear bands, which is closely related to toughening mechanisms.

true stress
intrinsic yield point
extrinsic yield point
......................... strain hardenmg

strain softening

-1 nominal strain

Fig.2.5 Schematic drawing of a typical stress-strain curve

Plastic deformation of the material which arises from strain-softening is
basically categorised in two groups, shear yielding and crazing. Shear yielding
occurs essentially at constant volume whereas crazing occurs with an increase in
volume. Mathematically speaking, shear yielding is mainly related to the
deviatoric component of the stress tensor, and crazing is related to the dilatational
component. For epoxy polymers, crazing does not occur due to the crosslinks. The
micromechanisms involved in shear yielding will be discussed later in detail.

2.5.2.2 Viscoelastic effects on yielding

The yield behaviour of polymers is strongly dependent on the temperature
and the strain rate, due to their viscoelasticity. Generally, the yield stress

-25 -
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decreases as temperature increases, and the yield stress increases as the strain
rate increases. The Eyring theory [27] gives the relationship between the yield
stress and the strain rate as:

| oy | /T = AE*~F*T + (RV*)In(E/Ag) 2.22)

where AE* is the activation energy, v* is the activation volume, R is the gas
constant, € is the strain rate and ‘Ag is a constant. This suggests that a plot of oy/T
versus log £ should give a set of parallel lines for different temperatures, as shown
in Fig.2.6 [28].

025 T ] T | |
21.5°C
020 40°C |
g — 60°C
§ 015 . _
e 80°C
b>\
100°C
0.10 120°C 7]
® M C
005 1 I | I |
5 4 3 2 -1 0
log £(s™)

Fig.2.6 oy/T plotted against log(€) for polycarbonate (from ref. [28])

However, it was found that equation 2.22 was inadequate to fully describe
the yield behaviour. This led to a modification of the theory, and a simple
modification of the Eyring model was suggested to include the effect of the
hydrostatic stress. The modified equation is given by Ward and co-workers [29-31]

as the following equation:

| oy | /T = AE*N*T -pQV*T + RV*)In (E/AE) (2.23)
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where

p=(cu+oc2+033)3 (2.24)
and Q is the pressure activation volume. This modification brought consistency to
yield data in both tension and compression, and can model the effect of hydrostatic
pressure.
2.3.2.3 Yield criteria

A yield criterion is a condition which must be satisfied by the applied stress
tensor for yield to occur. The Tresca criterion is the simplest one which states that
yield occurs when the maximum shear stress on any plane in the material reaches
a critical value. It is given by:

|o1-03|=2tr =0y (2.25)
where 61> 62>03 , and o1, o2 and o3 are the principal stresses, and oy is the
uniaxial yield stress. tr is the Tresca yield stress, which is usually taken as the
yield stress of the material in pure shear, 1y.

The von Mises criterion is expressed as:

(01- 62)2+ (02- 63)%+ (63 - 61)2 = 6Tym? = 61y%2 = 20vm? = 20y2 (2.26)

where Tvm is the von Mises shear stress. ovm is called the von Mises yield stress,

and:
ovm = {(01- 62)%/2+ (02- 53)%/2+ (03 - c1)%/2}12 2.27
Alternatively, it may be expressed in terms of the octahedral shear stress, Toct, as:
Toct = {(O1 - G2)%+ (O2- 63)%+ (03- ©61)2 }12/3 (2.28)

where Tt 15 related t0 Tvm and cvm by:
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9'Coct2 = 6‘Cvm2 = 20'vm2 (2.29)

For a Hookean material, this criterion is equivalent to stating that yield occurs
when the elastic shear strain energy density reaches a critical value.

In both the Tresca and von Mises criteria the yield stress is independent of
the hydrostatic component of the stress tensor. For polymers, however, the yield
behaviour is strongly influenced by the hydrostatic pressure. For instance, the
yield stress is higher in uniaxial compression than in tension, and the yield stress
increases significantly with increasing hydrostatic pressure. To overcome this
problem, Bowden [32] proposed a modified Tresca criterion which is pressure
dependent. It is given by:

=10 urp (2.30)

where pr is a material constant, and p is hydrostatic component as shown by
equation 2.24. t1° is the yield stress in pure shear, i.e. 1y, since under this stress
state the value of p is zero. The von Mises criterion may also be modified to
incorporate the effect of hydrostatic pressure. Thus:

Tvm — Tvmo - Hvm P (2.31)
Toct = Toct® = (2/3)Y20ym p (2.32)

As in the case of 110 in equation 2.30, tvm® is still the yield stress in pure shear.

2.3.3 Inhomogeneous deformation

Deformation in a material is often as homogeneous in nature, as in the
above discussions. In many materials, however, plastic deformation does not
always occur homogeneously, but instead, the plastic strain in some regions
increases more rapidly than in the whole body. In some cases, plastic strain may
occur only in certain localised regions. This inhomogeneous deformation occurs
because homogeneous deformation has become unstable. This instability is caused
by either geometrical effects or the material’s intrinsic properties. Also, they may

both act simultaneously to cause the instability.
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2.8.8.1 Various inhomogeneous deformations

A common example of a geometrical instability is necking which can be
observed in a specimen under a uniaxial tensile load. The instability occurs due to
the stress concentration which is, for example, caused by a slight variation in the
cross-sectional area. Then, yielding occurs locally at this point before the rest of
sample. Once local yielding has initiated, further plastic deformation occurs
preferentially at this location. Hence, the cross-sectional area will be reduced
further, and a neck will develop.

A more fundamental reason for inhomogeneous deformation is strain
softening. For the materials which strain soften, when the deformation reaches the
yield point, further plastic deformation occurs easily. Therefore, if there is any
small inhomogeneity of the local deformation, the region under the highest local
strain firstly reaches the yield point and then plastically deforms further. In other
words, if any small region is under a slightly higher strain than the rest of the
material, this region will be softer locally and deform more easily than elsewhere.
This local strain is getting higher until strain hardening starts in this region.

?

(@) (b) ©

Fig.2.7 Types of inhomogeneous deformation; (a) without constraint,
(b) constraint in one direction, (¢) constraint in two directions [32]
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The types of inhomogeneous deformation can be classified in terms of the
dimensional constraint, as shown in Fig.2.7 [32]. The first case (Fig.2.7. (a)) is
where there is no constraint. In this case, necking occurs under a tensile load. The
main reason for this instability is the intrinsic strain softening of the material, as

discussed above.

The second case (Fig.2.7 (b)) gives an example where there is constraint in
one direction. It is an inclined neck which can form in a flat specimen under a
uniaxial tensile load. If there is no volume change, the angle, 0, is 54.7°. However,
it increases if the material dilates during plastic deformation.

The third case (Fig.2.7 (c)) is where the volume of material is constrained in
two directions. This inhomogeneous deformation is quite important in the fracture
process of polymers, because the material is constrained in two dimensions inside
the body of a specimen, including the vicinity of crack tips. A simple shear
deformation of a band, which is known as shear band, will form in a material in
plain strain condition. The angle, 6, is 45° if there is no volume change. If the
material dilates, volume expansion occurs normal to the plane of the band, then
the angle,0, becomes larger than 45°.

2.8.8.2 Shear bands in glassy polymers

Shear bands may form in a material which demonstrates strain softening,
and all glassy polymers show this behaviour. Hence, they all possess a tendency to
form shear bands. Typical shear bands are shown in Fig.2.8, which are observed

under plane strain compression and viewed between cross polars.

The shear bands of polystyrene are sharply defined and have been termed
microshear bands. On the contrary, the shear bands of polymethylmethacrylate,
PMMA, are broad diffuse zones. Epoxy resin tends to form shear bands
intermediate character between these extremes [1]. Bowden [33] suggested that
this different character of shear bands comes from the difference in their
propagation rate. It is controlled by the rate of strain softening and strain rate
sensitivity of the yield stress. Bowden proposed a material parameter, ess, with the

dimension of strain as given by :

.30 -




Chapter Two : Literature Survey

[do/d(n g)], 5o
(doy/ds), @

esb:_

The parameter e, is an index of the character of the shear band. When the value of
esb 1s small, the shear band is sharp. The shear band becomes wider and more

diffuse as the value of es increases.

Fig.2.8 Typical examples of shear bands;(a) Polystyrene showing microshear
bands; (b) PMMA showing broad diffiise zone [33]

Fig.2.9 shows the shear bands in epoxy resin under the plane strain
compression. The angle which the shear bands make to the compression direction
is somewhat smaller than 45°, ie. the direction of maximum shear stress, as
reported in other polymers. Bowden and Jukes [34] suggested that the deviation
from the direction of maximum shear stress is due to a small volume change
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during yielding, but the explanation for the deviation is still controversial.

%@%ﬁ Y

75544/
Fig.2.9 Shear bands in epoxy resin under the plane strain compression.
The compression direction is vertical [35].

Wu and Li [36, 37] examined the relationships between the character of
shear bands and the fracture behaviour. They suggested that when microshear
bands propagated the overall plastic strain was small and the failure was brittle.
On the other hand, when a diffuse shear zone was favoured, the overall plastic

strain was large and the fracture behaviour was ductile.

2.8.4 Shear yielding and fracture behaviour

It is suggested that shear yielding plays an important role in the initiation
of cracks in polymers. In the process of crack initiation, defects in the polymer, such
as flaws, air bubbles or molecular inhomogeneities, act as stress concentrations
and initiate microshear bands. Once shear bands are initiated, their intersection
may cause further stress concentration. For example, if crazing is a
micromechanism of failure, then an internal craze may be initiated at the
maximum stress concentration, which will be a shear band intersection at the tip
of the plastic zone. Finally, craze breakdown and crack initiation occur. If the

failure micromechanism is shear yielding, as in crosslinked epoxies, then these
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stress concentrations caused by the initial microshear bands may lead to voids
which grows into intrinsic cracks or flaws.

Shear yielding mechanisms are also involved in the subsequent growth of
cracks in polymers. When the shear yielding is highly localised about the crack tip,
little viscoelastic and plastic energy is dissipated, and hence the fracture behaviour
becomes brittle. On the other hand, when relatively homogeneous shear yielding
occurs, this mechanism is associated with energy dissipation by the polymer
deforming plastically prior to fracture, and hence the polymer exhibits a ductile

fracture mode.

The plastic deformation that occurs around the crack effectively blunts the
crack tip. The degree of crack tip blunting largely controls the mode of crack
growth and the measured fracture toughness. Kinloch and Williams [38,39] have
considered the elastic stress in the vicinity of crack tip, and quantified the effect of
the crack tip blunting. They proposed the following relationship between the
measured toughness and the crack tip radius:

Ko  (1tpe/202 bas
I{_Ics_ 1+pc/C ( ) )

where K. is measured stress intensity factor, Kies is stress intensity factor of a
“sharp” crack, pc is crack tip radius, and c is a critical distance which is a material

property.

The relationship between Ki/Kis as a function of (pJ/c)¥2 is shown in
Fig.2.10. This figure shows that there is a slight drop in Ki for pJ/c<3, but for
higher values of pJc the measured stress intensity factor increases as the crack tip
radius increases. Although this model is based on linear elastic fracture mechanics,
it is successful in providing a useful fracture criterion not only for brittle failure but

for even quite ductile failure.
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Fig.2.10 Ki/Kres as a function of the degree of crack tip blunting [1]

2.4 Rubber modified epoxy polymers

Many glassy polymers are susceptible to brittle fracture, because the
energy absorbing processes such as crazing and shear yielding are highly localised
in the vicinity of the crack tip. Although these processes involve large plastic
strains and considerable local energy absorption, the volume where they are active
is quite small compared to the size of the specimen. Thus, the total amount of
absorbed plastic energy is low. In order to increase the toughness, it is necessary to
increase the volume where the energy dissipating mechanisms occur. In the case of
crosslinked epoxies which exhibit plastic shear yielding, it is possible to attain this
goal via plasticisation of the polymer by a low molecular mass liquid. Plasticisation
lowers the yield stress, and promotes ductile fracture. However, it also causes a
significant reduction of the modulus, the strength and the glass transition

temperature.

An alternative approach is to introduce a dispersed second phase into the
matrix polymer in order to initiate localised energy absorbing processes from many
sites, rather than a few isolated ones. This enables a much greater volume of the
polymer to be involved in energy dissipation. Hence, the fracture toughness can be

improved without a significant loss in other important material properties. One of
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the most successful materials employing this approach is rubber modified epoxy .

Epoxy polymers are well known as crosslinked polymers, i.e. thermosets.
They possess some outstanding material properties such as high modulus, high
yield strength, high glass transition temperature, etc. All these properties can be
attributed to their highly crosslinked structure. However, this structure also
results in a very undesirable property, i.e. brittleness. A lot of effort has been made
to overcome this disadvantage, and finally the improvement in fracture toughness
was successfully achieved without any major loss in other properties by
introducing a rubbery second phase. A brief review of rubber toughened epoxies
will be given in the following section. Their toughening mechanisms and the
typical fracture behaviour will be emphasised.

2.4.1 Chemistry and microstructure

The microstructure of rubber modified epoxies is dependent on the
polymerisation chemistry of the starting reactants of epoxy resin, hardener and
rubber [40]. Rubber modified epoxy polymers can be classified into three groups by
the chemical properties of rubbery materials. In the first group, the rubbery
material is initially miscible to epoxy resin. The preparation of such materials is
started by mixing the rubber and epoxy resin. Then, the mixture is cured with
hardener, the dispersed rubbery phase separates during the cure. In the second
group, the rubbery material is immiscible in the epoxy resin. The rubber is
dispersed by utilising a high shear/emulsification technique [41]. Thus, the rubber
dispersions remains phase separated prior to and during the cure. The final group
is the materials which contain relatively rigid rubbery particles, such as core-shell
particles [42].

As discussed later in Chapter Three, the materials studied in the present
investigation are categorised under the first group. The advantages of this group
are that there is normally good bonding between the rubber particles and the
matrix epoxy, and that the volume fraction and particle size of rubber can be
varied easily. In the process of the preparation, the rubber is dissolved in the epoxy
resin prior to the cure. If we discuss the process from the viewpoint of the free
energy of mixing of the rubber/epoxy system, its free energy is initially negative.
Then, during the cure, the free energy becomes positive with the increasing the
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molecular weight of epoxy resin, and phase separation occurs [40].

Amongst the rubbers used, carboxyl-terminated butadiene acrylonitrile,
CTBN, is most frequently used. The other rubbers used in toughened epoxies are
amino-terminated butadiene acrylonitrile, ATBN [16], vinyl-terminated butadiene
acrylonitrile, VIBN [16], epoxy-terminated butadiene acrylonitrile, ETBN [43],
hydroxyl-terminated butadiene acrylonitrile, HTBN [44], etc. For the matrix epoxy
resin, there are many kinds of materials. The choice is determined by the

application.

2.4.2 Toughening mechanisms

For the rubber modified epoxy polymers, (i) cavitation (or debonding), (i1)
plastic shear yielding and (iii) rubber bridging are suggested to be three main
energy absorbing mechanisms. Of these, shear yielding is recognised to have the
largest contribution for toughening for most glassy thermoset polymers, such as
epoxies, polyesters, phenolics, etc. [1-7].

In the early days, crazing was proposed as a major toughening mechanism
for rubber modified epoxy, due to the presence of the stress whitening zone with
volume dilatation near the crack tip. Some researchers [45,46] considered that it
was caused by crazing because shear yielding does not involve a significant volume
change. However, no concrete evidence for crazing was observed. In the 1980’s,
Kinloch et al. [8,9] and Yee and Pearson [10,11] suggested that stress whitening
was caused by the cavitation of rubber particles, and that cavitation and shear

yielding were the main toughening mechanisms.

Recently, Huang et al. [7,47,48] suggested that both shear yielding and
plastic void growth are the main toughening mechanisms for rubber modified
epoxy. Generally, when a second phase is introduced into a matrix and there is a
difference in the modulus between them, it will cause a stress concentration
around the secondary phase. Thus, when a rubber modified epoxy is stressed, high
stress concentrations occur around the particles dispersed in the matrix, due to the
relatively low modulus of the rubber. This stress concentrations cause localised
shear yielding around the rubber particles and shear bands are formed between
the rubber particles as suggested by Kinloch et al. [8,9] and Yee and Pearson
[10,11].

-36-




Chapter Two : Literature Survey

Stress concentrations also cause cavitation inside the rubber particles, or
debonding between the particles and matrix when the interfacial adhesion is poor.
Either cavitation or debonding creates “voids”. Cavitation (or debonding) also
relieves the triaxial constraints locally and “voids” can now further grow plastically
in the yielded matrix to dissipate plastic energy [7]. If the triaxial constraints are
not relieved, the rubber particles will be highly resistant to any volumetric
deformation, due to their high bulk modulus. Thus, cavitation (or debonding) has a
significant role in promoting plastic void growth, i.e. further plastic deformation of
the matrix epoxy.

stress concentration around the rubber particles

cavitation

v

localised shear yielding
in shear bands plastic void growth

Fig.2.11 Flow chart of the toughening process

rubber particle

cavitated particle

shear band

rubber bridging

Fig.2. 12 Schematic representation of toughening mechanism [7]

S s



Chapter Two : Literature Survey

The above process can be summarised as shown in Fig.2.11 and Fig.2.12.
The more quantitative details on these toughening mechanisms will be discussed

in the following sections.

2.4.3 Shear yielding

Shear yielding is one of the main energy dissipating mechanisms of rubber
modified epoxy polymers. The energy dissipated by this mechanism originates
from the shear bands of matrix between the rubber particles. Huang [7] calculated
the stress distribution between the rubber particles using FEA. He suggested that
there is clearly a high stress region between the rubber particles, which

corresponds to shear band, as shown in Fig.2.13.

von Mises
stress (MPa)

Fig.2.13 The distribution of ovm around rubber particles [7]
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Some authors have estimated the contribution for fracture energy
quantitatively [47-49]. Huang and Kinloch [48] calculated the fracture energy
caused by shear yielding, AGs. They considered that the value of AGs could be
calculated by integrating the energy density of the shear yielding mechanism,
Us(r), over the plastic zone, as follows:

Y
AGs = ZFJS (@) dr (2.35)
0

where ry is the radius of the plastic zone, r is the distance from the crack tip. The
energy density of the shear yielding mechanism, Us (r), is given by the product of
the volume fraction of the shear yielded matrix material, Vg(r), and the shear
plastic strain energy density, W;(r), as follows:

Us(r) = Vi(r) Ws (1) (2.36)

They assumed a simple cubic array of the rubber particles, and calculated the
volume fraction of the shear yielded matrix material, Vi (r), as follows:

Vi) = 0.5 Ve{3(4n/3Ve) Y3 au(r) + 4[1-au(r)]32 -4} 2.37)
where Vris the volume fraction of rubber particles or voids ,and a(r) is the scaling
factor of the shear bands. They considered that the size of the shear bands

decreases with increasing the distance from the crack tip, and assumed the scaling
factor, or), could be given by the following function:

o) =1-r/ry (2.38)
They also estimated the shear plastic strain energy density, Ws (r), as follows:

W (@) = 0.56yc yea(r) (2.39)
where oy is the compressive yield stress of the matrix, and yr is the shear fracture
strain of the matrix. By substituting equations 2.36, 2.37, 2.38 and 2.39 into 2.35,

and expressing the plastic zone radius, ry, using the plastic zone radius of the
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unmodified epoxy, ryy, they finally obtained the fracture energy caused by shear
yielding, AGs, as follows:

AGs=0.5(1+um/3V2)2[(47/3V)V3-54/35] VioycryuKvm? (2.40)
Kvm =oyu/cc (2.41)

where 1y, is the plastic zone radius for the unmodified epoxy. um is a material

constant in the following equation:
Tym— Ty ~HmP (242)

where Tvm is the von Mises shear stress, 1y is the yield stress under pure shear and
p is the hydrostatic stress. They reported that the contribution of shear yielding to
the fracture energy depends on the temperature, and that shear yielding

mechanism provides over 50% of the total toughening effect at room temperature.

2.4.4 Cavitation, debonding and void growth

As mentioned before, cavitation (or debonding) and plastic void growth
make a large contribution to toughening effects. Cavitation not only creates voids
inside the rubber particles but also relieves the triaxial constraints locally around
the voids.
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Fig.2.14 Illustration of cavitation process : (a) before rubber particle cavitation, (b)

after rubber particle cavitation, the constraints in the transverse directions are
relieved [50]
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As the Poisson’s ratio of the rubber is very close to the value of 0.5, the bulk
modulus of the rubber particles is significantly high, and the volume of the rubber
particles can hardly be changed. Consequently, under the dilatational stress
condition, rubber particles are likely to cavitate (or debond) without any volumetric
deformation, and voids are formed. As a result of the cavitation (or debonding) the
triaxial constraint is relieved and the matrix epoxy surrounding the rubber
particles is able to expand plastically. Thus, the cavitated rubber particles, i.e.
voids, seem to grow. This process is termed plastic void growth. It has been
reported [7,51] that the size of the voids on the fracture surface are larger than the
initial size of the rubber particles. This gave direct evidence that plastic void
growth did indeed occur.

Yee et al. [62] also investigated the importance of cavitation as a
toughening mechanism, and reported that the rubber particles were unable to
induce massive plastic deformation when cavitation was suppressed by hydrostatic
pressure. Hence the fracture energy of rubber modified epoxy stayed at almost
same level as that of the unmodified epoxy.

Huang et al. [7, 48] reported that the voids caused by cavitation grew by
more than 60% in volume during the fracture of rubber modified epoxy. They also
calculated the dissipated energy by plastic void growth, AGy. They suggested that
the value of AGy can be calculated by integrating the energy density of the void
growth mechanism, Uy (r), over the plastic zone, as for the shear yielding

mechanism:
Y
AGy=2 |Uy () dr (2.43)
0

When a void grows from a volume of Vo to Vi, the energy density of the void growth
mechanism, Uy (v), is given by the following equation:

1
Us ()= J:: pdo (2.44)

0

where p is the hydrostatic stress and 0 is the volumetric strain. Assuming that the
ratio of V1 and Vy is the same as the ratio of the volume fraction of voids, Vg, and
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the volume fraction of rubber particles, Vs, the energy density of the void growth

mechanism, Uy (r), is given by:
Uy () = 0.50yt (Vi — Vi) (2.45)

where oyt is the tensile yield stress. By substituting equation 2.45 into 2.43, and
expressing the plastic zone radius, ry, using the plastic zone radius of the
unmodified epoxy, ry, the energy dissipated by plastic void growth, AGy, is given
by :

AGy= (1-m?/3) (Viv— Vi) Oye Iyu Kym? (2.46)

Huang et al. also reported that the contribution of AGy to the total energy
dissipated by the toughening mechanisms is less than 40% at room temperature,

but it increases as the temperature increases.

2.4.5 Rubber bridging

Rubber bridging is the third toughening mechanism for rubber modified
epoxy polymers. This mechanism originates from the possible tearing resistance of
any rubber particles which might exist between the opening crack surfaces as

shown in Fig.2.15.

|

Fig.2.15 Schematic image of rubber bridging

This concept was proposed by Kunz-Douglass et al. [53]. They considered
rubber bridging as a main energy dissipating mechanism, and suggested that the
fracture energy due to rubber bridging mechanism, AGy, can be calculated via the
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following equation:

AG= (- —C  yarve @2.47)

AAet4

where A is the extension at failure for rubber particles and I'; is the tearing energy
of rubber. When X: is enough large, the term in brackets of the above equation
converges towards unity, thus:

AG=4T Vi (2.48)

The value of AG: is estimated at less than 0.5kJ/m?2, and this value is much lower
than the observed fracture energy Gc. Indeed, Huang and Kinloch [48] reported
that the contribution to the fracture energy is less than 10% at room temperature.
Consequently, rubber bridging is currently thought to be a secondary toughening
mechanism for rubber modified epoxy. However, the relative contribution of this
mechanism increases as the temperature decreases, because other mechanisms

such as shear yielding and void growth are suppressed at low temperatures.

It should be noted that rubber bridging may be neglected when the
interfacial adhesion between the rubber particles and the matrix is poor, since in
this case the particles may easily debond from the matrix [7].

2.4.6 Relationships between microstructure and static fracture behaviour

A number of microstructural features have been suggested to affect the
static fracture behaviour. Relationships between the microstructure and static
properties in rubber modified epoxy polymers have been reported by many authors
[7,42,43,54-67]. The microstructural features include the crosslink density of the
matrix epoxy, rubber particle size, volume fraction of rubber, interfacial adhesion,
etc.

2.4.6.1 Effect of crosslink density

The crosslink density of the matrix epoxy is characterised by the value of
the average molecular weight between crosslinks, M. A high M. value corresponds
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to a low crosslink density, and a low M. value corresponds to a high crosslink
density. The crosslink density of the matrix epoxy would be expected to affect the
static fracture behaviour of rubber modified epoxy, and the crosslink density can be
altered by changing curing conditions, molecular weight of monomer, curing agent,
ete.

The static fracture toughness increases with an increasing value of M,, i.e.
with decreasing crosslink density. Hwang et al. [43] suggested a linear relationship
between the critical stress intensity factor, Ky, and M:Y2 for rubber modified
epoxies. However, Karger-Kocsis and Friedrich [54] reported a linear relationship
between the fracture energy, Gi, and M2 for rubber modified epoxies. However,
as shown in Fig.2.16 and Fig.2.17, for the materials plotted in the graphs there is a
difference, not only in the crosslink density, but also in the other material
properties, such as the rubber content, particle size, etc. Therefore, the data shown
in these graphs are not strong evidence for the toughness dependence on the
crosslink density.

2.0
1.8 4 .
1.6 - -
QI_l
ég 1.4 1 -
M3 1.2 4 .
& unmodfied epoxy
4 rubber modified epoxy
1.0 - (small rubber particles)
@ rubber modified epoxy
(large rubber particles)
0.8 — T

5 20 25 30 35 40

Fig.2.16 Variation of Ky, as a function of M, [43]
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Fig.2.17 Variation of G, as a function of M, [64]

Pearson and Yee [55] also investigated the effect of crosslink density on the
fracture toughness in both rubber modified and unmodified epoxies. As the rubber
modified epoxies which they used had the same rubber content, i.e. 10vol%, their
work is most useful in investigating the effect of the crosslink density. They
reported that epoxies with a low crosslink density exhibit greater ductility, and
consequently greater toughenability. Hence, for rubber modified epoxies, the
material with a low crosslink density has much greater fracture toughness.
Fig.2.18 suggests a linear relationship between the critical stress intensity factor,
K, and M2 for rubber modified epoxies.

O T T T T T T v ) i U

0 10 20 30 40 50 60 70
Mcl/Z [(g/mo])l/Z]

Fig.2.18 The effect of crosslink density on the Kr. value for a rubber modified epoxy
(data from ref. [55])
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Kimloch et al. [56] also investigated the effect of crosslink density in rubber
modified epoxies which have the same rubber content of 15phr, and reported that
an increase in the M; value from 610g/mol to 4640g/mol gave a large increase in
the fracture energy of the rubber modified epoxy, from 2.23kdJ/m? to 5.90kJ/m2. As
there was no significant difference in other microstructural properties such as
rubber particle size, their results reflect solely the effect of crosslink density. They
also reported a change of glass transition temperature of the matrix epoxy with
changing the M. value. Generally, an increase in molecular weight between
crosslinks causes an increase in the mobility of the molecules. Hence, it typically
causes a decrease of glass transition temperature, T;. The results measured by
Kinloch et al. [56] are shown in Table 2.1.

Table 2.1 Relationships between M, and Gr.

Curing conditions M: (g/mol) Gic (kd/m?2) Te (°C)
120°C x 16hours 630 2.23 101
160°C x 6hours 4370 5.90 89

According to Nielsen [68], the glass transition temperature, Tg, and the molecular
weight between crosslinks, M., are related through the following equation:

Te=Teo+ 3.9x10¢/M, (2.49)

where Ty is the reference temperature. Therefore, the higher the glass transition
temperature, T, then the smaller is the molecular weight between crosslinks, M.

An increase in the M. value is consistent with a decrease in the Tgvalue.

Both the results of Pearson and Yee [565] and Kinloch et al. [56] are plotted
in Fig.2.19 and Fig.2.20. The results of Pearson and Yee [55] show a linear
relationship between K and McV2, whereas the results of Kinloch et al. [56] show a
linear relationship between Gr. and M2, Thus, qualitatively, the smaller the M.
value, then the greater is the fracture toughness (or fracture energy) of the rubber
modified epoxy. However, more research is needed to establish a more detailed and
general relationship between the toughness and the crosslink density.
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Fig.2.19 Effect of crosslink density for rubber modified epoxies: Kr. plotted against
M2
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Fig.2.20 Effect of crosslink density for rubber modified epoxies: Gr. plotted against
M2

2.4.6.2 Effect of volume fraction of rubber

Generally, the static toughness increases as the volume fraction of rubber
increases, as reported by several researchers [7,10,54,57,58]. Bucknall and Yoshii
[57] studied the toughness of several types of rubber modified epoxies containing
CTBN rubber, and reported a linear relationship between the fracture energy, Gr,
and the volume fraction of rubber, Vi Kinloch and Hunston [58] investigated the
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effect of the volume fraction of rubber, with varying test temperature and rate, and
reported the detailed relationship between the fracture energy, Gi, and the volume
fraction of rubber, Vg, as shown in Fig.2.21. At high temperatures and low rates of
test, the fracture energy, G, increases steadily with an increasing volume fraction
of rubber, Vi, and the relationship between Gr. and Vi is almost linear. At low
temperature or high test rates, the relationship between Gic and Vg deviates
somewhat from a linear relationship. For a given value of Vg, the toughness is
always significantly greater at high temperatures and low rates of test. This higher
toughness arises from the higher ductility of the epoxy matrix under these
conditions. '

Gy (kd m2)

1 1 1 1
0 005 010 0.15 0.20
Volume fraction of rubbery particles, v

Fig.2.21 Fracture energy, Gr, against volume fraction of rubber particles, Vs,
A:high temperatures/low rates, B:low temperatures/high rates [57]

Karger-Kocsis and Friedrich [564] have also reported that the fracture
toughness increases with increasing rubber content. They also suggested a linear
relationship between the fracture toughness, Kr, and the rubber content, as shown
in Fig.2.22.

. 48 -



Chapter Two : Literature Survey

1.0 . , . , . ,

0.8 - -

~ 0.6 ] .
&
- n
[«W
S 04- 1
8
17 fu}
0.2 - o unmodified .

®»  rubber modified

0.0 . ; . , . , .
0 ] 10 15 20

rubber content (phr)

Fig.2.22 Ry values plotted against rubber content [64]

These results are generally consistent with the results of Kinloch and
Hunston [58] in that toughness increases steadily with increasing rubber content.
However, there is not a complete consistency between both these sets of results.
Kinloch and Hunston [58] suggested a linear relationship between the fracture
energy, Gr, and the volume fraction of rubber, V. Now, Gi. and K are related

each other through the following equation:
Gre = (1-v2) K12 /E (2.50)

Thus, it would be expected that there would be a linear relationship between (Ki)2
and rubber content, rather than between Ki. and rubber content.

On the other hand, some researchers reported a more complex relationship
between the fracture toughness and rubber content. Kim and Ma [42] investigated
the effect of rubber content for rubber modified epoxies. They reported that the
fracture toughness increased with an increasing rubber content only when the
rubber content was relatively small, as shown in Fig.2.23. In this case, there was a
difference between rubber modified epoxies, not only in the rubber content, but also
in the rubber particle size. The particle size at 4phr rubber content was 1-2um,
whereas the particle size at 8phr rubber content was 7-8um. As discussed in the
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next section, small particles are more efficient in producing a toughening effect
than large particles. This particle size effect may affect the fracture toughness.
Since it is difficult to change just the rubber content, without changing other
microstructural features such as particle size etc., when materials (such as rubber
modified epoxies) are made using an in-situ phase separation technique, more
detailed investigations are necessary to assess quantitatively the effect of rubber
content.

1.5

0.5

Fracture Toughness (MPavm)

Q 5 10 15

Rubber (phr)

Fig.2.23 Fracture toughness, Kr, plotted against rubber content [49]

Another reason for the discrepancies in these various results shown in
Figs.2.21 to 2.23 may arise from the amount of rubber precipitated out as particles
1s not necessarily equivalent to that initially added. It should be noted that
Fig.2.21 uses the actual volume fraction of rubber particles, whilst Fig.2.22 and
2.23 are based simply upon the amount of rubber added initially to the epoxy.

It should be noted that there is normally a limit to the amount of rubber
which can be dissolved, and then precipitated out as particles in an epoxy matrix.
Beyond this Timit’ concentration, the added rubber can not be dispersed as
particles. The morphology becomes co-continuous, or phase inversion occurs.
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2.4.6.3 Effect of particle size

Pearson and Yee [59] investigated the influence of particle size in rubber
modified epoxies, and reported that small rubber particles are more efficient in
producing a toughening effect than large particles, as shown in Table 2.2. They
suggested that this particle size dependence arose from the role played by the
rubber particle in relation to the size of process zone [59]. Rubber particles larger
than the size of the process zone are only able to act as bridging particles. On the
other hand, small rubber particles lying in the process zone are forced to cavitate
by the large hydrostatic stress component that exists in the process zone. The
cavitated particles relieve the triaxial constraint, and thereby promote plastic

deformation, as described earlier.

Table 2.2 Fracture toughness dependence on rubber particle size [59]

Maternial rubber Particle size Ki
(Lm) (MPa m'?)

unmodified 0.80
rubber modified -1 CTB ~200 1.10
rubber modified -2  CTB/CTBN(1) 1-2, 100-200 1.95
rubber modified -3 CTBNQ) 1-2 2.10
rubber modified -4  CTBN(2) 1-2, 10-20 2.00
rubber modified -5 MBS ~0.2 2.90
rubber modified -6 = MBS/CTBN(1) 0.2,1-2 2.75

Note: the initially added rubber content 1s 10phr for all rubber modified epoxies
CTB is carboxyl terminated butadiene, ‘Hycar CTB2000x162”
CTBN(1) is carboxyl terminated butadiene acrylonitrile, “Hycar CTBN1300x8”
CTBN{2) is carboxyl terminated butadiene acrylonitrile,"Hycar CTBN1500x31”
MBS is methacrylated butadiene styrene, “Acryloid KM653”

As mentioned in the previous section, it is difficult to change solely the
particle size without changing other microstructural features, particularly using
the addition of a liquid rubber. To avoid such difficulties, some researchers have
utilised core-shell particles for the investigation of the effect of rubber particle size.
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However, there is little evidence from these studies that particle size has a major
influence on the fracture toughness. Very recently, Kim et al. [63] reported that the
effect of volume fraction of rubber is influenced by the rubber particle size, and that
the fracture toughness increases as the particle size decreases, as shown in
Fig.2.24.

35—

0.0 05 10 S 1.5
Particle diameter (um)

Fig.2.24 Effect of particle size on fracture toughness [60]

They also reported that very small particles, i.e. less than 0.2um in radius,
are not effective for toughening, because cavitation is difficult with rubber particles
less than 0.2um. This result agrees with the theoretical calculation by Lazzeri and
Bucknall [61]. As discussed in section 2.3.1, they suggested that the energy of an
internally cavitated rubber particle is given by:

U@ = —g—nrpi*Kr (AV; - 13/13)2 + 472y + 2mr8 G FAs) 2.51)

where r is radius of the hole formed at the centre of a rubber particle, rp, is radius
of a rubber particle, G, is the shear modulus of the rubber, K; is the bulk modulus
of the rubber, AV; is the volume strain in the rubber particle, I'; is surface energy of
the rubber, and the function F(\s is dependent on the failure strain of the rubber,
s, under biaxial stretching conditions. As shown in Fig.2.25, when the radius of a
rubber particle is greater than 0.125um, the energy, U(r), has a minimum value at
a non-zero r value. This means that the cavitated rubber particle is more stable

than the non-cavitated one. In other words, rubber particles are likely to cavitate
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at a given condition. On the other hand, when the radius of rubber particles is less
than 0.125pum, the value of U(r) has a minimum value at r=0. This means that the
condition of r=0, i.e. no internal cavity, is most stable; and that the rubber particles
are unlikely to cavitate.

Energy U/U,

0.00 0.056 0.10 0.156 0.20 0.25
Hole radius /5

Fig.2.25 Energy of a cavitated rubber particle [61]

Summarising the above results, the following conclusions may be drawn on
‘the effect of rubber particle size. Small rubber particles generally give a higher
toughness than large rubber particles. However, very small rubber particles
(approximately smaller than 0.2um) lead to a low toughness since cavitation is
difficult with such small rubber particles.

24 6.4 Effect of interfacial particle-to-particle distance

For a rubber toughened polyamide, it was suggested by Wu [62, 63] that
there existed a critical interfacial particle-to-particle distance which was
independent of the volume fraction of rubber. When the distance between particles
is larger than the critical value, approximate 0.3um, the material is quite brittle
and the fracture toughness of the polymer is low. On the other hand, when the
distance between particles is smaller than the critical value, the material fractures
in a tough manner and its fracture toughness is relatively high. He explained that
this phenomena was related to a transition in the stress state in the matrix, and
that the stress state was changed from plane strain to plane stress when the
distance between particles fell below the critical value. However, the dimensions
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for the stress state transition to occur, which is given by 2.5K/oy)2, is usually of
the order of millimetres rather than fractions of a micrometre. Thus, the validity of
Wu's model is still debatable.

For rubber modified epoxy polymers, Kim et al. [60] investigated the effect
of interfacial particle-to-particle distance on the fracture toughness, using core-
shell rubber particles, i.e. without changing the particle size. They reported that
there is a optimum value of the interfacial particle-to-particle distance to maximise
fracture toughness, as shown in Fig.2.26. Assuming a simple cubic array, the inter-
particle distance, dp, is related to the volume fraction of rubber, V&, and the rubber
particle radius, rp, via the following equation:

dp = [(4n/3Vy) V8 -2]rp (2.52)

Therefore, an increase in the Vs value corresponds to a decrease in the dp value.
Hence, Fig.2.26 also shows that there is a optimum Vs value which is necessary to
maximise the fracture toughness. This result is not in agreement with the other
reports by Bucknall and Yoshii [57], Kinloch and Hunston [58] and Karger-Kocsis
and Friedrich [54], as discussed in the previous section. Thus, the effect of
interfacial particle-to-particle distance is still controversial, and further
investigation is needed to assess the effect of inter-particle distance more clearly.
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Fig.2.26 Effect of interfacial particle-to-particle distance on fracture toughness:

particle radius 0.2um (O) and 0.45um (1) [60]
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2.4.6.5 Effect of adhesion between matrix and particles

When rubber modified epoxy polymers are made using an in-situ phase
separation technique, the functionality of the reactive, or unreactive, end-groups
has a strong influence on the microstructural features and the adhesion between
the matrix epoxy and rubber particles. It was suggested formerly [69] that poorly
bonded particles did not have a load bearing capacity and therefore did not make
any contribution to toughening. Recently, however, Huang et al. [7,70] investigated
the effect of adhesion between the matrix and rubber particles by changing the
end-groups of the rubber, and reported that the interfacial bonding has only a
minor effect on the fracture toughness of the rubber modified epoxy polymers. They
also reported the competition between the internal cavitation and the debonding
tendencies of rubber particles during fracture depends on the strength of the
adhesion between the matrix and rubber particles. When the adhesion is good, the
rubber particles internally cavitate. When the adhesion is poor, the rubber
particles debond from the matrix before cavitation occurs. From a mechanics
viewpoint, either event relieves the triaxial constraints on the matrix, allowing
further plastic deformation via a plastic void growth mechanism. The only
difference is in the contribution of the rubber bridging mechanism. This
mechanism can only operate when the adhesion is good, but it contributes little to
the fracture toughness, except at low temperatures. Consequently, the adhesion
between the matrix and rubber particles does not have a major influence on the
fracture toughness. However, optimal toughening can only be achieved when the
interfacial bonding is good.

Very recently, Bagheri and Pearson [64,65] investigated the difference in
the toughening effect on an epoxy matrix between rubber particles and hollow
latex particles. They reported that hollow particles toughened epoxies in the same
manner as rubber particles, and that no significant superiority of rubber particles
over voids in toughness improvement was found, as shown in Table 2.3. They
concluded that there was little contribution to the whole toughness improvement
given by the rubber bridging mechanism.
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Table 2.3 Fracture toughness dependence on the modifier [64]

Modifier Particle size K
(Lm) (MPa m1?)

None - 0.85
CTBN 0.55 2.05
MBS 0.2 2.20
HLP-0.4 04 2.30
HLP-1.0 1.0 1.95

Note: CTBN is carboxyl terminated butadiene acrylonitrile (liquid rubber)
MBS is methacrylated butadiene styrene (core-shell rubber particle)
HLP-0.4 and HLP-1.0 are hollow latex particles

Kiefer et al. [66] made porous epoxies which contain spherical voids
dispersed in the matrix epoxy, and reported that voids themselves, i.e. without
rubber, can improve the fracture toughness. Huang and Kinloch also [67] reported
that voids themselves can significantly increase the toughness of the epoxy. This is
because voids also cause a stress concentration, and promote shear yielding and
plastic void growth of the surrounding matrix epoxy in the same way as cavitated
rubber particles. However, there has been no experimental study comparing
rubber modified epoxy and “void” modified epoxy, both of which have the same
material properties and microstructural features, except for the differences of

rubber particle versus void.

2.5 Fatigue behaviour

In the previous section, some fracture mechanisms were reviewed. These
are applicable to both static and fatigue test conditions. However, there are
additional concepts which are essential in order to understand the fatigue
behaviour of polymers. A brief introduction to these concepts is presented in this
section. Then, the effects of test conditions such as frequency, temperature, etc., are
reviewed. Furthermore, the effects of material properties, such as morphology,

crosslink density, etc., are also discussed.
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2.5.1 Crack propagation

The term “fatigue” usually refers to the failure process under oscillating or
fluctuating loads. This process includes both crack initiation and crack
propagation. In this study, however, the initiation process is not considered in
detail, because in most engineering cases materials already contain pre-existing
defects and the fatigue life is strongly dominated by the crack propagation process
[71].

In the crack propagation process, the fatigue crack growth rate, i.e. the
increment of crack length per cycle, da/dN, is the most basic parameter. Fatigue
crack propagation occurs at much lower loads than the static critical load, and
da/dN increases as the stress level increases. Numerous formulations have been
proposed to describe the relationship between da/dN and the stress level. Amongst
them, the fracture mechanics approach is the most widely adopted. Paris [72, 73]
found that the key parameter was the stress-intensity factor range, AK, and
suggested that da/dN could be described by the following equations :

da/dN=A AKm (2.53)
AK=Kinax-Knin (2 54)

where A and m are material constants. This relationship (equation 2.53) is known

as the Paris Law.

log da/dN

AR log AK AK: (Where Kinax reaches Ko)

Fig.2.27 Typical graph of da/dN vs. AK
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A typical fatigue curve is shown in Fig.2.27. The fatigue crack growth rate
decreases to vanishingly small values as AK approaches the threshold AK value,
AKg, and increases to very high values as Kmax approaches the static critical value,
K. [71]. It should be noted that the threshold Kmax value is defined as K, when the
fatigue data are plotted against Kuax.

With regard to rubber modified epoxy materials, Azimi et al. [51,74]
reported that the fatigue crack growth rate was closely related to the toughening
mechanism. The concept of AKr, the transition point whére cavitation/shear
yielding mechanisms became active, was introduced. They considered that the
value of AKr represented the point at which the size of the plastic zone became
larger than the particle size. Below AKr, the size of the plastic zone is smaller than
that of the rubber particles. Hence, the rubber particles do not interact with the
crack tip, and they can not promote cavitation/shear yielding mechanisms which
dissipate large amounts of energy during crack propagation. Consequently, there is
no difference in the fatigue crack growth rates, for a given AK value, between the
rubber modified epoxy and the unmodified epoxy. On the other hand, above AKr,
as the size of the plastic zone at the crack tip is large enough so that the rubber
particles can be engulfed in the plastic zone, the rubber particles interact with the
crack tip stress field, and cavitation/shear yielding mechanisms become active.
Consequently, for a given value of AK, the da/dN of rubber modified epoxy becomes
lower than that of unmodified epoxy, as shown in Fig.2.28.
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Fig.2.28 Fatigue crack growth rate of rubber modified epoxy and unmodified epoxy
/51]
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Recently, Jethwa and Kinloch [75] investigated the threshold Gmax value,
Gin=(1-v)Ka/E, of several rubber modified epoxy adhesive joints. As may be seen in
Table 2.4, the threshold Gmax value, G, is far lower than the fracture energy, Gr.
We normally imagine materials having a high fracture energy to have good fatigue
resistance. However, they reported some interesting results in that a high fracture
toughness did not necessarily translate into a high fatigue resistance, as shown by
the values of G, or Ga/Grc.

Table 2.4 G, G and Gu/Gr for different structural adhesives [75]

Adhesive Gre(dm?)  Gu(J/m?) Gtn/Gre
Hysol EA9309 5700 150 0.03
Ciba XD4600 3500 355 0.10
Cyanamid FM73M 2930 280 0.10
3M AF-163-2M 1720 560 0.33
Teroson Terokal4520-34 740 240 0.32

Note : All adhesives are rubber modified epoxies

As Azimi et al. suggested [51, 74], there should be a transition point, Kr (or
Gr), where toughening mechanisms become active. Below this point, including the
threshold region, the toughening mechanisms initiated by the rubber particles do
not occur and the material properties of the matrix epoxy, i.e. the unmodified
epoxy, are reflected in the fatigue behaviour. Therefore, the threshold Gmax value,
Gin, of the rubber modified epoxy should be not improved by the addition of rubber
and will consequently the same as that of the unmodified epoxy, i.e. the matrix
epoxy of the adhesive. In other words, the G values in Table 2.4 are determined
by the properties of the matrix epoxy of the adhesives, regardless of the addition of
rubber. This may be the reason why a high fracture toughness does not guarantee
a high fatigue resistance, as judged by the threshold value, Gin, or Guw/Gre.
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2.5.2 Effects of experimental parameters

Apart from the AK value, fatigue crack propagation is affected by
experimental parameters such as the frequency, temperature, mean stress, load
ratio, etc. In this section, the effects of these parameters are briefly reviewed.

2.5.2 1 Eftect of frequency

The effect of frequency on the fatigue crack growth rate for the polymeric
materials is rather complicated since several factors affect the frequency
dependence, such as the B-transition, hysteretic heating, creep effect, strain rate
effect, etc. [71].

[-transition

The B-transition is related to the movement of the side groups of the
polymer. When the transition peak (B-peak) frequency of the polymer is close to the
test frequency, resonance of the externally imposed test frequency with the
material’s internal segmental mobility occurs, and consequently the polymer has a
strong frequency dependence. On the other hand, when the B-peak frequency is far
away from the test frequency, the material is not sensitive to the frequency.

Skibo et al. [76,77] investigated the influence of the frequency in the range
of 0.1-100Hz for several types of polymers. They reported that the fatigue crack
growth rates of polyvinylchloride(PVC), polymethylmethacrylate (PMMA) and
polystyrene(PS) decreased with increasing frequency; and that those of
polycarbonate(PC), polyvinylidenefluoride(PVDF) and nylon-66 had little
frequency dependence. The B-peak frequencies of PVC, PMMA and PS are in the
range of 0.01Hz-10kHz which are close to the test frequency range of 0.1-100Hz,
and The B-peak frequencies of PC, PVDF and nylon-66 are over 100kHz, which are

far above the test range.

Hertzberg and coworkers [71,78-81] gave a physical interpretation of the
above results and suggested that the frequency dependence arising from the j-
transition is related to the hysteretic heating effect. Since the B-peak represents a
region of maximum loss compliance, hysteretic heating occurs along with a

- 60 -



Chapter Two : Literature Survey

localised temperature rise. This causes a greater extent of plastic deformation and
crack tip blunting, and consequently results in a lower fatigue crack growth rate.
The hysteretic heating effect will be discussed in the next sub-section.
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Fig.2.29 Frequency dependence of polymers (PVC from ref. [77], polystyrene from
ref. [77))

Hysteretic heating

Hysteretic heating may occur under cyclic loading conditions, since
polymers generally have a relatively high tand. The effect of hysteretic heating on
the fatigue crack growth rate depends on the size of the heated region. Generally,
hysteretic heating raises the temperature only in the vicinity of the crack tip
(localised heating), since the heat conductivity of the polymer is rather small. In
this case, the modulus and the yield stress are decreased near the crack tip. This
enhances the yielding process surrounding the crack tip and leads to an increase m
the crack tip radius (crack tip blunting). Consequently, hysteretic heating results
in a decrease in the fatigue crack growth rate. Hence, the fatigue crack growth rate
should decrease with increasing frequency [71,78].

On the other hand, if the hysteretic heating is sufficiently large and a large
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scale temperature rise occurs (generalised heating), this leads to thermal failure.
Therefore, it might be possible that the fatigue crack growth rate increases with
increasing frequency if the polymer possesses a very high degree of internal loss
[71].

Creep effect

The creep effect is not always negligible when the test frequency is
relatively low. As the time period of oscillation is relatively long at a low frequency,
creep crack growth may appear to be responsible for frequency dependence.
Moskala [82] investigated the frequency dependence for rubber-toughened PC in
the range of 0.25-25Hz, and reported that the fatigue crack growth rate decreased
with decreasing frequency, especially when the test frequency was below 1Hz. He
suggested that this frequency sensitivity came from the effect of creep-assisted
crack growth, as given by:

(da/dN)total = (da/dN)stigue + (da/dt)creep (dt/dIN) (2.55)

where (da/dt) is the time period of oscillation of the applied load. It should be noted
that he, however, also reported that the localised temperature rise near the crack
tip was approximately 8°C for 25Hz. Thus, the above frequency dependence might
be caused by the localised hysteretic heating effect.

Strain rate effect

For a rubber modified epoxy, Hwang et al. [43] recently reported that the
fatigue crack growth rate increased as frequency increased, as shown in Fig.2.30.
They also investigated the influence of hysteretic heating near the crack tip using
an infrared radiometric microscope which detects thermal differences as small as
0.5°C. They reported that little temperature rise near the crack tip was detected
(i.e. the effect of localised hysteretic heating was insignificant), and concluded that
the increase in fatigue crack growth rate with increasing frequency was caused

simply by the strain rate effect.

Generally speaking, the mechanical properties such as modulus, yield
stress, fracture toughness, etc. have a strain rate dependence. Normally, the
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modulus and yield stress increase with increasing strain rate, and the fracture
toughness decreases with increasing strain rate. Hence, it may be expected that
the fatigue resistance decreases, i.e. the fatigue crack growth rate increases, with

increasing strain rate.

(a) (b)
10 7 3 3 FR
—~ 3 3 ‘ A
@ ' RO 3 %
@) ] ¢’ 10 Hz :"
5 10 3 ges T E * N
E ] W Q%o‘ ] 100 iz Qg;*’ (+)
£ 107 s 4
~ 3 oF ] N
] o ) %
Z ] &
J 0 3 *
E 3 .
O 3 ]
©
10 —* T T 1 T T U7 T T Al T 7
2 3 4 5 6 .7.531 2 2 d 4 5 687 ﬂﬁ] 2
AK  (MPavm) AK (MPavm)

Fig.2.30 Eftect of frequency on fatigue crack growth rate (a) unmodified epoxy
(b) rubber modified epoxy [43]

In summary, the B-transition of the polymer affects the fatigue crack
propagation associated with the localised hysteretic heating, and results in a
decrease in the fatigue crack growth rate near the B-peak frequency. Localised
hysteretic heating decreases the fatigue crack growth rate with increasing
frequency, whereas generalised hysteretic heating causes an increase in the fatigue
crack growth rate. The creep effect increases the fatigue crack growth rate with
decreasing frequency, especially at relatively low frequencies (below 1Hz). The
strain rate effect may therefore cause an increase in the fatigue crack growth rate
with increasing frequency. Thus, the frequency dependence on the fatigue crack
growth rate is determined by the balance of each of these contributions discussed

above.
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For rubber modified epoxies, the B-peak frequency is located in the range of
over 100kHz. Therefore, the frequency dependence arising from B-transition can be
considered not to be important under the testing condition (5Hz) of the present
study. The creep effect is also not significant for 5Hz. Hence, the frequency
dependence, if any, might arise from any hysteretic heating and strain rate effects.

2522 Effect of temperature

The effect of temperature is briefly presented below. As is well known via
the WLF equation [83], frequency and temperature are closely related to each
other. Low temperature corresponds to high frequency. Conversely, high
temperature corresponds to low frequency. Mai and Williams [84] reported that
fatigue crack growth rate increased monotonically with increasing temperature in
PS. A similar trend was observed in PMMA [76]. The temperature dependence of
these polymers is consistent with their frequency dependence (i.e. the fatigue crack
growth rate increases with decreasing frequency), as shown in Fig.2.31.
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Fig 2 31 Effect of temperature on fatigue crack growth rate in PS [84]
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For rubber toughened epoxy materials, however, Hwang et al. [43] reported
that the fatigue crack growth rate decreased with increasing temperature as
shown in Fig.2.32. This result was consistent with the frequency dependence, i.e.
the fatigue crack growth rate decreased with decreasing frequency, as illustrated
before in Fig.2.30. Furthermore, it is also consistent with the temperature
dependence of fracture toughness reported by Kinloch et al. [85]. They reported
that the fracture toughness of rubber toughened epoxy materials increased with
increasing temperature.
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Fig.2.32 Effect of temperature on fatigue crack growth rate of a rubber modified
epoxy [45] |

2.56.2.8 Effect of mean stress and stress ratio

The mean stress during the fatigue crack propagation can be represented
by the value of Kmean. When a sinusoidal cyclic load is applied, the Kmean value is
given by:

Kmean = Kmax + Kinin)/2 (2.56)

The Kmean value and stress ratio, R=Kmin/Kmax, are related each other via the
following equation:
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Kiean = 2Kmax R= ZRAK/(l-R) 2.57)

Thus, when either Kmax or AK is fixed, an increase in Kmean corresponds to an

increase in R.

As noted earlier, the fatigue crack growth rate is generally recognised to
obey the Paris Law. However, it has been observed by many researchers that the
fatigue crack growth rate at a fixed AK value also varies with the change of mean
stress, or stress ratio. Arad et al. [86] proposed the following equations to explain
the fatigue crack growth rate in PMMA :

da/dN=k)» (2.58)
7\.=Kmax2'Kmin2:2AK Kmean (259)

where k is a function of frequency, material properties and environment, and n is a
constant. According to the above equations, the fatigue crack growth rate can be
assumed to increase as the Kmean value increases. Indeed, it was reported that the
fatigue crack growth rate, at a fixed AK, was found to increase experimentally with
increasing Kmean (.. Increasing stress ratio, R) in PMMA, PVDFand nylon-66
[71,86]. However, it was also observed that the fatigue crack growth rate decreases
with increasing Kmean in PC and PVC [71,87].

Hertzberg and Manson [71] suggested that the effects of the Kiean value (or
R value) on the fatigue crack propagation arise from conflicting mechanisms. On
one hand, there may be a tendency for an increase in the fatigue crack growth rate
with increasing Kmean (or R) because the Knax value approaches the critical limiting
value for the material (.e. Ki). Alternatively, there may be a tendency for a
decrease in the fatigue crack growth rate with increasing Kmean (or R), due to the
hysteretic heating effect, especially for the materials having a relatively high tan3.
As shown in Fig.2.33, the hysteretic loop normally increases as the stress level
increases. Therefore, an increase in Kmean (or R) leads to an increase in the
hysteretic heating, which causes crack tip blunting and consequently lowers the

fatigue crack growth rate.
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@ o

hysteresis loop

Fig.2.33 Schematic graph of hysteresis loop (a) Iow Gmean (b) high Omean

For an epoxy polymer, Sutton [88] investigated the effect of stress ratio. He
reported that the fatigue crack growth rate increases with increasing stress ratio,
i.e. increasing mean stress, as shown in Fig.2.34.
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Fig.2.34 Effect of stress ratio on fatigue crack growth rate in an epoxy polymer [88]
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2.5.8 Effects of material properties

Fatigue resistance is also affected by material parameters such as crosslink
density (in crosslinked polymers), morphology (in multiphase polymers), etc. In this
section, the effects of these parameters are briefly reviewed.

2.5.5.1 Effect of crosslink density

In crosslinked polymers, the crosslink density affects the ability for plastic
deformation to occur, and therefore changes the amount of energy dissipated
during deformation. Consequently, the crosslink density affects the fracture
toughness and fatigue resistance. Hertzberg et al. [89] reported the effect of
crosslinking agent in PMMA, and suggested that the fatigue crack growth rate
increased with an increasing degree of crosslinking, corresponding to an increasing
crosslink density. For an epoxy resin, Kim et al. [90] evaluated the dependence of
fatigue crack growth rate in an amine-cured epoxy. They reported that the fatigue
crack growth rate decreased with increasing average molecular weight between
crosslinks, Mc. The higher M, corresponds to a lower crosslink density.

Since plastic deformation is associated with fatigue crack propagation,
materials which may undergo larger energy dissipation during deformation (i.e.
low crosslink density) have typically superior fatigue resistance. On the other
hand, materials with a high crosslink density are less likely to undergo plastic
deformation. This, therefore, leads to a relatively high fatigue crack growth rate.
Kishi et al. [91] reported that a relatively ductile epoxy reflecting an ability for
extensive plastic deformation, had a higher fracture toughness. Hwang et al. [43]
has investigated the influence of the crosslink density of epoxy matrix on the
fatigue crack growth rate in both rubber modified epoxies and unmodified epoxies.
They reported that the lower the crosslink density (i.e. the higher molecular weight
between crosslinks, M) of the epoxy matrix, the greater the fatigue resistance, as
shown in Fig.2.35.
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Fig.2.35 Effect of M. on fatigue crack growth rate of rubber modified epoxies and
unmodified epoxies (AK* is AK when da/dN reaches 7.5 x104mm/cycle) [45]
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Fig.2.36 Change in AK at da/dN = 10°mmveycle as a function of M2 [54]
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Karger-Kocsis and Friedrich [54] also reported a similar trend for rubber
modified epoxies and unmodified epoxies, and suggested that the AK values at an
fatigue crack growth rate of 10-*mm/cycle have a linear relationship with respect to
the square root of the mean molecular weight between crosslinks, M., as shown in
Fig.2.36. '

25.3.2 Effect of morphology

In multiphase polymers the morphology, e.g. the volume fraction of
secondary phase, size of particular phase, etc., affects the fracture toughness. There
is little information about these effects on fatigue crack propagation. However,
generally, materials with a higher fracture toughness have better resistance to
fatigue crack propagation. |

Kinloch and Hunston [58] investigated the relationship between the
volume fraction of rubber particles and Gc in rubber modified epoxy. It was
reported that the fracture toughness increased monotonically as the volume
fraction of rubber increased, and that the effect of volume fraction was greater in
the more ductile matrix (which corresponds to a lower crosslink density), as
mentioned before in section 2.4.6.2. Karger-Kocsis and Friedrich [92] studied the
effect of rubber content on fatigue crack growth rate, and suggested that the AK
values at a fixed fatigue crack growth rate increases with increasing rubber
content. This suggests that the fatigue resistance increases as rubber content

increases.

Modifier Content [phr]

Flig.2.37 Effect of rubber content on fatigue crack propagation ; unmodified (+),
CTBN rubber modified (), silicone rubber modified (‘e ), CTBN+silicone (0) [92]
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Kim et al. [60] investigated the effect of particle size in rubber modified
epoxy, without changing the volume fraction of the particles. They reported that
the fracture toughness increased with decreasing particle size, for a low degree of
crosshinking, but that there was little effect of particle size for highly crosslinked
epoxy. They also reported that particles less than 0.2um in diameter were
ineffective for improving the toughness, because it was difficult for very small
particles to cavitate, as discussed in section 2.4.6.3.

Azimi et al. [51, 93] also studied the effect of rubber content and particle
size on fatigue crack growth rate in rubber modified epoxies. They reported that
the fatigue resistance increases as rubber content increases, when the applied AK
value is relatively high, and that there is little effect of rubber content on fatigue
resistance at relatively low aﬁplied AK values. The critical value at which the
rubber content starts to affect the fatigue crack growth rate is considered to be
determined by the relative size of the plastic zone and the particle size.

da/dN (mm cycle™

0.5 1
AK (MPa m™)

Fig.2.38 Effect of rubber volume fraction on fatigue crack growth rate in rubber
modified epoxies: 0%(0 ), 1%(x ), 6%(+), 10%(° ) [93]

Azimi et al. [51,93] also reported that the materials with smaller rubber
particles have a better fatigue resistance. They concluded that the volume fraction
of rubber affects the slope of the fatigue crack growth rate curve, and that the near-
threshold fatigue behaviour is strongly affected by the rubber particle size, but not
by the rubber content.
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da/dN (mm cycle™

AK (MPa m®%)

Fig.2.89 Effect of rubber particle size on fatigue crack growth rate in rubber
modified epoxies: unmodified epoxy(t), 1.6mm(© ), 0.2mm(» ) [95]

2.6 Concluding remarks

This Chapter has reviewed the basic principles of fracture mechanics, the
deformation behaviour of polymers, the toughening mechanisms of rubber
modified epoxies and the factors which affect the static fracture toughness and
fatigue behaviour. From an understanding of these principles it is possible to
investigate in detail the fracture behaviour of toughened epoxy polymers under
fatigue conditions. The materials and the experimental techniques which have
been used in the present study will be described in the next Chapter.
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Chapter Three

Materials and Experimental Techniques

3.1 Introduction

A brief description of the materials which are used in this study is
presented in this Chapter. The procedure to make the cast sheets of materials is
also reviewed. The following sections then show the experimental techniques to
investigate the material properties, which include the modulus, fracture
toughness, glass transition temperature, fatigue crack growth rate, etc. A
description of the techniques for the fractographic studies follows. Finally, the
method of image analysis, which is used to quantify the microstructural

parameters, is reviewed.

3.2 Materials

Three different types of materials are used in this study. The first one is a
general rubber modified epoxy resin (RME). The second one is a rubber-modified
epoxy resin with bisphenol-A (BPA) added, which is used to investigate the effect of
rubber particle size, as described later. The last one is a thermoplastic modified
epoxy resin (TPME), which is utilised to check the effect of morphology much more
comprehensively. The appropriate unmodified epoxy resin (UME) is used as a
reference material for each type.

The first two types of materials, the general RME series and the RME with
BPA added series, consist of epoxy ‘AY105, a diglycidyl ether of bisphenol-A
(DGEBA), produced by Ciba-Geigy. Its chemical structure is as follows:

0)

/N T o T /A
CH,-CH-CH, -O-@-?-@-OCHZ-CH-CHZ -O—@-?-@-OCHZ-CH-CHZ
CH, n CH,
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where n has the values n=0 (87.2w/w%), n=1 (11.1w/w%), n=2 (1.5w/w%) and n>2
(0.2w/w%). The epoxy equivalent weight is approximately 190g/mol.

The RME also contains ‘CTBN1300X8’, carboxyl-terminated acrylonitrile-
butadiene copolymer, produced by B.F.Goodrich. It is represented by:

HOOC[—(CHZ-CH=CH-CHZ)X-(CHZ-ClJH)y}-COOH
CN

m

The carboxyl content is 2.37w/w% and the acrylonitrile content is 17w/w%. The
molecular weight is approximately 3500g/mol. The curing agent used for the
general RME series and RME with BPA added series is piperidine, which is
represented by:

1

The RME with BPA added series also contains bisphenol-A. Its chemical
structure is same as the main part of DGEBA, as follows.

CH,

HO-©-<::-©-0H

CH,

The thermoplastic modified epoxies (TPME) series contains epoxy
‘MY9512, a tetraglycidyl 4,4diamino diphenyl methylene (TGDDM), produced by
Ciba-Geigy, as a base resin. TPME series also contains a reactively terminated
polyethersulphone (PES) copolymer, and 4,4-diamino diphenyl sulphone (DDS) is

used as a curing agent.

All formulations are listed in Table 3.1 and Table 3.2. The preparation for
the general RME series was started by hand mixing preheated ‘AY105’ and
‘CTBN1300X8’ for approximately 5-10 minutes. The mixture was heated again to
60-70°C in a water bath, and then mixed with an electric stirrer for 5 minutes.
Then, the degassing process was done in heated vacuum oven until frothing
stopped. The mixture was cooled down to 30-40°C, and then piperidine added
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slowly. After a gentle hand-mix for 10 minutes, the mixture was poured into a
preheated mould and cured. It was then allowed to cool down to ambient
temperature. The UME material was prepared in the same way, after excluding
the rubber addition process and electric stirrer process.

Table 3.1 Formulations of the general RMF series and the RMFE with BPA added

series

Description AY105 1300X8 BPA piperidine curing condition
(phr) (phr)  (phr) (phr)

15phrRME120 100 15 0 5 120°C x 16h
UME120 100 0 0 5 120°C x 16h
15phrRME160 100 15 0 5 160°C x 6h
UME160 100 0 0 5 160°C x 6h
5phrRME120 100 5 0 5 120°C x 16h
5phrRME120+BPA 100 5 24 5 120°C x 16h
UME120+BPA 100 0 24 5 120°C x 16h
Note: “phr” means parts per hundred resin
Table 3.2 Formulations of the TPMF series
Description MY9512 PES copolymer DDS curing condition
(phr) (phr) (phr)
P 1 31.47
Pﬁ:(l)O 188 14061 31.47 160°Cx 4h
) ) 180°C x 4h in Ny
PES20 100 32.87 31.47

200°Cx3h in Ns
PES25 100 43.82 31.47
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For the RME with BPA added series, the preparation was started by
adding BPA to preheated ‘AY105 with gently stirring. The mixture was put into
the oven at 120°C, and stirred continuously. It was kept until all the BPA was
dissolved. Then, it was cooled down to 60-70°C, and the ‘CTBN1300X8’ was added.
This procedure was exactly the same as for the general RME materials. For the
UME with BPA added material, the rubber addition process and electric stirrer

process were omitted.

For the TPME series, the preparation was started by dissolving the
granules of PES copolymer in a methylene chloride/methanol (95/5 by volume).
‘MY9512 and DDS were then added. The mixture was cast into the mould
préheated at 150°C, and degassed for 30minutes. in a vacuum oven. Then, the
materials were cured at 150°C for 4 hours, 180°C for 4 hours and 200°C for 3 hours.
At both 180°C and 200°C, the curing was done in a nitrogen atmosphere. For
PESQ, the first process of dissolving PES copolymer was omitted, the preparation
started with just the MY9512 and DDS mixture.

3.3 Fracture toughness measurements

Compact tension tests were conducted to measure the fracture toughness of
the materials. The adopted procedures were in accordance with ASTM standard
D5045-91a. Specimens were cut from the moulded sheets into the geometry shown
in Fig.3.1.
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Fig.3.1 Compact tension specimen
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The width, W, was 54.2mm. Then, the initial crack was introduced by
tapping a razor blade into the saw-cut notch in order to cause a natural crack
growth. The initial crack length was controlled in the range of 0.45<a/W<0.55.
Then, samples were tested at room temperature (23°C) using an ‘Instron 1185 or
‘Instron 1186’ testing machine, with an appropriate crosshead speed. The load-
displacement curve was obtained and the provisional toughness Kq was calculated
from the following equations:

Ko=(Po/BW12)f(x) 3.1
fx)=(2+x)(0.886+4.64x-13.32x2+14.72x3-5.6x4)/(1-x)3/2 (8.2
x=a/W (0.2<x<0.8) 3.3)

The validity of Kq was checked via the following size criteria :

B, a, (W-a) > 2.5(Kq/cy)? (3.4

If these criteria were satisfied, the value of Kq was taken to be the fracture
toughness, K.

3.4 Modulus measurements

Three point bend tests were employed to measure the elastic modulus
(flexural modulus) of the materials. The adopted procedures were in accordance
with ASTM standard D790M-86. Beam specimens were cut from the moulded
sheets according to the ASTM specifications.

tj loading nose

]
L/2 ‘C—W supporting nose

—_
L

Y.....
A

- supporting span

Fig.3.2 Three point bending test
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The following dimensions were chosen: width 10mm (for the RME series
and the RME with BPA added series) and 6.5mm (for the TPME series), depth
4mm (for the RME series and the RME with BPA added series) and 3.5mm (for the
TPME series), length 75-80mm, and support span 60mm. The span-to-depth ratio
was calculated as 15 for the RME series and the RME with BPA added series, and
as 17.1 for the TPME series. Both values were within the ASTM requirement.

A strain rate, Z, of 0.01(mm/mm-minute) was used. The crosshead speed
was set to the calculated value from the following equation:

R=712/6d (3.5)

where R.is the crosshead speed (mm/minute), L is the support span (mm), d is the
depth of beam (mm), and Z is the strain rate (mm/mm-minute). The elastic
modulus was calculated by the following equation:

E=L3m/4bd3 3.6
where E is the modulus in bending (MPa), b is the width of beam (mm), and m is

the slope of the tangent to the initial straight-line portion of the load-deflection

curve (N/mm).

3.5 DSC and DMTA studies

Differential scanning calorimeter (DSC) measurements were conducted to
investigate the glass transition temperature, Tg. The measurement was carried out
with a heating rate of 10°C/minutes, and using a temperature range of 30°C to
160°C for the general RME series and RME with BPA added series, and 30°C to
300°C for the TPME series. Typical DSC data are shown in Fig.3.3. Heat flow
changes around Tg arise due to the heat release or absorption according to the
transition. The value of Ty was determined as the middle point of the changing

temperature region.

It was difficult to determine the glass transition temperature of the TPME
series by a DSC measurement, because its Tg is quite high and thermal
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degradation started below the Ty Thus, dynamic mechanical thermal analysis
(DMTA) measurements were also done for these materials. A specimen, which had
a typical size of 1.5mm x 6mm x 50mm, was subjected to an oscillating sinusoidal
stress of 5Hz. The tensile mode of operation was selected, and the measurement
was carried out using a heating rate of 5°C/minutes, from 30°C to 280°C. Typical
DMTA data are shown in Fig.3.4. The value of Ty was determined as the
temperature at which the loss factor, tand, possessed the maximum value.
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20 Delta Cp = 0.457 Jig"C
X2=85.482°C
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s 210 !
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& 28 X1 L 62992 °C Oreel = 76.062°C
L2 Y1 1207608 mW
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Fig.8.8 Typical DSC data (UMFE160)
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Fig.3.4 Typical DMTA data (PESO)

3.6 Fatigue crack growth rate studies

Large compact tension specimens were used to measure the fatigue crack
growth rate. Specimens were cut from moulded sheets into the geometry shown in
Fig.3.1. The width, W, was 128mm. The initial crack was then introduced by
tapping a razor blade into the saw-cut notch in order to cause a natural crack
growth, as for the static tests. The initial crack length was controlled in the range
of 0.35<a/W<0.45. Then, samples were tested using a ‘Mayes’ cyclic fatigue testing
machine. All experiments were conducted at a room temperature of 23+3°C.

Both displacement-control and load-control tests were used for this study.
The test was started under displacement-control to determine the threshold value,
below which there is no fatigue crack propagation. The test was then changed to
load-control, and the fatigue crack growth rate was measured until the specimen
failed. A sinusoidal wave form loading was employed at a frequency of 5 Hz. The

load ratio (R=minimum load/maximum load) was 0.2.

During the experiments, the crack length was measured both electrically
and optically. A crack gauge was used for the electrical method. It was bonded to
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the side of the specimen using an adhesive, and the crack length was measured as
the electrical resistance of the gauge changed as the fatigue crack grew.

The maximum value of the stress intensity factor, Kmax, and the range of K
and AK were calculated from the following equations:

Kinax=(Prax/ BW2)f(x) 3.7
AK=(AP/BW2)f(x) (3.8)
AP=Prax-Proin (3.9)

where Pax is the maximum load, and Puin is the minimum load. The function f(x)

was calculated in the same manner as mentioned in equation 3.2.

There were sometimes differences between the measured crack lengths
from the electrical method and the optical method, due to the effect shown in
Fig.3.5. According to the standard, ASTM E647, the average crack length was
taken for the calculation for the K value, via the following equation [94]:

a-= (agauge + @micro )/2 (3. 10)

where agauge is the crack length measured using the crack gauge, and amix that

measured optically.
nitial crack crack tip
/ / _ .
/ / optital method side

crark gauge side

Fig 8.6 Schematic showing the fatigue fracture surface
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There are two methods for calculating the fatigue crack growth rate, da/dN,
from the data sets of the crack length, a, and the number of cycles, N. ASTM E647
recommends the two methods: the secant method and the incremental polynomial
method [94]. The secant (or point-to-point) method simply involves calculating the
slope of the straight line connecting two adjacent data points on the a versus N
curve. It is expressed as follows:

(da/dN)i = (ai+1 — ai) / Nir1— N;i) (3.11)

The incremental polynomial method involves fitting a second-order
polynomial (parabola) to sets of (2n+1) successive data points, where n is usually 1,
2, 3 or 4. The form of the equation for the local fit is as follows:

&i =bo+ b1 (Ni— C1)/Cz + bz [(Ni — C1)/Cg]? (3.12)

where bo, b: and bs are the regression parameters that are determined by the least
squares method over the range of ain < a < asn. The value 4; is the fitted value of
the crack length at Ni. C; and C; are the parameters which are used to scale the
input data within the range of -1 to 1. The fatigue crack growth rate at N;, (da/dN);,

is obtained from the derivative of the above parabola, which is given by:

(da/dN)1 = b1 /Cg + 2bz (N — C1)/Cq?2 3.13)

We used the incremental polynomial method and chose n=3, ie. 7
successive data points, for calculating the fatigue crack growth rate.

3.7 Localised heating effects

The materials having large hysteresis loop under their stress-strain curve
have the possibility to generate heat during the fatigue tests, and we might have to
take any such localised heat effects into account. In order to check this effect, the
precise measurement of the surface temperature of the specimens were conducted
during the fatigue tests, using an infrared camera system. Two materials,
15phrRME160 (which has the most possibility for any localised temperature rise
ocuurring) and 15phrRME120 were studied.
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As shown in Fig.3.6, the experimental set-up consisted of an infrared
camera, a controller, a monitor and PC. The highest temperature resolution is

1/16°C. The measurement was carried out under a cyclic frequency of 5Hz.

Infrared camera

_I

Sample Controller

J NMomitor oo

Fig. 3.6 Schematic set-up of the infrared camera system

3.8 Microscopy studies

Transmission optical microscopy (TOM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) were utilised for observing the

operative mechanisms in the rubber-modified and unmodified epoxy.

For TOM observation, thin sections, perpendicular to the fracture surface
and parallel to the crack propagation direction, were obtained from the mid-plane
of the specimen as shown in Fig.3.7, using petrographic thinning techniques [95].

direction of crack propagation

>

: / fracture surface
i /
A
hiey thin section
i ____________________________________________ from the mid-plane

Fig.3 7 Thin section from mid-plane (plane strain region)
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Tested CT specimens were cut into small samples, which included the
damage zone, and embedded in a clear mounting epoxy. Then, they were reduced
in thickness by cutting and polishing until the final thickness of 50-100um was
reached. These thin sections were examined by using a ‘Nikon Optishot-2
microscope under both bright field and crossed polars.

SEM was also used to examine the fracture surfaces of the tested
specimens. All samples were coated with a thin film of gold by sputtering before
SEM examination. The instrument used was ‘JEOL JSM-5300" scanning electron
microscope operated at 25-30kV. In some cases, we used polished samples. These
samples were polished in a similar way of petrographic techniques, and then
etched with appropriate etching liquid to improve the SEM image. Potassium
permanganate mixed acid (sulphuric acid and phosphoric acid) solution was used
for etching the materials containing epoxy MY9512. The etching procedure is as
follows [96]:

(i) Dissolve a small quantity of potassium permanganate in acid mixture (5:2:2
volume of sulphuric asid:phosphoric acid:distilled water) in a ultrasonic bath. The
concentration is 0.1g potassium permanganate per 10ml acid mixture.

@) Cool the solution down to 2-5°C, and a sample is etched for 2 minutes in the
solution, agitated with a magnetic stirrer.

@(11)) The sample is rinsed using ultrasonic agitation. Firstly, it is rinsed in 10:1
sulphuric acid:distilled water until any pink colouration due to the presense of
potassium permanganate has disappeared. Then, the sample is rinsed 3-4 times in
100vol hydrogen peroxide and finally ethanol.

This etching was used to improve the contrast of the SEM image. The etching
liquid selectively attacks PES copolymer phase, and epoxy resin phase remains

intact.

For TEM observation, samples were initially trimmed to the appropriate
size and shape. Then, trimmed samples were stained using osmium tetroxide
solution. Osmium tetroxide stains the materials having carbon double-bonds
present. Therefore, rubbery phase is selectively stained, and the TEM image is

much improved.

_.84_



Chapter Three : Materials and Experimental Techniques

3.9 Image analysis studies

The microstructural parameters of the secondary phase in a multiphase
materials can be obtained from SEM micrographs, using the image analysis
techniques. The digitised SEM picture (Bitmap Format) was converted to the PICT
Format data using ‘Adobe Photoshop’ software. Then, the interface between the
matrix and the secondary phase was manually denoted using ‘Claris Draw’
software, and converted the extracted image to the Raw File Format for further
data processing. The data were stored in the computer, and the results such as the
- volume fraction and the average particle size were calculated. Although the
information solely on the area fraction may be obtained directly from the SEM
micrographs, it can be more easily translated to the volume fraction via the above
technique [97]. Three to five SEM pictures were used for each calculation.

— SEM micrograph

extraction of
secondary phase

volume fraction

V=02 calculation of

<«———  volume fraction

[

Fig.3.8 Diagram of image analysis
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3.10 Concluding remarks

This Chapter has described the chemical structure and the formulations of
the general RME series, the RME with BPA added series and the TPME series.
The experimental techniques including the measurements of fracture toughness,
moduli, fatigue crack growth rates and localised temperature rise, DSC and DMTA
studies, microscopy studies and the image analysis technique have also been
reviewed. The basic material properties such as static mechanical properties, glass
transition temperature, crosslink density and the microstructure will be discussed
in the next Chapter.

Appendix : Volume fraction and average particle size

The information obtained from the SEM micrographs is not the volume
fraction of the particles but the area fraction of the particles. However, it is known
from the quantitative stereology [97] that the area fraction is equal to the volume
fraction. Thus, the volume fraction of the particles can also be obtained. The
average particle size is calculated by the procedure described below. The average
intercept area of the particles, S, is calculated. The value of S is related to the
radius of the particle, rp, via the following equation [97] :

S = (2/3)nry? (3.14)
Thus, the average radius of the particle, 1y, is given by :

1p= (3S/2m)L2 (3.15)

_86_



Chapter Four : Basic Material Properties

Chapter Four

Basic Material Properties

4,1 Introduction

Before discussing the fatigue behaviour of the toughened epoxy polymers, it
is important to investigate their static material properties, i.e. the properties
measured under a constant rate of displacement. Static mechanical properties such
as modulus, yield stress, static fracture toughness, etc. are essential parameters in
order to discuss the fatigue behaviour in later Chapters. Thermal properties such
as the glass transition temperature are also important parameters to characterise
the molecular dynamics and structure of the polymers. These basic material
properties and some initial fractographic studies will be discussed in the present
Chapter.

As discussed in Chapter Three, moduli were measured using three point
bending tests and the static fracture toughness was measured using compact
tension specimens. The glass transition temperature was measured using DSC
and DMTA. Very accurate modulus measurements, via DMTA, were also
undertaken to investigate the crosslink density of the epoxy matrix. The
microstructures of the toughened epoxy polymers were characterised using SEM

micrographs.

4.2 Microstructure

4.2 1 RMFE series and RMFE with BPA series

The 15phrRME160, 5phrRME120, 15phrRME120 and 5phrRME120+BPA
materials have a particulate microstructure, i.e. dispersed rubber particles in a
continuous epoxy matrix. Fig.4.1 shows the microstructure of 15phrRME160 and
5phrRME120. For both materials, it can be seen that spherical rubber particles are

dispersed in an epoxy matrix.
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20pm

Fig.4.1 SEM micrographs of the fracture surfaces for 15phrRME160
and 5phrRME120
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Considering the particle size of the dispersed rubber phase, there is
relatively little difference in the particle size with respect to the 15phrRME160,
5phrRME120 and 15phrRME120 materials. The particle radius is around 1.7um
for 15phrRME160, 1.4um for 15phrRME120 and 1.0pm for 5phrRME120.
Therefore, it may be stated that the rubber content and the curing temperature
have only a very slight effect on the size of the dispersed rubber particles. This
effect may be explained as follows. As the CTBN rubber is initially miscible in the
DGEBA epoxy, rubber particles form during the curing process. As the curing
reaction proceeds, the epoxy resin polymerises and the miscibility of the epoxy
resin and the rubber decreases. Finally, phase separation occurs and dispersed
rubber particles are formed. When the rubber content and/or the curing
temperature is changed, the miscibility of the rubber and the epoxy resin, and their
viscosities, are affected. Consequently, the speed of phase separation changes and
thus the final particle size changes. That is the reason why the particle size varies
for the 15phrRME160, 5phrRME120 and 15phrRME120 materials.

Several researchers have investigated the phase separation process during
the curing of rubber modified epoxies [98-102]. For example, Kim and Kim [9§]
utilised a light scattering technique and reported that the phase separation
mechanism for the DGEBA epoxy and the CTBN rubber system is the nucleation
and growth of rubbery phase. Chen and Lee [101] also suggested the nucleation
and growth is the phase separation mechanism for a similar DGEBA/CTBN
system. Hsich [100] reported that not only nucleation and growth process, but also
spinodal decomposition, are observed during the phase separation for a
DGEBA/CTBN system. Spinodal decomposition is the phase separation process in
which any infinitesimal composition fluctuations in the mixture leads to a phase
separation. There is no sharp interfacial boundary between the separated phases
in the initial stage of this type of phase separation. He also suggested that
nucleation and growth gives larger rubber particles than spinodal decomposition.

The microstructure of the 5phrRME120+BPA material is basically the
same as that of the 15phrRME160, 5phrRME120 and 15phrRME120 materials.
However, the rubber particle size of the 5phrRME120+BPA material is extremely
small, as shown in Fig.4.2. The particle radius is 0.2-0.3um. Although it is not yet
clear why the addition of BPA causes the smaller particle size, it may be that BPA
changes the miscibility of the rubber and/or the speed of the chemical reaction. It
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was observed that the temperature of the mixture of epoxy, BPA, rubber and
curing agent rose more rapidly than that of the mixture without BPA. This
observation implies that the curing reaction might be accelerated when BPA is
added. Whether the phase separation mechanism is nucleation and growth or
spinodal decomposition, small rubbery domains form first and then become larger.
Therefore, if the curing reaction is accelerated by the addition of BPA, the epoxy
resin might cure so quickly that there is not enough time for the rubber particles to
become large. Thus, a small particle size would be obtained for the
5phrRME120+BPA material.

2pm

Fig. 4.2 SEM micrographs of the fracture surfaces for 5phrRME120+BPA
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The mean radii of rubber particles, rp, in the 15phrRME160, 5phrRME120,
15phrRME120 and 5phrRME120+BPA materials are summarised in Table 4.1.
The 1, values were calculated from between three and five SEM micrographs, each
containing approximately 100 rubber particles. Fig.4.3 shows the particle size
distribution for the 15phrRME160 material. The measured particle radius is
scattered within the range of 0.75um to 2.5um, whereas the mean value is 1.7um.
As Underwood suggested [97], the measured particle radius is scattered even if all
the “real” particles have a uniform radius, because the measured radius depends
on which position of the particle the crack intersects. Therefore, the real particle
size distribution may have a smaller scatter associated with it than that shown in
Fig.4.3.

Table 4.1 Mean radius of the rubber particles

Material - rp (m) o(um)
15phrRME 160 1.7 0.30

| 5phrRME120 ............................... 10 ................... 020
15phrRME120 14 0.25
5phrRME120+BPA ................ 02 03 ............................

Note : o means standard deviation
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25%
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percentile
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Fig.4.3 Typical particle size distribution for 15phrRME160
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4.2.2 TPMFE series

The TPME series, which contains a polyethersulphone (PES) copolymer
toughener, has a greater variety of microstructures than the RME series, or the RME
with BPA added series. When the PES copolymer content is small, it is observed
that the PES copolymer phase is dispersed as particles in the epoxy matrix. As the
PES copolymer content increases, however, the microstructure becomes co-
continuous in nature. Finally, when the PES copolymer content is relatively high,
the matrix phase is inverted. Tedguy [103] also reported similar results for the
microstructure of these materials. To illustrate these points, Fig.4.4 shows the
microstructure of the PES10, PES20 and PES25 materials. The materials were
polished using 0.25um polishing powder, and etched, before SEM observation;
according to the procedure which was discussed in Chapter Three.

As may be seen in Fig.4.4, the PES10 material (where the PES copolymer
content is 14.61phr) contains dispersed PES copolymer particles of approximately
0.5um radius. For the PES20 material (where the PES copolymer content is
32.67phr), the microstructure is co-continuous. Both the epoxy and PES copolymer
domains are observed as continuous. It can be seen that the typical width of the
PES copolymer domains is 15-30um. The phase inversion is observed for the
PES25 material (where the PES copolymer content is 43.82phr). The matrix is now
the PES copolymer with the epoxy resin dispersed as spherical particles, with a
radius of approximately 1um.
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(a) PES10

s

(b) PES20

100pum

(c) PES25

20pm
Fig.4.4 SEM micrographs of (a) PES10, (b) PES20 and (c) PES25
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4.3 Glass transition temperature

4.3.1 Rubber modified epoxies

Glass transition temperature, T is a basic material property which
indicates the mobility of the molecules. Generally, for a given backbone structure,
high Ty corresponds to a low mobility and low Ty corresponds to a high mobility.
For crosslinked polymers, therefore, a high T, often means a high crosslink density
and a low Ty often means a low crosslink density. The T, values of the epoxy
matrix in the RME series, and the RME with BPA added series, were measured
using DSC. These values are shown in Table 4.2.

Table 4.2 T; of the epoxy phase and rubbery phase in the materials of the RME
series and the RME with BPA added series

Material Tg (epoxy) Tg (rubber)
CC) CC)
UME160 77.8 -
15phrRME160 68.5 -58(-52)
UME120 89.2
5phrRME120 86.1 76
15phrRME120 84.7 -58(-55)
UME120+BPA 101.2
5phrRME120+BPA 98.5 -73

Note: The values of Ty(rubber) are from DMTA data
Ty(rubber) values in brackets are from DSC data of ref [7]

The T, value of the epoxy matrix of the material cured at 160°C is lower
than that of the material cured at 120°C, when no BPA is added. This implies that
the crosslink density of the epoxy matrix of the material cured at 160°C is lower
than that of the material cured at 120°C. The Ty value of the epoxy matrix of the
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material with BPA added is higher than that of the material without BPA. It
seems, therefore, that the epoxy matrix of the material with BPA added has a
higher crosslink density. However, this result is not direct evidence that the
addition of BPA increases the crosslink density of epoxy matrix. BPA molecules
may act as a diluent material of the epoxy matrix, and obstruct the motion of the
epoxy molecules. If so, the addition of BPA can decrease the crosslink density, and
increase the Ty value, simultaneously. For a more direct and precise evaluation of
the crosslink density, we have to determine the average molecular weight between
crosslinks, M.. This can be measured using DMTA methods which give accurate
modulus values. The M. values and crosslink density will be discussed in detail in
the next section.

The Ty value of the rubber modified epoxy is slightly reduced from that of
the unmodified epoxy. This small change in the Ty value is considered to be caused
by rubber molecules being dissolved in the epoxy matrix. When polymer A
dissolves another polymeric material B, the T value of polymer A also changes.
This is because the dissolved material B affects the mobility of polymer A. The Ty
value of the modified polymer A is given by the following equation [104]:

ap (1-VB)Tga + aqa VB T
Tg = (4 1)
op(1-Vp)+ 0g VB

where Vg is the volume fraction of dissolved polymer B, Tga is the Ty value of pure
polymer A, Tgp is the Ty value of pure polymer B, and op and a4 are constants. For
most cases, the following values of the constants a,p and oq may be used [104] :

ap=4.8x104¢/,C 4.2)
aq=1.0x103/,C 4.3)

Hence, knowing T, Tga and Tgs, the volume fraction of dissolved polymer B may
be calculated. For example, for 15phrRME160, Ty is 68.5°C, Tga is 77.8°C and Ty
is -52°C. The calculated Vs value is around 3.5%. In the same manner, we can
obtain a value of Vg of 1.0% for 5phrRME120, 1.5% for 15phrRME120 and 0.8% for
5phrRME120+BPA. Hence, the amount of CTBN rubber dissolved in the DGEBA
epoxy matrix is quite small. It is reasonable, therefore, to consider that the
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mechanical properties of the epoxy matrix in the rubber modified materials are
virtually the same as those of the pure epoxy.

4.3.2 Thermoplastic modified epoxies (TPMFE)

For the TPME series, it was quite difficult to detect the Ty values using
DSC. They were, therefore, measured using DMTA. Table 4.3 shows the Ty values
of the TPME materials. The Ty value of the epoxy phase gradually decreases@the
PES copolymer content increases, as for the rubber modified epoxies. The volume
fraction of dissolved PES copolymer in the epoxy phase can be calculated in the
same way as described above. It is calculated as 4.1% for PES10, 6.6% for PES20
and 9.4% for PES25. These values are slightly greater than those for the RME and
the RME with BPA added series, but the amount of dissolved PES copolymer is
still relatively small.

Table 4.3 T; of the epoxy phase and PES copolymer phase in the TPMFE series

Material Ty (epoxy) Tg (PES copolymer)
CC) ¢C)

PESO 263.1

PES10 256.5 185.4

PES20 253.8 187.6

PES25 248.9 191.6

4.4 Molecular weight between crosslinks

‘As mentioned before, the Ty value is only an approximate indicator of the
crosslink density. In order to evaluate the crosslink density more precisely, we
have to measure a more direct parameter, namely the molecular weight between
crosslinks, Mc. A high M. value corresponds to a low crosslink density, and a low
M. value corresponds to a high crosslink density. This parameter may be
calculated using the rubbery equivalent modulus, E;, which may be measured
using accurate DMTA techniques. Examples of these DMTA data are shown in
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Fig.4.5.
The relationship between M. and E; is given by the following equation [68]:
log (E: /3) = 6 + 293p/M. 4.4)

where p is the density of the epoxy, 1.18g/cm3. In the case of the unmodified
epoxies, the measured modulus was used directly as the E; value. However, in the
case of the rubber modified epoxies, the Ishai-Cohen model [105] for the modulus of
a particulate composite was employed to obtain the E; value of the epoxy matrix.

10105 T T ' i ! T ' I i T ' ! 4 T ' I

-120 90 -60 -30 0 30 60 90 120 150
Temperature (°C)

Fig.4.5 Typical data of the accurate DMTA measurements (15phrRME160)

There is another equation derived from the kinetic theory of rubber
elasticity, e.g. [106]:

M. = 3pRT/E; 4.5)
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where R is the gas constant. Table 4.4 shows the calculated M. values of the epoxy
matrix for the RME and the RME with BPA added series, via both equation 4.4
and 4.5.

As shown in Table 4.4, equation 4.5 gives higher M. values than equation
4.4. However, both equations suggest that the materials cured at 120°C have the
highest crosslink density, the materials with BPA added have the second highest
and the materials cured at 160°C have the lowest crosslink density. It is also
suggested that the variation of rubber content does not significantly affect the
crosslink density of the epoxy matrix. For the TPME series, the degradation of the
material occurred before a rubbery plateau modulus was observed. Thus, no data
on the M, values were obtained for the TPME series.

Table 4.4 The M. values of the RME series and the RME with BPA added series

material E; Erepoxy) M. (eq.4.4)  M:(eq.4.5)
MPa) MPa) (g/mol) (g/mol)
UME160 5.7 5.7 1250 2200
15phrRME160 4.6 5.5 1310 2260
UME120 17.0 17.0 460 730
5phrRME120 14.0 16.0 480 780
15phrRME120 13.9 19.2 430 650
UME120+BPA 12.2 12.2 570 1030
5phrRME120+BPA 11.3 13.1 540 960

Table 4.5 shows the comparison between the calculated M. values via
equation 4.4 and the values of M. reported by Kinloch et al. [56], who also used
equation 4.4. There is fairly good agreement for the materials cured at 120°C. For
the materials cured at 160°C, however, the calculated M, values are far lower than
the reported M, values. It might be that the nonlinearity of equation 4.4 is one of
the reasons which causes this difference. As shown in Fig.4.6, the calculated M.
value approaches infinity as the value of E; approachs a value of 3MPa, and
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equation 4.4 does not accept an E; value below 3MPa. Therefore, if the measured
E: value is relatively low, a small error in the E: value causes a significant
difference in the calculated M. value. For instance, a 10% error in the E, value
causes a 30% difference in the M. value when E; is around 5MPa, and the same
error causes a 300% difference in the M, value when E; is around 3.5MPa.

Table 4.5 Comparison of the M, values via equation 4.4

material M. (eq.4.4) M. (ref.[62])
(g/mol) (g/mol)
UME160 1250 4900
15phrRME160 1310 4370
UME120 460 590
15phrRME120 430 630
14000 — : . . . .
12000 4 ™ i
10000 - )
~ 8000 4 | .
= |
& 6000 { .
0 J . ]
= 4000 - \ -
. . " b
2000 - \ .
J : | e A
0 § B — " .
0 3 5 10 15 20 25 30 35
Er (MPa)

Fig.4.6 M, as a function of E;, calculated via equation 4.4
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4.5 Mechanical properties

4.5.1 Rubber modified epoxies

Table 4.6 shows the mechanical properties of the rubber modified epoxy
(RME) series and the RME with bisphenol-A (BPA) added series. The flexural
moduli of all these materials are in the range of 2.43GPa to 3.35GPa. For the
materials cured at 120°C, the modulus gradually decreases as the rubber content
increases: 3.04GPa for UME120, 2.90GPa for 5phrRME120 and 2.43GPa for
15phrRME120. This same trend is seen for the materials cured at 160°C: the
modulus is 3.35GPa for UME160 and 2.56GPa for 15phrRME160. The trend is
considered to be due to the presence of the rubbery phase. The modulus of the
rubbery phase is far smaller than that of the epoxy matrix, and the modulus of the
rubber modified epoxy therefore decreases with an increasing volume fraction of

rubbery phase.

Table 4.6 Mechanical properties of the materials of the RME series and the RME
with BPA added series

Material E Kic G
(GPa) (MPam!?2) (kJ/m?2)

UME160 3.35 1.20 (1.29) 0.38
15phrRME160 2.56 4.03 (4.23) 5.57
UME120 3.04 0.81 (0.88) 0.19
5phrRME 120 2.90 2.22 1.49
15phrRME120 2.43 2.47 (2.64) 2.20
UME120+BPA 2.76 0.88 0.25
5phrRME120+BPA  2.77 3.01 2.87

Note: Gy was calculated from the equation, G=KZ (1-V2)E
Poisson’s ratio was estimated as 0.35

The K. values in bracket are from ref [56]
For Ki. values the peak load was used, except for 15phrRME160
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The modulus of the material cured at 120°C is lower than that of the
material cured at 160°C: 3.04GPa for UME120 and 3.35GPa for UME160;
2.43GPa for 15phrRME120 and 2.56GPa for 15phrUME160. The addition of BPA
causes a slight decrease of modulus.

The measured Ki. values of UME160, 15phrRME160, UME120 and
15phrRME120 agree well with those reported by Kinloch et al. [56]. The fracture
toughness, K, of the rubber modified epoxies are all larger than those of the
unmodified epoxies. For the materials cured at 120°C, the value of K1 increases
from 0.81MPa'm'2 for UME120 to 2.47MPa'-m!2 for 15phrRME120, by the
addition of 15phr rubber. The value of Ki. also increases from 1.20MPa-m!2 for
UME160 to 4.03MPa-m'2 for 15phrRME160, in case of the materials cured at
160°C. As shown in Table.4.6, the fracture toughness of 5phrRME120 is also
greatly increased from that of the UME120 material. The addition of only 5phr
rubber is sufficient to cause a significant improvement of the Kic value.

Similar results were obtained for the materials with BPA added. The Kic
value, 3.01 MPa'm'2, for the 5phrRME120+BPA material is significantly improved
from that of the UME120+BPA material. This improvement of fracture toughness
is given by the additional toughening mechanisms, such as shear yielding and void
growth, which are activated by the introduction of rubber particles. These
mechanisms will be discussed in more detail later.

4.5.1.1 Effect of the volume fraction of rubber

Fig.4.7 shows the derived Gic values plotted against the volume fraction
of rubber, which is measured using image analysis of the SEM pictures. As shown
in Fig.4.7, the relationship between G and Vg is not linear, whereas Kinloch and
Hunston [58] reported a linear relationship between these parameters. There is a
difference in the measured V& values between this study and the report by Kinloch
and Hunston. For instance, the measured Vg value in this study is 7% for
5phrRME120 and 21% for 15phrRME 120, whereas Kinloch and Hunston reported
10% for 5phrRME120 and 17% for 15phrRME120. It is considered that this
difference in the measured Vg values causes the different relationship between Gic
and Vi However, the results in this study agree with the results reported by
Kinloch and Hunston [58] and Bucknall and Yoshii [57] in that the Gi value
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generally increases with increasing volume fraction of rubber, V&, as shown in
Fig.4.8. As discussed in Chapter Two, the volume fraction of rubber is not the only
material parameter which affects the fracture toughness. There are other
parameters such as the crosslink density of the matrix epoxy, etc. Therefore, the
results can not be explained simply by the effect of the volume fraction of rubber.
However, it may be suggested that as a general trend the fracture toughness

increases with increasing the volume fraction of rubber.

Fig.4.7 also demonstrates that the materials cured at 160°C have the
greatest difference in the Gi. values between the rubber modified epoxy and the
unmodified epoxy, the materials with BPA added cured at 120°C have the second
greatest, and the materials cured at 120°C have the smallest difference. This
suggests that when the epoxy matrix is more ductile, it can respond more readily to
the presence of the rubbery particles.

6 T T T T T T T T T
[
o cured at 120°C ’
57 a cured at 120°C + BPA ]
1 » cured at 160°C -
4 4
§ 37 A 7
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Fig.4.7 The Gy, values plotted against the volume fraction of rubber
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Fig.4.8 Effect of the volume fraction of rubber on the Gy values

4.5.1.2 Effect of crosslink density

Table 4.6 also demonstrates that the change of curing temperature from
120°C to 160°C improves Ki. by approximately one and half times. For the
unmodified epoxy, the value of Ki increases from 0.81MPa-m?2 to 1.20MPa-m¥2,
and for the 15phr rubber modified epoxy, it increases from 2.47MPaml2 to
4.03MPa-m!2, This improvement of fracture toughness is considered to be due to
the decrease in the crosslink density of the matrix epoxy. As the crosslink density
decreases, the ductility of the matrix epoxy increases and hence the matrix epoxy
becomes more able to undergo plastic deformation. Hence, the materials having

the lower crosslink density possess the higher fracture toughness.

The addition of BPA also increases the fracture toughness. The Ki value
increases from 0.81MPa-m12 for UME120 to 0.88MPa-m'2 for UME120+BPA, and
it also increases from 2.22MPa-m!2 for 5phrRME120 to 3.01MPa'm!2 for
5phrRME120+BPA. Kinloch et al. [56] also reported that the addition of BPA
increased the fracture toughness of rubber modified epoxy. The reason for the
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improvement of fracture toughness can be considered as follows: As mentioned in
Chapter Three, the chemical structure of BPA is the same as the main part of the
matrix epoxy resin, DGEBA. Hence, BPA can be considered as an additional part
of the matrix resin. Therefore, the addition of BPA causes the increase of the
molecular ratio, epoxy resin : curing agent (piperidine). The ratio, epoxy resin :
curing agent, is increased from approximately 9:1 to 10.5:1 by adding 24phr BPA,
as detailed in Appendix A. In other words, the number of epoxy resin molecules per
curing agent molecule increases. When the other conditions for the chemical curing
reaction are same as the materials without BPA, the addition of BPA causes a
decrease in the crosslink density of the epoxy. Thus, the addition of BPA improves
the fracture toughness.

Fig.4.9 plots the Ki values against the M2 values. The values of the
average molecular weight between crosslinks, M, were calculated from the
rubbery equivalent modulus of the epoxy matrix, as discussed in section 4.4. This
graph shows that the Ki value increases with increasing M. value, and the
relationship between Ki. and M2 is approximately linear. Similar results on the
relationship between Kic and M2 were reported by Pearson and Yee [55]. As they
suggested, the epoxy which has the low crosslink density, 1.e. the higher M value,
exhibits greater ductility than the epoxy which has the higher crosslink density,
i.e. the lower M. value. Consequently, the former has greater toughenability than
the latter. Hence, for rubber modified epoxies, the material with a low crosslink
density has a much greater fracture toughness.

Fig.4.10 plots both the data measured in the present study and the
reported data by Pearson and Yee [55], Karger-Kocsis and Friedrich [54] and
Huang [7], for CTBN rubber modified epoxies. Although only an approximate
comparison can be made due to the differences in the materials and test conditions
used for the measurements of these data, the data can be represented by a linear
relationship. Strictly speaking, some scatter can be seen within the plotted data.
This scatter may arise from differences in the rubber content, the curing agent
used, the test conditions, or the method for the calculation of M, values, etc.
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Fig 4.10 Effect of crosslink density for CTBN rubber modified epoxies
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4.56.2 Thermoplastic modified epoxies

Table 4.7 shows the mechanical properties of the thermoplastic modified
epoxy (TPME) series.

Table 4. 7 Mechanical properties of the TPMFE materials

Material E K Gic
(GPa) (MPa-m2) (kJ/m?2)
PESO 3.90 0.50 0.06
PES10 3.74 0.61 0.09
PES20 3.67 1.01 0.24
PES25 3.56 1.16 0.33

Note: The moduli of PES20 and PES25 are the values from ref [103].

The flexural moduli of all the TPME materials lie in the range from
3.56GPa to 3.90GPa, which are all higher than those of the DGEBA epoxy based
materials. The flexural modulus decreases slightly with increasing amounts of

PES copolymer.

The fracture toughness, Ki, of the epoxy is increased by the addition of PES
copolymer. Further, the value of Ki. increases as the content of PES copolymer
increases. However, the Ki value of PES10, which contains 14.61phr PES
copolymer, is only 0.61MPam?2. A maximum Ki value of 1.16MPa'm!2? was
measured for the PES25 material which contains 43.82phr PES copolymers. These
measured Ki. values show excellent agreement with those reported by Tudgey
[103].

Fig.4.11 shows both the measured Kic values and those reported by Tudgey
[103]. One interpretation of the data suggests that an increase of the PES
copolymer content gives a relatively small increase of the Ky value, when the PES
copolymer content is lower than about 23phr. However, there is a relatively large

increase of the Ki. value when the PES copolymer content is increased to more
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than about 23phr. As discussed later, the morphology changes greatly between
these levels of PES content. Although the microstructure at PES copolymer
contents of less than 23phr consists of dispersed particles of PES, the
microstructure is co-continuous for the PES20 material (32.67phr). Finally, the
microstructure is converted to epoxy particle dispersed phase for the PES25
material (43.82phr). Hence, it can be considered that the change of morphology is
one reason for a significant increase in fracture toughness at PES copolymer
contents of greater than 23phr. However, a second interpretation is that a linear fit
to the data shown in Fig.4.11 is also a reasonable description of the results.
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Fig.4.11 The K values of the TPME materials, as a function of PES copolymer

content
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4.6 Concluding remarks

The basic properties of the materials used in this study, such as modulus,
static fracture toughness, crosslink density, dispersed particle size, etc. have been
discussed. The microstructure of the materials was also reviewed.

For the rubber modified epoxies, the fracture toughness increases with
increasing the rubber content, and the 15phrRME160 material has the highest
fracture toughness. The crosslink density of the matrix epoxy also affects the
fracture toughness; the materials having the lower crosslink density have the
higher fracture toughness. The average radius of the dispersed rubber particles is
in the range from 1.0um to 1.7um, except for the 5phrRME120+BPA material
which has extremely small rubber particles.

For the thermoplastic modified epoxies, the fracture toughness increases as
the PES copolymer content increases. The microstructure of the thermoplastic
modified epoxies changes from a PES copolymer particle dispersed phase to a co-
continuous phase with increasing PES copolymer content. Finally, the matrix
phase is inverted.

The following Chapters will discuss the fatigue behaviour of the above
materials. Firstly, the fatigue behaviour of the rubber modified epoxies will be

discussed.

Appendix : Ishai-Cohen model
When a two-phase material has a particulate microstructure, with soft
particles (modulus Ep) which are dispersed in a hard matrix, the modulus of the

two-phase material, E, is lower than that of the matrix material, En. The ratio
(E/En) of Ec and En, is given by the following equation [105]:

Eo/Em = 1+ Ve/{m/(m—1) — Vi/3} (4.6)

where V: is the volume fraction of the soft particles and m is the ratio of the
modulus of the particles and the matrix, i.e. Ep/En,.
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Chapter Five

Fatigue Crack Propagation in Rubber Modified Epoxies

4.1 Introduction

As mentioned in Chapter One and Chapter Two, despite the successes in
toughening epoxies with rubbers, there are relatively few studies concerning their
fatigue behaviour. Very recently, Azimi et al. [51,74,93,107] reborted the fatigue
behaviour of some rubber modified epoxies. However, the relationships between
the fatigue behaviour and material properties are not yet well understood.

In the present study, the fatigue crack propagation behaviour has been
measured, from the threshold region to near the fracture toughness, Ki.. The
relationships between the fatigue crack growth rate and the microstructural
parameters, such as the crosslink density, rubber content and particle size, are
discussed in this Chapter. The concept of a K-transition is introduced and
discussed in connection with the toughening mechanisms. The surface
temperature of the fatigue specimens was also measured to verify whether any
localised heating effect should be taken into account.

Fatigue tests were performed in both a constant displacement mode and a
constant load mode. The constant displacement mode was firstly chosen to
determine the threshold values. Then, the testing mode was changed to constant
load mode until final failure of the specimen occurred. The fatigue crack growth
rate was measured using the compact tension specimens with crack gauges, which
enabled the crack length to be measured electrically, as discussed in section 3.6.
The crack length was also measured optically using a travelling microscope. The
incremental polynomial method was employed to calculate the fatigue crack
growth rate, as recommended in the ASTM standard [94]. The surface
temperature of some of the specimens being tested was monitored using an

infrared camera. Details of the testing method are described in section 3.7.
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5.2 Effect of crosslink density

5.2.1 Introduction

Several researchers [43,54-56] have investigated the influence of the
crosslink density on the fracture toughness for rubber modified epoxies. Pearson
and Yee [55] suggested a linear relationship between the Ky values and the square
root values of the average molecular weight between crosslinks, Mc. There are,
however, few studies on the effect of crosslink density on the fatigue resistance.
Hwang et al. [48] and Karger-Kocsis and Friedrich [54] reported that the fatigue
resistance increases with increasing M. value. However, their results [48,54]
included not only the effect of crosslink density but also the effect of other
microstructural parameters, such as the rubber content, etc. Thus, the quantitative
relationship between the fatigue behaviour and the value of M. for rubber modified
epoxies is not yet well understood.

5.2.2 Experimental results

The crosslink density of the matrix epoxy can be varied by changing the
curing conditions. In this study, we selected two different curing conditions,
120°Cx16hours and 160°Cx6hours to investigate the effect of crosslink density. In
order to evaluate only the effect of the crosslink density, it is desirable that the
materials have the same microstructural features except the crosslink density.
Therefore, two sets of materials were chosen for this purpose. The first set is
UME160 and UME120, and the second one is 15phrRME160 and 15phrRME120.
The crosslink density of the matrix epoxy for these materials is shown in Table 5.1.
High molecular weight between crosslinks, M., corresponds to low crosslink
density, and low M. corresponds to high crosslink density, as discussed in Chapter
Four.
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Table 5.1 The crossiink density of the matrix epoxy for the UME160, UME120,
15phrEMFE160 and 15phrRME120 materials

Material M: (g/mol)
UME160 1250
UME120 460
15phrRME 160 1310
15phrRME120 430

The fatigue crack growth rates of UME160 and UME120, both of which are
unmodified epoxies, are shown in Fig.5.1 plotted against Kmax, and in Fig.5.2
plotted against AK. The M. value is 1250g/mol for UME160 and 460g/mol for
UME120. This means that the UME160 material has a lower crosslink density
than the UME120 material. As shown in Fig.5.1 and Fig.5.2, the fatigue crack
growth rate of UME160 is lower than that of UME120, for a given value of Kiax. In
other words, the UME160 material has better fatigue resistance than UME120.

Similar results were obtained for the rubber modified epoxies. The fatigue
crack growth rates of 15phrRME160 and 15phrRME120 are shown in Fig.5.3
plotted against Kmax, and in Fig.5.4 plotted against AK. The M, value is 1310g/mol
for 15phrRME160 and 430g/mol for 15phrRME120, i.e. 15phrRME160 has a lower
crosslink density than 15phrRME120. As for the unmodified epoxies, the fatigue
crack growth rate of 15phrRME160 is lower than that of 15phrRME120 over the
whole range of Kmax or AK values. Thus, the rubber modified epoxy possessing a
lower crosslink density has a smaller fatigue crack growth rate than the rubber
modified epoxy possessing a higher crosslink density.
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5.2.3 Values of AK and K. and M. values

The experimental results suggest that the fatigue crack growth rate
becomes lower as the crosslink density of the matrix epoxy decreases. These results
on the effect of crosslink density can be explained as follows. Generally, the epoxy
which has the lower crosslink density has a greater ductility than the epoxy which
has the higher crosslink density. The former, consequently, has a greater ability for
plastic deformation than the latter. Lu [35] investigated the deformability using
the plane strain compression test for the various unmodified epoxies and the
rubber modified epoxies, which have various crosslink densities. He suggested that
the material having a lower crosslink density can undergo more plastic
deformation. He also reported that the fracture toughness of the epoxy possessing
the lower crosslink density was more greatly improved by the addition of rubber
particles than the epoxy with the higher crosslink density. He concluded that a less
crosslinked epoxy system has the greater deformability, and consequently the more
potential for toughening.

As shown in Fig.5.5, the increase in the M. value results""‘an Increase in the
fracture strain, ie. an increase in the ability for plastic deformation. Crack
propagation which is accompanied by more plastic deformation obviously
dissipates more energy per unit crack'propagation. Hence, the epoxy having the
lower crosslink density would be expected to have a lower fatigue crack growth
rate, than the epoxy having the higher crosslink density.
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Fig.6.5 Stress-strain curve for the UME160 and UME120 materials [7] (plane

strain compression test)
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Strictly speaking, the difference between the 15phrRME160 material and
the 15phrRME120 material is not only in the crosslink density of the matrix epoxy,
but also in the rubber particle size. As discussed in section 4.2.1, the approximate
radius of rubber particles in 15phrRME160 is 1.7um, and that in 15phrRME120 is
1.4um. As discussed in detail later (see section 5.5), this slight change in the radius
of the rubber particles does have a small effect on the fatigue crack growth curve.
However, the effect of particle size is minimal compared with the effects due to the
crosslink density. Therefore, the differences in the crack growth rate curves
between the 15phrRME160 and 15phrRME120 materials are entirely caused by
the effect of the crosslink density. In fact, the fatigue crack growth curve of the
15phrRME160 material is shifted from that of 15phrRME120 in almost same way
as that of UME160 is shifted from that of UME120. Both UME160 and UME120,
of course, contain no rubber particles, and consequently the particle size has no
effect on their fatigue crack growth rate curves.

Hwang et al. [43] and Karger-Kocsis and Friedrich [54] have also
investigated the influence of the crosslink density of the epoxy on the fatigue
resistance, as discussed in section 2.5.3.1. Fig.5.6 plots the AK* values, i.e. the AK
values for da/dN=7.5x10“mm/cycle, against the square root of the average
molecular weight between crosslinks, M., for the data of the unmodified epoxies
from ref. [43], ref. [64] and the present study. This graph shows a very good
correlation between the AK* and M.2 values. The AK* value increases linearly
with an increase in the M2 value. These results imply that the viscoelastic nature
of the epoxy polymer plays an important role during the fatigue crack propagation.
The epoxy having a lower crosslink density has more ability for plastic
deformation, and consequently dissipates more energy during the fatigue crack
propagation. Hence, the epoxy having a lower crosslink density has the better
fatigue resistance than the epoxy having a higher crosslink density.
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Fig.5.6 Relationship between AK* (for da/dN=7.6x10*mm/cycle) and M2 for
unmodified epoxies

Fig.5.7 plots the values of AK at da/dN = 7.5x10mm/cycle, i.e. AK*, against
the M2 values, for both the rubber modified epoxies and the unmodified epoxies,
from ref [43] and the present study. This graph shows that there is good
agreement between the results in the present study and that of ref. [43]. A linear
relationship between AK* and M.!2 is found to exist, especially for the unmodified
epoxies (Ophr). However, there is some difference between the results from ref. [43]
and the results in the present study, for the rubber modified epoxies (15phr). The
data from ref [43] are located below the line for the rubber modified epoxies in the
present study, and close to the line for the unmodified epoxies (Ophr). The results in
the present study suggest that the presence of the rubber particles itself also has a
beneficial effect on the fatigue resistance, whereas the results by Hwang et al. [43]
suggest that the increase in the AK* values in the rubber modified epoxies is
mainly due to the increase in the M. values, and that there is relatively small
toughening effect arising from the rubber particles. However, as discussed in detail
later in section 5.3, it is not believed by the present author that there is only a
small toughening effect caused by the rubber particles. The results of Hwang et al.
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[43] may arise from an overestimation of the M. values. As discussed in section 4.5,
the Ishai-Cohen model [105] was applied to calculate the rubbery equivalent
modulus, Ey, of the matrix epoxy in the present study, in order to avoid the
underestimation of the modulus of the matrix in a particulate microstructure.
However, Hwang et al. [43] did not apply this model, and this may cause the
underestimation of the E; values and hence cause the overestimation of the M.
values. The correct M. values for the rubber modified epoxies (15phr) in ref. [43]
should be lower. Thus, the data points for the rubber modified epoxies (156phr) in
ref. [43] should be somewhat shifted to the left, and be close to the line for the
rubber modified epoxies (15phr). The recalculated M, values in ref [43] using the
same model as for the present study are shown in Fig.5.7a. This clearly shows two
different lines for the rubber modified epoxies (15phr) and the unmodified epoxies
(Ophr). This also shows a good agreement between the results from ref. [43] and the
results in the present study.
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Fig.5.7 Relationship between AK* (for da/dN=7.5x10*mm/cycle) and M:?
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(M; values in ref. [45] are recalculated)

A comparison with the data from ref. [54] with the present results is given
in Fig.5.8. Fig.5.8 plots the values of AK at da/dN = 1x10-3mm/cycle, i.e. AK**,
against the square root of the average molecular weight between crosslinks, M., for
both the data from ref. [54] and the present study. There is excellent agreement
between the results in the present study and that of ref. [54] for the unmodified
epoxies (Ophr). However, there are some differences between the results from ref.
[64] and the results in the present study, for the rubber modified epoxies (15phr). A
similar explanation for the differences in the data of the rubber modified epoxies
may be given, as for the results by Hwang et al. [43]. Namely, that the M. values of
the rubber modified epoxies in ref. [54] may also have been overestimated. The
recalculated M. values in ref [54] using the same model as for the present study
are shown in Fig.5.8a. This clearly shows two different lines for the rubber
modified epoxies (15phr) and the unmodified epoxies (Ophr). It is also shown that
there is an excellent agreement between the results from ref. [54] and the results

in the present study.
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5.2.4 Values of Ky and M, values

The threshold Kmax value, Ka, below which no fatigue crack propagation is
observed, is 0.41MPa-m!2 for UME160 and 0.31MPa'mY2 for UME120, as shown
in Table 5.2. Thus, the threshold value of the epoxy having the lower crosslink
density is higher than that of the epoxy possessing the higher crosslink density.
This means that the threshold value is increased as the crosslink density
decreases. For the rubber modified epoxies, the threshold Kmax value, Kin, is
0.41MPa'm'2 for 15phrRME160 and 0.31MPa'm!2 for 15phrRME120. As for the
unmodified epoxies, the threshold Kmax value, K, increases as the crosslink
density decreases. Fig.5.9 plots the Ki values against the M2 values. This graph
implies that the K values also have a linear correlation with the M2 values.
These novel results demonstrate that the material properties of the matrix epoxy
determine the fatigue behaviour in the threshold region. Therefore, the intrinsic
higher ductility of the epoxy matrices with a higher M. value, is reflected in a
better fatigue resistance in the threshold region; and the consequently higher Kin

values, regardless of the rubber content.

Table 6.2 The threshold values of UMEI160, UMFEI120, 15phrRME160 and
15phrRME120

Material M. K AKin Ku/Kre AKi/Kie
(gmol) (MPam'?) (MPam'2)

UME160 1250 0.41 0.34 0.34 0.28
UME120 460 0.31 0.25 0.38 0.31
15phrRME160 1310 0.41 0.33 0.10 0.08
15phrRME120 430 0.31 0.25 0.12 0.10
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Fig.5.9 Influence of the M, values on the K, values

5.2.5 Ka/Ki plots and M, values

The fatigue crack growth rate is also plotted against the normalised Kmax
value, Kmax/KIc, as shown in Fig.5.10 and Fig.5.11. These graphs indicate that the
fatigue crack growth rate data of both UME160 and UME120 lie on almost the
same line, including the threshold region, despite of the difference in the crosslink
density and as do the data of both 15phrRME160 and 15phrRME120.
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Fig.5.10 and Fig.5.11 suggest that when the data are plotted against the
normalised Kmax value, Kmax/Kic, the crosslink density of the matrix epoxy hardly
affects on the fatigue crack growth rate curve. As there have been very few studies
on this area, only a speculation may be given for these results, as follows. As shown
in Fig.5.9, the K values have a linear correlation with the M:2 values. Thus it
can be expressed as:

Kin ~ A M2 (6.1

where A is a constant. Furthermore, as discussed in Chapter Four, the Ky values
are also in correlation with the M."2 values, thus:

KIc ~ B M(:]'/2 (5'2)

where B is a constant. From equation 5.1 and 5.2, the normalised threshold value,
Kin/Kie, can be given by :

Kin/Ki~A/B=C (5.3)

where C is a constant. This is why the materials having the same rubber content
have the nearly same Ku/Kic value. Meanwhile, the fatigue crack growth rate
approaches to infinite as the applied Kmax value approaches to the Ki. value. That

1S,
da/dN — +eo when Kunax/Kic — 1 (5.4)

Namely, when the fatigue crack growth rates are plotted against Kmax/Ki, the
starting point of the fatigue curve, ie. Ka/Kr, is the same and the fatigue curve
approaches to the same value, +w , as Knax/Kic approaches to unity. Hence, the
whole fatigue curve should be the same.
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5.3 Effect of rubber content

5.3.1 Introduction

There are few studies on the influence of the rubber content on the fatigue
resistance of rubber modified epoxies. As discussed in section 2.5.3.2, Karger-
Kocsis and Friedrich [92] and Azimi et al. [51,83] reported that the fatigue
resistance increases with increasing the rubber content. Azimi et al. [51,83] also
suggested that the improvement of the fatigue resistance due to the presence of
rubber particles is himited in a relatively high-K region, as discussed in section
2.5.1. The results from these studies will be compared with the results from the
present work later in this section.

To evaluate the effect of rubber content, the following materials were used

in the present study :

(1) the material cured at 160°C : UME160 and 15phrRME160
(1) the material cured at 120°C : UME120 and 15phrRME120

5.3.2 The materials cured at 160°C

The fatigue crack growth rates of the first group of materials, i.e. UME160
and 15phrRME160, are shown in Fig.5.12 and Fig.5.13. The values of da/dN are
plotted against Kmax in Fig.5.12, and AK in Fig.5.13. The fatigue crack growth rate
in the 15phrRME160 material is smaller than that of the UME160 material when
the value of Kmax or AK is relatively large, i.e. approximately Kmax > 0.58MPa-m2,
or AK > 0.46MPa'm12. However, when the value of Kmax or AK is relatively small,
there is little difference in the fatigue crack growth rate between the
15phrRME160 and UME160 materials. Furthermore, the 15phrRME160 material
has almost the same threshold value, K or AKw, as the UME160 material. The
threshold value, K, is approximately 0.41MPa-m2 (AK ~ 0.33MPa-m'2) for both
materials. Thus, the 15phrRME 160 material has the better fatigue resistance than
the UME160 material in the high-K region, but the 15phrRME160 material does
not have a superior fatigue resistance in the relatively low-K region, near the
threshold value.
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These results suggest that the toughening mechanisms which originate
from the addition of rubber particles are not effective when the value of K is
relatively small. The material property of the epoxy resin dominates the fatigue
behaviour in this region, despite of the presence of rubber particles. On the other
hand, the results in that the fatigue crack growth rate of the rubber modified epoxy
is smaller than that of the unmodified epoxy in the high-K region suggest that the
toughening mechanisms dissipate more energy during the fatigue crack
propagation in the this region.

' As shown in Table 5.1, there is a small difference in the measured M. value

between the two materials: 1310g/mol for 15phrRME160 and 1250g/mol for
UME160. However, the difference is almost certainly within the measurement
error, and thus both materials virtually have the same crosslink density. (Indeed, if
there were a real difference in crosslink density between them, each material
should have a different threshold value, as discussed in the previous section on the
effect of crosslink density. The fact that there is little difference in the threshold
values confirms that there is virtually no difference in the crosshink density.)
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Fig5.12 Fatigue crack growth rate for UME160 and 15phrRME160 plotted

against Kmax
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5.3.3 The materials cured at 120°C

Fig.5.14 and Fig.5.15 show the fatigue crack growth rates of the second
group of materials, i.e. UME120 and 15phrRME120. Thé values of da/dN are
plotted against Kmax in Fig.5.14, and AK in Fig.5.15. Comparing the data of
UME120 with that of 15phrRME120, the fatigue crack growth rate in
15phrRME120 is smaller than that in UME120, in the relatively high-K region.
However, there is little difference in the fatigue crack growth rate between
15phrRME120 and UME120, in the relatively low-K region. This is a similar
result as for the 15phrRME160 and UME160 materials. Hence, again, the
toughening mechanisms due to the rubber particles are not active when the value
of K is relatively small. On the other hand, in the relatively high-K region, the
rubber particles reduce the fatigue crack growth rate of the rubber modified epoxy
because of the additional energy dissipation induced by the presence of the rubber
particles.

There is also a small difference in the measured M. values between these
two materials: 430g/mol for the 15phrRME120 material and 460g/mol for the
UME120 material. This difference, however, should also be considered to be within
experimental error, as for the 15phrRME160 and UME160 materials.

In summary, the rubber modified epoxies are not toughened by the addition
of rubber particles in the relatively low-K region, and the toughening effect of
rubber particles is effective only above a certain value of Knax (or AK). Azimi et al.
[51,74] investigated the influence of the rubber content on the fatigue crack
propagation of rubber modified epoxies, and reported similar results. As they
suggested, it is important to introduce a concept of K-transition for a better
understanding of this phenomena. This will be discussed in details in section 5.4.
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5.3.4 Discussion

In order to assess the effect of rubber content on the fatigue crack growth
rate in the relatively high-K region, the AK values at da/dN=1x103 mm/cycle
(termed AK**) are plotted against the rubber content in Fig.5.16, as Karger-Kocsis
and Friedrich did [54]. Fig.5.16 also includes the results reported by Azimi [51].
This graph suggests that the AK** value increases with increasing the rubber
content. In other words, the fatigue resistance increases as the rubber content
mcreases. The graph also shows that only a small amount of rubber, 5phr, is
needed to improve the fatigue resistance; and that the addition of more rubber
gives only a small increase in fatigue resistance, especially in the high crack growth

rate region.

m cured at 160C
0.2 T o cured at 120C -
o ref. [51]

. . T .
0 5 10 15
rubber content (phr)

Fig.56.16 Effect of rubber content on the AK** value (da/dN = 1x10°mm/cycle)

The results reported by Azimi [51] show a very good agreement with the
results of the materials cured at 120°C. Azimi used a similar DGEBA epoxy as used
in the present study, and the CTBN rubber, curing agent and curing temperature
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in Azimi’s study are all the same for the materials cured at 120°C in the present
study. Thus, it can be expected that the material properties of the epoxies in
Azimi’s study are very close to those of the epoxies cured at 120°C. Hence, this may
cause the very good agreement between these materials.

Fig.5.17 plots the slope, m, of the Paris Law against the rubber content. The
Paris Law is expressed by the following equation:

da/dN = A (AK)» (5.5)

where A and m are constants. The constant m indicates the slope of the fatigue
curve in Paris Law plot. A large m value means a steep fatigue curve and a high
sensitivity for the K value, whereas a small m value means a gentle fatigue curve
and a low sensitivity for the K value. Generally speaking, a smaller m value is
preferable for a better fatigue resistance, as shown in Fig. 5.18.

T v 1

m cured at 160C |

o curedat 120C |

a ref. [51] 7

. 4

______ - —— 0 ]

4 4

2 i
0 T T T T T T
0 5 10 15

rubber content (phr)

Fig.5.17 Influence of the rubber content on the slope, m, of the Paris Law
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As shown in Fig.5.17, the slope, m, is strongly affected by the rubber
content. The fatigue curve is relatively steep for the unmodified epoxy in Paris Law
plot, and it becomes gentle with increasing the rubber content. This means that the
material becomes less sensitive to the K value as the rubber content is increased.
These results are in accordance with the results by Azimi et al. [51,74]. They also
reported that the slope, m, is not depend on the rubber particle size.

large m

log(da/dN)

small m

log Kmax (or log AK)

Flig.5.18 Schematic graph of the fatigue curves with a large m and a small m

The fatigue crack growth rate plotted against the normalised Kmax value,
Kna/Kre, 1s shown in Fig.5.19 and Fig.5.20. Fig.5.19 shows the fatigue data for
15phrRME160 and UME160, and Fig.5.20 shows the data for 15phrRME120 and
UME120. For both groups of materials, the fatigue crack growth curve shifts from
right to left (i.e. high Knax/Kic to low Kmax/Kic) with the rubber content increasing
from Ophr (unmodified epoxy) to 15phr. This means that the rubber modified
epoxy, which contains 15phr rubber, has a higher fatigue crack growth rate than
the unmodified epoxy, at the same value of Knax/Kic. In other words, the Kmax/Kic
value necessary for a certain amount of fatigue crack growth rate is smaller for the
rubber modified epoxy than for the unmodified epoxy. This can be understood
qualitatively as follows.
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Fig.5.19 Fatigue crack growth rate for 15phrRME160 and UME160 plotted against
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Imagine two materials A and B; material A as a rubber modified epoxy and
material B as an unmodified epoxy. Both A and B have the same threshold value,
Kina and Kin s, but the Ky value of A, Kica, is greater than that of B, Ki.s. Thus,

Kina=Kinp (5.6)
KIc,A > KIC,B (57)

The normalised threshold values, (Ki/Ki)a and (Ku/Kic)s, are related to each other
as follows:

Kin/Ki)a= Kina Kica < Kan/Kio)= Kins /Kicp (5.8)

In the threshold region, therefore, the fatigue data of material A (rubber modified
epoxy) is located in the lower Kmax/Kic region than that of material B (unmodified
epoxy). As the fatigue crack growth rate increases, the necessary Kmax value also
increases. Finally, when the Kunax value equals the Kic value, the fatigue crack
growth rate becomes infinite. Consequently, in the very high fatigue crack growth
rate region, the normalised Kmax value, Kmax/Ki, of both materials approaches to

unity.
Kma/Kic— 1 when da/dN — +e0 (5.9

Therefore, the fatigue curves of martial A and B can be drawn schematically as
shown in Fig.5.21. The fatigue data of material A is located at lower values of
Kmax/Kic than that of material B. The difference between them decreases with
increasing Kmax/Kic value, and the fatigue crack growth rates for both materials
approach to infinity, as the Kmnav/Kic value approaches unity. This is why the rubber
modified epoxy has a higher fatigue crack growth rate than the unmodified epoxy,
at a given Kmax/Kic value. It is also the reason why the fatigue crack growth curve
shifts from right to left (i.e. high Kmax/Kic to low Knax/Kic) with increasing rubber
content.
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IOg (Kmax/KIc)

Fig.56.21 Schematic fatigue curves of material A and B

The fatigue data for the present epoxy materials together with data for
similar materials, which contain 1phr, 5phr and 10phr rubber, measured by Azimi
et al. [107] are plotted in Fig.5.22. It can be seen from the results given in Fig.5.22
that there is a steady shift in the fatigue curves as the rubber content is increased.
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5.4 K-transition value

The results in the previous section suggest that a rubber modified epoxy is
not toughened by the additional rubber particles in the relatively low K region of
the da/dN versus Kmax, or AK, curve; and that the toughening mechanisms
activated by the rubber particles are effective only above a certain K value. Thus,
the concept of a K-transition value is helpful for a more quantitative
understanding of the results.

Fig.5.23 shows the experimental definition of the K-transition value. A K-
transition value, Kr, can be experimentally defined as a critical value of the stress
intensity factor, Kmax, at which a difference in the fatigue crack growth rate curve
between the rubber modified epoxy and the unmodified epoxy starts to be
observed. Indeed, Fig.5.23 shows that the value of Kr can be clearly defined since
there is little difference in the fatigue crack growth rate between the rubber
modified epoxy and the unmodified epoxy below Kr, whereas the rubber modified
epoxy has significantly better fatigue resistance than the unmodified epoxy above
Kr.
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&

da/dN (mm/cycle)
3,

107
1N . o
1. )
108 . — ;
02 03 04 05060708091 2 3
K o (MPam'?)

Fig.5.23 Experimental definition of a K-transition value
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Theoretically, it is suggested that the Kr value is a stress intensity factor
where the plastic zone size is the same as the size of the rubber particles. As shown
in Fig.5.24, when the Knax value is smaller than Kr, the size of plastic zone is
smaller than that of rubber particles. Hence, the plastic deformation is now
restricted to a very limited region around the crack tip, and consequently the
additional energy dissipation mechanisms associated with the presence of rubber
particles can not become active. On the other hand, when the Kmax value is greater
than Kr, the plastic zone is large enough to engulf the rubber particles in the
vicinity of the crack tip. Thus, the rubber particles can cause further plastic
deformation of the epoxy matrix and, therefore, more energy is dissipated during

crack propagation.

plastic zone 1hbe parlicle shear yielding
@ O

crack O O void growth

K <K; K=K:

Fig.5.24 Schematic drawing of the plastic deformation near crack tip

The plastic zone radius, ry, can be estimated using LEFM by the following

equation, as discussed in section 2.2.4:
ry = (Kloyt)2/6n (5.10)

where oyt is tensile yield stress. When the plastic zone size is equal to the size of the
rubber particles, the following condition is achieved:

ry=Tp (5.11)

where rp is the radius of the rubber particle. Thus, the value of Kr can be calculated
by substituting equation 5.10 into equation 5.11, as follows:
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Kr = (61 rp)V2 oyt (5.12)

The calculated Kr values are 0.59 MPa-mY2 for 15phrRME160, and 0.46 MPa mY2
for 15phrRME120. From the SEM observations, 1.7um is used as the radius of the
rubber particle, rp, for 15phrRME160, and 1.4um for 15phrRME120, as shown in
Table 4.1 in section 4.2.1. It should also be noted that for these calculations, we
have to use the tensile yield stress of the epoxy matrix, oy, as the yield stress, and
take the strain rate of the fatigue tests into account, which may be far higher than
that used in the static tests.

In the fatigue tests, a sinusoidal wave form loading is employed at a
frequency of 5Hz, as discussed in section 3.6. The maximum displacement of the
crosshead is approximately 1mm. Therefore, the crosshead displacement, x, can be
expressed by the following equation:

X = Xo sin(2nft) (5.13)
where xpis Imm and fis 5Hz. The crosshead speed, | dx/dt|, is as follows:

[ dx/dt | =| 2nfxo cos(2nft) | (5.14)
The mean value of the crosshead speed can be given by:

| dx/dt | mean= (2/1) 2mfxo= 4fxo= 1200(mm/min.) (5.15)

Thus, the equivalent crosshead speed in the fatigue tests is about 1000mm/min.
The compressive yield stress, oy, at this crosshead speed is estimated by
extrapolating the yield stress data by Huang [7]. Then, the tensile yield stress, oy,
is calculated using the following relationship:

Gyt ~ 0.780'yc (5 ].6)

Finally, the values of oy used for the calculations are, therefore, 105MPa for the
15phrRME160 material, and 90MPa for the 15phrRME120 material, as

summarised in Table.5.4.
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Table.5.4 Theoretically calculated Kr values

Material Oyt Ip Kr (theoretical)
(MPa) (Lm) (MPa-m12)

15phrRME160 105 1.7 0.59

15phrRME120 90 14 0.46

As shown in Fig.5.25, these Kr values explain the behaviour of the fatigue
crack growth rate curves very well for both the materials cured at 160°C and at
120°C. For a given cure temperature (i.e. for a given M, value for the epoxy matrix),
the rubber modified epoxies have better fatigue resistance than the unmodified
epoxies above the Kr values, and there are no differences in the fatigue resistance
between the materials below the Kr values.

Equation 5.12 also predicts that the material which has smaller rubber
particles will have the smaller Kr value, and consequently the better fatigue
resistance. As shown schematically in Fig.5.26, the value of Kr decreases, upon
decreasing the particle size. Therefore, the fatigue crack growth rate curve moves
downwards. Although it is not certain what happens when the theoretical Kr
becomes smaller than the value of K, it is assumed that the ‘real’ Kr is
approaches the value of K. This is because the Kin value itself is considered to be
governed by the material properties of the matrix epoxy, and is not affected by the
rubber particles.
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da/dN
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| smaller particles

Rubber-modified Epoxy
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Fig.5.26 Expected effect of particle size on the fatigue crack growth rate

5.5 Eftect of particle size

5.5, 1 Introduction

As mentioned in section 5.4, the rubber particle size is expected to change
the K-transition value, Kr, and consequently affect the fatigue crack growth rate.
In order to check this predicted effect of particle size, we investigated the fatigue
crack growth rates for the following materials: 5phrRME120 and
5phrRME120+BPA. The particle radius of the 5phrRME120 material is about
1.0um, and the 5phrRME120+BPA material has much smaller rubber particles,
the radius of which is 0.2-0.3um, as shown in Fig.5.27. The fatigue crack growth
rates for the UME120 and UME120+BPA materials, both of which contain no
rubber particles, were also measured as reference materials. .
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5phrRME120 (r,=1.0um)

20pm

5phrRME120+BPA (r,=0.2-0.3um)

SR

20pm

Fig.5.27 Microstructure of the 5phrRMFE120 and 5phrRME120+BPA
materials
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0.5.2 5phrRME120 and 5phrRME120+BPA

Fig.5.28 clearly shows that the 5phrRME120+BPA material has a better
fatigue resistance than the 5phrRME120 material. As expected from the
discussion in the previous section, the fatigue crack growth rate curve shifts
downwards with decreasing particle size. However, it should be noted that not only
the particle size but also the crosslink density of the matrix epoxy are different
between the two materials, as shown in Table 5.5. Thus, both the effect of particle
size and crosslink density have to be considered.

Table 6.5 Material properties of the 5phrRME120, 5phrRME120+BPA, UME120
and UME120+BPA materials

Material M. Ip
(g/mol) (nm)
5phrRME120 480 1.0
5phrRME120+BPA 540 0.2-0.3
UME120 460 -
UME120+BPA 570 -

The M. value is 480g/mol for 5phrRME120, and 540g/mol for
5phrRME120+BPA. Thus, the 5phrRME120+BPA material has a lower crosslink
density than the 5phrRME120 material. As discussed in section 5.3, the material
having the lower crosslink density should have the better fatigue resistance than
the material having the higher crosslink density. Now, to evaluate the effect of M.
on the fatigue behaviour, the fatigue growth rate of the UME120 and
UME120+BPA materials may be compared. Fig.5.29 shows the fatigue data for
the UME120 and UME120+BPA materials. It can be seen that the fatigue crack
growth rate of UME120+BPA is lower than that of UME120 at any given Kmax
value. This means the change in crosslink density, due to the addition of BPA,
improves the fatigue resistance, including the threshold value, K.
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Fig.5.28 Fatigue crack growth rate for 5phrRME120 and 5phrRME120+BPA
plotted against Kmax
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Fig.5.29 Fatigue crack growth rate for UMFE120 and UMFEI20+BPA plotted
against Kmax
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5.5.3 Interpretation of the experimental results

Fig.5.30 shows the fatigue crack growth rate of all four materials of
interest: 5phrRME120, 5phrRME120+BPA, UME120 and UME120+BPA. It
should be noted that since there is little difference in the threshold values between
the UME120 and 5phrRME120 materials, the difference in the crosslink density
(460g/mol for UME120 and 480g/mol for 5phrRME120) between these two
materials is virtually negligible. The same comment may be made for the
difference in the crosslink density (570g/mol for UME120+BPA and 540g/mol for
5phrRME120+BPA) between the UME120+BPA and 5phrRME120+BPA
materials.

As Fig.5.30 is rather busy’, a schematic graph is shown in Fig.5.31. In order
to evaluate the effect of crosslink density and particle size separately, we may
consider an imaginary 5phr rubber modified epoxy which has the same crosslink
density (e. M=b540g/mol or 570g/mol) as the UME120+BPA and
5phrRME120+BPA materials and the same rubber particle size (i.e. 1.0um) as the
5phrRME120 material. Table 5.6 summarises the M. values and the rubber
particle size, rp, for all the materials of interest.

Table 6.6 M. and r, values for UMFEI120, UMFEI120+BPA, b5phrRMFE120,
5phrEME120+BPA and the imaginary rubber modified epoxy material

M;=460-480g/mol | M=540-570g/mol
unmodified UME120 UME120+BPA
w0z0sm | S
r=1.0pm 5phrRME120 Imaginary material
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The improvement in the fatigue resistance from fatigue curve(1), UME120,
to fatigue curve(3), 5phrRME120, is caused by the addition of Sphr rubber particles
with a radius of 1.0um. The improvement in the fatigue resistance from
UME120+BPA to the imaginary rubber modified epoxy material should be similar
to the improvement from UME120 to 5phrRME120. Thus, the fatigue curve of the
imaginary rubber modified epoxy material may be represented by the fatigue
curve(b).

Improvement by lower crosslink density

da/dN

1) (/2) G5 @

Improvement by smaller particles

(1) UME120
M, =460g/mol

(2) UME120+BPA
M,=570g/mol

(3) SpRME120
1,=1.01um, M =480g/mol

(4) SphrRME120+BPA
1,=0.2-0.3um, M=540-570g/mol

(5) Imaginary 5phyfRME120+BPA
r,=1.0pm, M=540g/mol

Kmax

K umeizo K, umeizo+sra
Kin, sprrrmE120  Kun, spherME120+BPA

Fig5.31 Schematic graph of fatigue data for UME120, UMEI120+BPA,
5phrRME120, 5phrRMFE120+BPA and the imaginary rubber modified epoxy

Thus, as shown in Fig.5.31, the improvement in the fatigue resistance from
fatigue curve(3) (5phrRME120) to fatigue curve(5) (the imaginary rubber modified
epoxy material) is considered to arise from the change in the crosslink density from
M=460-480g/mol to M=540-570g/mol. The improvement in the fatigue resistance
from fatigue curve(5) (the imaginary rubber modified epoxy material) to fatigue
curve(4d) (5phrRME120+BPA) is considered to arise from the change in the rubber
particle size from r,=1.0um to r,=0.2-0.3um. Therefore, it may be considered that
the difference in fatigue resistance between 5phrRME120 (i.e. fatigue curve(3)) and
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5phrRME120+BPA (i.e. fatigue curve(4)) is partly caused by the change in the
crosslink density of the matrix epoxy, and partly caused by the change in rubber
particle size. Hence, it may be concluded that the reduction of the rubber particle
size indeed improves the fatigue resistance. These results are in accordance with
the studies by Azimi et al. [51,74]. They also reported that the rubber modified
epoxy with smaller particles (about 0.2um in radius) has a better fatigue resistance
than the rubber modified epoxy with larger particles (about 1.5um in radius).

8.5.4 5phrRME120 and 15phrRME120

There is another example of the effect of particle size in the fatigue curves
for the 5phrRME120 and 15phrRME120 materials. The approximate particle
radius is 1.0um for 5phrRME120, and 1.4um for 15phrRME120; and the measured
M, value is 460g/mol for UME120 and 480g/mol for 5phrRME120 and
15phrRME120. Thus, it may be considered that there is virtually no difference in
the crosslink density between these materials. If the rubber particle size in the
5phrRME120 material is 1.4um (i.e. the same for the 15phrRME120 material), the
K-transition value, Kr, of the 5phrRME120 material should be the same as for the
15phrRME120 material. Thus, the fatigue curves should be as shown in Fig.5.32.
Hence, the fatigue curve of the 5phrRME120 material should be located between
those of the UME120 and 15phrRME120 materials, and it should have somewhat
more gentle gradient than that of the 15phrRME120 material, since the slope of
the fatigue curve is dependent on the rubber content.

However, the 5phrRME120 material has a smaller rubber particle than
15phrRME120 in reality. The K-transition value, Kr, of 5phrRME120 should
therefore be smaller than that of the 15phrRME120 material (i.e. the calculated Kr
value is approximately 0.39MPa-m?2 for the 5phrRME120 material and
0.46MPa-m!? for the 15phrRME120 material). Thus, the fatigue curve of the
5phrRME120 material is expected to be shifted slightly downwards from that in
Fig.5.32, as schematically shown in Fig.5.33. Hence, the 5phrRME120 material
should have the best fatigue resistance among these three materials of interest (i.e.
UME120, 5phrRME120 and 15phrRME120) near threshold region, and the
fatigue curve of the 5phrRME120 material crosses with that of the 15phrRME120
material at a higher K region. The measured fatigue crack growth rates for the
UME120, 5phrRME120 and 15phrRME120 materials are shown in Fig.5.34.
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These experimental results suggest that the above interpretation is indeed correct.
These results also suggest that the rubber modified epoxy having smaller rubber
particles possesses a better fatigue resistance than the rubber modified epoxy
having larger rubber particles, and that the rubber particle size affects the fatigue
resistance via the change in the K-transition values.

5phrRME120

UME120

da/dN

15phrRME120

K Konex

Flig.5.32 Schematic graph of the expected fatigue crack growth rate for UME120,
5phrEME120 and 15phrRMFE120 (if both the 5phrRMFE120 and 15phrRME120

materials have same particle size)

5phrRME120
15phrRME120

UMEI120

da/dN

KT, 15phy]

|

KT,SphrRME 120

K K nax

Fig.5.33 Schematic graph of the expected fatigue crack growth rate for UME120,
5phrEME120 and 15phrRME120 (when the 5phrRME120 material has the
smaller rubber particles than the 15phrRMFE120 material)
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Dplotted against Kmax
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5.6 Localised heating effects

The measurement of the surface temperature of the specimens during the
fatigue tests was undertaken using the infrared camera system, as discussed in
section 3.7. The aim of the work was to evaluate the localised temperature rise
caused by the heat generated due to energy dissipation during the fatigue test.
Materials dissipate energy during the process of crack propagation. Some of the
dissipated energy changes into heat, and raises the material’s temperature locally
in the vicinity of the crack tip. Thus, if any significant localised temperature rise is
detected, then we have to take thermal effects into account when the toughening
mechanisms are discussed. The material which might cause the most heat
generation is considered to be 15phrRME160 in the present study. This is because
the 15phrRME160 material has the highest fracture toughness and also has the
best fatigue resistance. This means that the 15phrRME160 material might
dissipate the most energy, i.e. generate the most heat, of all the materials used in
the present study.

The measured surface temperatures of the 15phrRME160 material during
the fatigue tests are shown in Fig.5.35. The measured area is about 45mm x
45mm, and the crack propagates from left to right. No difference in the surface
temperature was detected until the Kmax value reached 1.2MPa-m2, and then the
surface temperature near the crack tip started to increase. However, the maximum
value of the rise in the measured surface temperature was less than 1°C. If we
consider the temperature range at which the fatigue tests were done, i.e. 23+3°C,
this measured temperature rise is very small. Consequently, the thermal effects for

the toughening mechanisms may be neglected.

Fig.5.36 shows a graph of the surface temperature rise of 15phrRME160
and 15phrRME120 plotted against Kmax. The detected temperature rise for
15phrRME120 is also very small, and interestingly the value is almost same as
that of 15phrRME160, at the same Knax value. So again, it may be concluded that
thermal effects during the fatigue crack growth in these materials may be
neglected.
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Knax=0.4

Knax=2.4

Fig.5.35 Surface temperature of 15phrRMEI160 specimen during the fatigue test
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Fig.5.36 Temperature rise for 15phrEMFE160 and 15phrRME120

5.7 Concluding remarks

In this Chapter, three major effects of material properties on the fatigue
crack growth rate in rubber modified epoxy polymers were investigated, i.e. the
effect of crosslink density of the matrix epoxy, rubber content and rubber particle

size.

The crosslink density of the matrix epoxy affects the fatigue curve including
the threshold value, Kin. When the crosslink density of the matrix is relatively low,
the complete fatigue curve shifts to the higher K region, and the lower the crosslink
density then the better the fatigue resistance.

The rubber content affects the fatigue resistance when the applied K value
is relatively large. Generally, the gradient of the fatigue curve becomes less steep
as the rubber content increases. However, there is virtually no effect on the
threshold value, Ku, or close to the threshold region. In other words, a rubber
modified epoxy has a better fatigue resistance than an unmodified epoxy only
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above a certain K value. The critical value of the stress intensity factor at which
the difference between the rubber modified epoxy and the unmodified epoxy starts
to appear may be defined as the K-transition value, Kr.

The size of rubber particles affects the fatigue curve through affecting the
Kr value. The Kr value decreases with decreasing particle size. Consequently, the
fatigue curve shifts towards the lower crack growth rate, i.e. the fatigue resistance
is getting better, as the particle size decreases. However, the threshold value is not
affected by the size of rubber particles.

Thus, it can be concluded that the material having the lowest crosslink
density of matrix epoxy, the highest rubber content and the smallest particle size
should have the best fatigue resistance.

The local temperature rise of the specimen during the fatigue test is
relatively low, and consequently the localised heating effect in the vicinity of crack
tip is virtually negligible. Thus, it may be concluded that thermal heating effects do
not influence the toughening mechanisms during the fatigue tests on the epoxy
materials in the present study.

In the next Chapter, fractographic studies will be discussed. Transmission
optical microscopy, TOM, scanning electron microscopy, SEM, and transmission
electron microscopy, TEM, were employed to investigate the micromechanisms of

crack growth in the present study.
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Chapter Six

Fractographic Studies and Rubber Toughening Mechanisms

6.1 Introduction

The toughening caused by dispersed rubber particles in epoxy matrices
with respect to static and fatigue loading conditions have been discussed in
Chapter Four and Chapter Five. It has shown that the toughening behaviour is
influenced by the microstructural properties such as the crosslink density of the
matrix epoxy, rubber particle size, etc.

In this Chapter, fractographic studies on the rubber modified epoxies will
be discussed in order to clarify the fracture processes and the rubber toughening
mechanisms. Fractography is the science of studying fracture surfaces in order to
determine the source of the fracture and the relation between the crack
propagation and the microstructure of the material [108]. The fracture surface and
the crack tip area have been carefillly studied using transmission optical
microscopy (TOM), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Most fractographic studies have been done using SEM in the
present study. TOM and TEM were utilised as supplementary methods for the
SEM observations.

6.2 Results of the static fracture tests

6.2 1 SEM observations

Fig.6.1 shows the SEM micrographs of the fracture surfaces for the
15phrRME160 material. It may be observed that the rubber particles are cavitated
and thus ‘apparent’ voids are formed in slow (stable) crack growth region. It should
be noted that the term ‘void’ corresponds to a cavitated rubber particle and hence
contains both an outer rubber layer and inner cavity. The rubber particles remain
intact in the fast (unstable) crack growth region (Due to very little plastic
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deformation of the epoxy matrix surrounding the particles, the interface between
the rubber particles and the matrix is rather indistinct. However, many particles
can be seen when the micrograph, Fig.6.1(b), is carefully observed.). Furthermore,
the size of the void in the slow crack growth region, where the toughening
mechanisms which involve plastic deformation are very active, is significantly
larger than the initial size of the rubber particles. Similar observations have been
reported by many authors [7,43,64,109] for the rubber modified epoxies.

The SEM micrographs of the 15phrRME120, 5phrRME120 and
5phrRME120+BPA materials are shown in Fig.6.2, Fig.6.3 and Fig.6.4. For all
these materials, the rubber particles are cavitated and the voids are formed in the
slow crack growth region, and the rubber particles remain intact in the fast crack
growth region, as shown for the 15phrRME160 material. It is also observed that
the size of the voids larger than the initial size of the rubber particles.

These observations suggest that the cavitation of the rubber particles
occurs and that plastic void growth follows the cavitation for all the above
materials, namely for the 15phrRME160, 15phrRME120, 5phrRME120 and
5phrRME120+BPA materials.
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rubber particle
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Fig.6.1 SEM micrographs of fracture surface of 15phrRMFE160 from a static
fracture test (Kr=4.03MPam?Z, crosshead speed 0.1mm/min.)
(a) slow crack growth region, (b) fast crack growth region
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crack propagation

epoxy matrix

rubber particle

epoxy matrix

Fig.6.2 SEM micrographs of fracture surface of 15phrRMFE120 from a static
fracture test (Ki=2.47MPam?Z, crosshead speed 0.1mny/min.)
(a) slow crack growth region, (b) fast crack growth region
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crack propagation

rubbery .
: void
cavity

epoxy matrix

rubber particle

epoxy matrix

Fig.6.3 SEM micrographs of fracture surface of 5phrRMFE120 from a static fracture
test (Ki=2.20MPam?Y?, crosshead speed 0.1mm/min.)
(a) slow crack growth region, (b) fast crack growth region
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crack propagation
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void

epoxy matrix

rubber particle
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Fig.6.4 SEM micrographs of fracture surface of 5phrRMFE120+BPA from a static
fracture test (Kie=3.01MPam?Z, crosshead speed 0.1mm/min.)
(a) slow crack growth region, (b) fast crack growth region
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6.2.2 Volume fraction of voids

The volume fraction of rubber particles, V&, and the volume fraction of void,
Vg, can be calculated from the SEM micrographs using an image analysis
technique, as discussed in section 3.9. The V& and Vg values for the 15phrRME160,
15phrRME120, 5phrRME120 and 5phrRME120+BPA materials are summarised
in Table 6.1.

Table 6.1 Volume fraction of rubber particles and voids

Material Vi Vi Vi/ Vg
15phrRME160 0.24+0.02 0.39+0.03 1.63
15phrRME120 0.21+0.02 0.274+0.02 1.29
5phrRME120 0.07+£0.01 0.12+0.01 1.71
5phrRME120+BPA 0.05+0.01 0.10+£0.02 2.00

For the 15phrRME160 material, the Vg value is 0.24 and the Vg value is
0.39. The ratio of V¢ and Vg, V&/Vs, is approximately 1.63. This means that the
voids grow 63% by volume during the fracture process. For the 15phrRME120
material, the Vg value is 0.21 and the Vg value is 0.27, and the value of V#/Vg is
approximately 1.29 and so the voids grow only 29% by volume. These results
suggest that the more plastic void growth occurs, and hence more energy is
dissipated by the void growth mechanism, in the 15phrRME160 material than in
the 15phrRME120 material. This difference in the amount of plastic void growth
between 15phrRME160 and 15phrRME120 is considered to arise from the
difference in the stress-strain curves of the matrix epoxies, which reflects difference
in the crosslink densities of the epoxy materials. As Huang and Kinloch suggested
[110], voids grow easily until strain hardening of the matrix epoxy occurs. The
critical strain at which strain hardening starts is higher in 15phrRME160 than in
15phrRME120, as discussed in section 5.2.3. Thus, the 15phrRME160 material
has the greater ability to plastically deform, such as in plastic void growth, than
the 15phrRME120 material. This may be why the amount of void growth is
greater in the 15phrRME 160 material than in the 15phrRME120 material.
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The ratio of Vs and Vs, Vi/Vi, is approximately 1.71 for the 5phrRME120
and 2.00 for the 5phrRME120+BPA material. These values are greater than those
for the 15phrRME160 and 15phrRME120 materials. This implies that void growth
mechanism has a greater importance in the toughening process in the
5phrRME120 and 5phrRME120+BPA materials, than in the 15phrRME160 and
15phrRME120 materials. This difference in the importance of void growth may
arise from the difference in the rubber particle size. The 5phrRME120 and
5phrRME120+BPA materials have smaller rubber particles than the
15phrRME160 and 15phrRME120 materials, as discussed in section 4.2.1.
Therefore, the K-transition values, at which toughening mechanisms which
involve plastic deformation become active, are lower in the former materials than
in the latter materials. This means that the toughening mechanisms which involve
plastic deformation, such as the void growth mechanism, is activated even at a
relatively small applied load. This may be a reason why the values of V/V# for the
5phrRME120 and 5phrRME120+BPA materials are larger than those for the
15phrRME160 and 15phrRME120 materials.

6.2.3 TOM observations

The TOM micrographs of the mid-plane, parallel to the crack propagation
and perpendicular to the fracture surface, are shown in Fig.6.5 (15phrRME160)
and Fig.6.6 (15phrRME120). For both materials, a birefringent zone can be
observed near the crack surface. The birefringent zone corresponds to the stress
whitening zone, and suggests the presence of cavitation of the rubber particles
with/without the shear yielding of the matrix epoxy between the cavitated
particles. The cavitation of the rubber particles reduces the triaxial constraint and
this reduction may then facilitate localised shear yielding in the epoxy matrix
between the cavitated particles, as suggested by many authors [9-11,35,111]. Thus,
the presence of the birefringent zone indicates, indirectly, that the shear yielding
mechanism is active during the fracture process for both the 15phrRME160 and
15phrRME 120 materials.
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Fig.6.5 TOM micrographs, under crossed polars, of 15phrRMFE160 from a static
fracture test (thin section parallel to the crack propagation and perpendicular to
the fracture surface)

= 170==



Chapter Six : Fractographic Studies and Rubber Toughening Mechanisms

initial crack
crack propagation

A\ 4

—fracture surface

e o L

L thin section
: from the mid-plane

ing material f

Fig.6.6 TOM micrographs, under crossed polars, of 15phrRME120 from a static
fracture test (thin section parallel to the crack propagation and perpendicular to
the fracture surface)
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The birefringent zone size, 1, is 1.2-1.4mm for the 15phrRME160 material
and 0.15-0.20mm for the 15phrRME120 material. Thus, the birefringent zone in
the 15phrRME160 material is far larger than that in the 15phrRME120 material.
This implies that the amount of cavitation and localised shear yielding is greater in
the 15phrRME160 material than in the 15phrRME120 material. Table 6.2
summarises the birefringent zone size, b, and the plastic zone size, ry, for these

materials.

Table 6.2 The birefringent zone size and the plastic zone size for the 15phrRME160
and 156phrREMFE120 materials

Material 1p (Lm) ry (Lm) /Ty
15phrRME160 1200-1400 165 7.3-8.5
15phrRME120 150-200 87 1.7-2.3

Note : ry = (K /oy)%/67

For both materials, the birefringent zone size, rp, is far greater than the
plastic zone size, ry, as schematically shown in Fig.6.7. This implies that the stress
criteria for cavitation of the rubber particles is lower than that for yielding, i.e.
plastic deformation, of the matrix epoxy. Thus, it is suggested that cavitation of the
rubber particles firstly occurs, and then toughening mechanisms which involve

plastic deformation, such as shear yielding and plastic void growth, follow.

— @

15phrRME120

15phrRME160

Fig. 6.7 Schematic drawing of the cavitation zone and the plastic zone
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The difference in the extent of the birefringent zone between these
materials is considered to be caused by three factors. The first factor is the rubber
particle size. It has been suggested by Lazzeri and Bucknall [61] that the relatively
large rubber particles cavitate at a lower stress than the smaller rubber particles.
Since the 15phrRME160 material has larger rubber particles than the
15phrRME120 material, as discussed in section 4.2.1, the rubber particles in the
15phrRME160 material may cavitate more readily than those in the
15phrRME120 material.

The second factor is the crosslink density of the matrix epoxy. Fu [35]
studied the effect of the crosslink density of the epoxy matrix on the fracture
behaviour of the rubber modified epoxies, and suggested that the rubber modified
epoxy system with a lightly crosslinked epoxy matrix enables the rubber particles
to cavitate more easily. Therefore, the 15phrRME160 material, which has a lower
crosslink density than the 15phrRME120 material, demonstrates a larger

cavitation zone.

The last factor is the modulus of the matrix epoxy. Liang et al. [112]
investigated the effect of the material properties on the stress criteria for the
cavitation of the dispersed particles. They suggested that the high modulus of the
matrix material should be beneficial for the cavitation of the particles. Thus, the
higher modulus for the 15phrRME160 material, compared to the 15phrRME120
material, may cause the larger cavitation zone.

In summary, all the above factors cause a positive effect on the cavitation of

the rubber particles in the 15phrRME160 material, and they may explain why
15phrRME160 has an extremely large birefringent zone.
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6.2.4 TEM observations

The TEM micrographs of the 15phrRME160 material in static fracture are
shown in Fig.6.8. The micrographs were taken near the crack surface (Fig.6.8(a))
and at a point approximately 1mm below the crack surface (Fig.6.8(b)). The area in
Fig.6.8(a) is within the plastic zone, and the area in Fig.6.8(b) is outside the plastic
zone but within the birefringent zone (close to the edge of the birefringent zone).

As shown in Fig.6.8(a), the cavitated rubber particles near the crack surface
are not spherical but somewhat elongated, whereas most rubber particles remain
intact outside the plastic zone, as shown in Fig.6.8(b). This means that the plastic
shear deformation of the matrix epoxy indeed occurs near the crack surface. It is
also shown that the cavitated rubber particles, i.e. voided rubber particles, near the
crack surface are dilated. This proves that void growth mechanism is active near
the crack surface.

Fig.6.9 shows the TEM micrographs of the 5phrRME120+BPA material,
which was taken near the crack surface. The cavitated rubber particles are
observed as for the 15phrRME160 material. It is also observed that the cavitated
rubber particles are elongated This proves that localised shear yielding also occurs
during the fracture process, as for the 15phrRME160 material.

It should be noted that the thickness of the TEM sections is approximately
100nm.
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Fig.6.8 TEM micrographs of 15phrRME160: (a) near the crack surface , (b) 1mm
below the crack surface (arrow indicates the crack propagation direction)
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Fig.6.9 TEM micrographs of 5phrRMFE120+BPA (near the crack surface : arrow
Indicates the crack propagation direction)
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6.3 Fatigue fracture

6.53.1 SEM observations

6.3.1.1 15phrRME160

The SEM micrographs of the fatigue surfaces at Kmax=0.61, 1.4 and
3.3MPam!2 in the 15phrRME160 material are shown in Fig.6.10. As for the SEM
micrographs from a static test, the cavitation of the rubber particles can be seen in
all micrographs shown in Fig.6.10. It is also observed that the size of the cavitated
rubber particle increases with increasing Kmax value. This suggests that the
amount of plastic dilatation of the epoxy matrix surrounding the rubber particles
increases, and hence the energy dissipated due to the void growth mechanism
during the fatigue crack propagation increases with an increase in the Kmax value.

Table 6.3 summarises the volume fraction of void, Vs, in the 15phrRME160
material. The measured volume fraction of void at Kpa=0.61MPam!2 is
approximately 0.245, which is slightly higher than the initial volume fraction of
rubber, V5=0.24. These results imply that the epoxy matrix surrounding the
rubber particles dilates plastically by a small amount. In other words, the void
growth mechanism is active but the amount of the energy dissipation due to the
void growth mechanism is rather small. The volume fraction of void, Vg, steadily
increases with an increase in the Kwmax value. The value of Vg is 0.25 for
Kunax=1.0MPam!2 0.30 for Kmax=2.2MPam!2 and 0.37 for Kmax=3.3MPam2;, and
the ratio of V¢ and V&, Vi/Vs, eventually attains a value of 1.54, which means that
the voids dilate over 50% by volume, at Kmax=3.3MPam'2, These results also
indicate that the amount of the plastic dilatation of the epoxy matrix surrounding
the rubber particles increases, and hence the energy dissipated due to the void
growth mechanism during the fatigue crack propagation increases, with an

increase in the Knax value.
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Fig.6.10 SEM micrographs of fracture surface of 15phrRMFE160 from a fatigue test
(@) Kimax=0.61MPam?2 (b) Kinax=1.4MPam??2 (¢)Kmax=3. 3MPam?
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Table 6.3 Volume fraction of void at various Kmax values for 15phrRMFE160

Kaax(MPam12) Vi Vil Vi
0.61 0.245+0.02 1.02
1.0 0.25+0.02 1.04
2.2 0.30+0.03 1.25
3.3 0.37+0.03 1.54

Note : V=024

The K-transition value, at which the toughening mechanisms which
involve plastic deformation become active, is approximately 0.59MPam??2 for the
15phrRME160 material, as discussed in section 5.4. Now, it may be expected that
the amount of void growth would not be so significant when the applied Kmax value
is relatively low, close to the K-transition value. Thus, the observed results are in
agreement with the concept, and value, of the K-transition. In that, the measured
volume fraction of void, Vy, is very close to the initial volume fraction of rubber, Vg,
at the values of Kmax=0.61MPam!2 and that the Vg value increases with an
increase of the applied Kuax value.

A more quantitative analysis on the toughening mechanisms in the
15phrRME160 material will be discussed later in Chapter Seven.

6.3.1.2 15phrRME120

The SEM micrographs of the fracture surfaces of the 15phrRME120
material after a fatigue test are shown in Fig.6.11. As for the 15phrRME160
material, the cavitation of the rubber particles can be seen in all micrographs
shown in Fig.6.11. It is also observed that the size of the cavitated rubber particle
increases with increasing Kmax value. This again suggests that the amount of
plastic dilatation of the epoxy matrix surrounding the rubber particles mncreases,
and hence the energy dissipated due to the void growth mechanism during the
fatigue crack propagation increases, with an increase in the Kmax value.

At a relatively low Kmax value (0.3MPam¥2), the rubber particles are
cavitated, but little dilatation of the epoxy matrix surrounding the particles can be
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observed. This suggests that the void growth mechanism is hardly active at this
Kuax level. Indeed, there is little difference between the volume fraction of voids at
Kmax=0.3MPam2 and the initial volume fraction of rubber, Vs=0.21, as shown in
Table 6.4. Since the estimated K-transition value for this material is
approximately 0.46MPam!2, as discussed in section 5.4, the toughening
mechanisms such as void growth and shear yielding are not yet active at
Kmax=0.3MPam?2. Thus, these observations are consistent with the concept of the
K-transition.

At relatively high Kmax values (i.e. 0.9MPam2 and 1.6MPam2), the size of
the cavitated rubber particles is greater than the initial rubber particle size. The
matrix epoxy surrounding the particles is plastically dilated and consequently the
void growth mechanism is active and dissipates energy in these conditions. It is
also observed that the size of the cavitated particles increases with increasing Kmax
value. This implies that the toughening effect due to the void growth mechanism
increases as the Kmax value increases, as for the 15phrRME160 material. However,
the amount of the dilatation appears to be rather small, compared with the
15phrRME160 material. As shown in Table 6.4, the ratio of volume fraction of void
and rubber, V&/Vg, at Kmax=1.6MPam?2 is approximately 1.17, which is rather less
than the Vg/Vg value at a high Kyax value for the 15phrRME160 material. Thus,
the energy dissipated by the void growth mechanism in the 15phrRME120
material is considered to be smaller than that in the 15phrRME160 material.

Table 6.4 Volume fraction of void at various Kmax values for 15phrRMFE120

Kinax(MPam1?2) Vi Vil/Ve
0.3 0.21+0.01 1.00
0.5 0.21+0.01 1.00
0.9 0.215+0.02 1.02
1.6 0.245+0.02 1.17

Note : V=021
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Fig.6.11 SEM micrographs of fracture surface of 15phrRME120 from a fatigue test
(@) Kinax=0.3MPam?2 (b) Kmax=0.9MPam?? (¢)Kmax=1.6MPam?
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As discussed in section 6.2.2, voids grow easily until strain hardening of the
matrix epoxy occurs. The critical strain at which strain hardening starts is higher
in 15phrRME160 than in 15phrRME120, as discussed in section 5.2.3. Thus, the
15phrRME160 material has the greater ability to plastically deform, such as in
plastic void growth, than the 15phrRME120 material. This is a qualitative
explanation of why the values of Vi/Vi for the 15phrRME120 material are smaller
than those for the 15phrRME160 material.

A more quantitative analysis on the toughening mechanisms in the
15phrRME120 material will also be discussed later in Chapter Seven.

6.3.1.3 5phrRME120 and 5phrRME120+BPA

Fig.6.12 shows the SEM micrographs of the fracture surfaces of the
5phrRME120 material after a fatigue test. These micrographs suggest the same
trend as seem for the 15phrRME160 and 15phrRME120 materials. Indeed, the
cavitation of the rubber particles can be seen in all micrographs shown in Fig.6.12.
It is also observed that the size of the cavitated rubber particle increases with
increasing Kmax value. It is therefore again suggested that the amount of plastic
dilatation of the epoxy matrix surrounding the rubber particles increases, and
hence the energy dissipated due to the void growth mechanism during the fatigue
crack propagation increases, with an increase in the Kmax value.

The SEM micrographs of the 5phrRME120+BPA material from a fatigue
test are shown in Fig.6.13. The micrographs show that both the cavitation of the
rubber particles and the dilatation of the surrounding epoxy matrix already occur
at a relatively low Kmax value (i.e. 0.4MPam?), unlike the other materials, namely
15phrRME160, 15phrRME120 and 5phrRME120. As discussed in section 5.4, the
K-transition value, Kr, at which the toughening mechanisms become active, can be

estimated by the following equation:
Kr = (6nrp) 20yt 6.1)

where 1, is the radius of the rubber particle and oyt is the tensile yield stress. As
discussed in section 4.2.1, the rubber particle radius is 0.2-0.3pm for the

5phrRME120+BPA material.
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20pm
Fig.6.12 SEM micrographs of fracture surface of 5phrRME120 from a fatigue test
(@) Kinax=0.4MPam?2 () Kmax=0.8MPam?? (¢) Kmax=1. IMPam??
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20pm

Fig.6.13 SEM micrographs of fracture surface of 5phrRMFE120+BPA from a fatigue
test: (a) Kmax=0.4MPam?? (b) Kmax=1.8MPam?"? (c) fast crack growth region
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Assuming the oy value for the 5phrRME120+BPA material is almost the
same as that of the 5phrRME120 or 15phrRME120 material, the estimated Kr
value is 0.20-0.25MPam?2, This value is smaller than the experimentally
measured threshold value of the 5phrRME120+BPA material, namely
0.34MPam?'2, Thus, it may be expected that the rubber toughening mechanisms
such as void growth and shear yielding, are somewhat active even in the region of
about Kmax=0.4MPam?!2. This may be the reason why cavitation of the rubber
particles and plastic void growth can be observed even in this region.

6.3.2 TOM observations

Fig.6.14 and Fig.6.15 show the TOM micrographs of the mid-plane section
of the 15phrRME160 material after fatigue testing. As shown in Fig.6.14, virtually
no birefringent zone is observed in a low Kmnax region (i.e. Kmax~0.4MPam2). Since
the birefringent zone corresponds to the area where the rubber particles are
cavitated, these observations mean that the cavitation of the rubber particles with
(or without) the shear yielding of the matrix epoxy between the particles does not
occur in this region. As discussed In section 5.3.2, in this region there is little
difference in the fatigue resistance between the 15phrRME160 and UME160
materials. Thus, it can be concluded that there is no evidence of the toughening
effect originating from the presence of the rubber particles. Furthermore, as
discussed in section 5.4, the estimated Kr value is 0.59MPam?!?2 for this material.
Hence, it is also expected from this conclusion that the toughening mechanisms
which involve plastic deformation are not yet active in this low K region. Hence,
these observations are all consistent with the experimental results from the fatigue
tests, and the concept of K-transition.

On the other hand, at a high Kmax region (ie. Knax=2.2-3.3MPam!2), a
birefringent zone can be clearly observed near the fatigue crack surface. The
measured birefringent zone size is 0.3-0.35mm, which is smaller than the
birefringent zone size measured from the static fracture test (i.e. 1.2-1.4mm). The
ratio of the birefringent zone size and the plastic zone size, 1y, is 5.0-9.7, as
shown in Table 6.5. Despite the absolute differences in the birefringent zone size
between the fatigue and static fractures, it is of interest to note that the ry/ry ratio
in the fatigue fracture is similar to that in the static fracture, namely 7.3-8.5.

- 1856 -



Chapter Six : Fractographic Studies and Rubber Toughening Mechanisms

As discussed in section 5.4, the loading rate in the fatigue test is far higher
than that in the static test. A higher loading rate causes an increase in the yield
stress of the epoxy matrix. Thus, according to the LEFM equation, ie.
ry=(Kmax/oyt)?/6m, the plastic zone size, ry, becomes smaller in fatigue fracture. A
higher loading rate also causes an increase in the modulus of the rubber particles.
As Bucknall et al. have suggested [26], an increase in the shear modulus of rubber
particles makes it more difficult for the rubber particles to cavitate. Therefore, the
birefringent zone size, r,, may also become smaller in fatigue fracture. Hence, the
/ry ratio may be not significantly affected by the change in the loading rate. This
may be why the ry/ry ratio in the fatigue fracture studies is similar to that observed
in the static fracture tests.

If these ry/ry ratios are applied to the estimate the ry/ry ratio at a relatively
low Kmax value, then the 1y value at Kmax=0.4MPam2 should be approximately 5-
10pm, since the calculated plastic zone size, ry, is Ium as shown in Table 6.5. The
birefringent zone with an extent of 5-10um is too small to be detected. Thus, this
may be the reason why no birefringent zone is observed from the region of
Kmax—=0.4MPam!2, as shown in Fig.6.14.

Table 6.5 Birefringent zone size of 15phrRME160 measured from fatigue tests

Kmax Tb ry rb/ry
(MPam'?) (um) (um)
0.4 not detected 1 not obtained
2.2-3.3 300-350 31-70 5.0-9.7

Note . Iy = Kmayp/ayt)z/Gﬂ'
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fatigue surface crack propagation

thinsectiorf ------------------------------
from the mid-plane

Fig.6.14 TOM micrographs, under crossed polars, of 15phrRMFE160 from a fatigue
test (thin section parallel to the crack propagation and perpendicular to the
fracture surface), Kmax~0.4MPam”?

= 18e=



Chapter Six : Fractographic Studies and Rubber Toughening Mechanisms

nitial crack

fatigue surface crack propagation

thin sectioxf ..........
from the mid-plane

| embedding material

Fig.6.15 TOM micrographs, under crossed polars, of 15phrRMFE160 from a fatigue
test (thin section parallel to the crack propagation and perpendicular to the
fracture surface), Kmax=2.2-8.3MPam??
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6.3.3 TEM observations

The TEM micrographs of a mid-plane section of the 15phrRME160
materials after a fatigue test are shown in Fig.6.16 and Fig.6.17. As shown in
Fig.6.16, at Kypax~0.4MPam!2, it can be seen that almost all rubber particles
remain intact. This suggests that any toughening mechanisms which involves
plastic deformation are not active.

On the other hand, elongated rubber particles near the crack surface can be
observed at Knax~3.0MPam2, as shown in Fig.6.17 (the fatigue fracture surface is
just above the upper edge of the photo area). This means that plastic shear
deformation of the matrix epoxy occurs during the fatigue crack propagation in this
region. It is also observed that the cavitated particle size is greater than the initial
rubber particle size, 1.7um. This observation reveals that the void growth

mechanism is active in this region.

The above observations are in agreement with the results obtained from
the SEM and TOM observations. Further, these results also prove the validity of
the concept of the K-transition, in that there is no evidence of the toughening
mechanisms which involve plastic deformation being active below the K-transition
value, 0.59MPam?2,

It should be noted again that the thickness of the TEM sections is

approximately 100nm.
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fatigue surface

Sl ek crack propagation _

L

Fig.6.16 TEM micrographs of 15phrRME160; Kinax~0.4MPam?? (arrow indicates
the crack propagation direction)
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fatigue surface

Fig.6.17 TEM micrographs of 15phrRME160; Kmax~3.0MPam”? (arrow indicates
the crack propagation direction)
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6.4 Concluding remarks

In the present Chapter, the fracture surfaces of the rubber modified epoxies
were investigated using SEM, TOM and TEM. The toughening effects caused by
the presence of the rubber particles were also discussed. For both static and fatigue
fracture, cavitation of the rubber particles was observed in the vicinity of the crack
surface. It is confirmed that plastic void growth and shear yielding are the main
toughening mechanisms. In fatigue conditions, the validity of the concept of K-
transition was also proved via the SEM and TOM observations. There is little
evidence of the toughening effects, caused by the presence of the rubber particles,
being active below the K-transition value. Whereas considerable plastic
deformation due to the void growth and shear yielding mechanisms is observed far

above the K-transition value.

In the next Chapter, the toughening mechanisms arising from the presence
of rubber particles will be theoretically modelled. A quantitative analysis for the
energy dissipation during the fatigue crack propagation will be employed for the
15phrRME160 and 15phrRME120 materials.

- 192 -



Chapter Seven : Modelling of Rubber Toughening Mechanisms

Chapter Seven

Modelling of Rubber Toughening Mechanisms

7.1 Introduction

- The fatigue behaviour of the rubber modified epoxies and their toughening
mechanisms were discussed in the previous Chapters. However, our
understanding is still qualitative and it is highly desirable to develop a
mathematical model to quantify the toughening mechanisms, especially in fatigue
fracture.

Several models have been proposed to explain the toughening effect due to
the introduction of rubbery particles in static fracture. Kunz-Douglass et al. [53]
developed a model which is based on the energy dissipation during the stretching
and bridging of the crack surfaces by rubber particles. However, rubber bridging
plays just a secondary role in the rubber toughening of epoxy polymers.
Furthermore, this model could not explain the stress whitening observed in rubber

modified materials.

Kinloch [113] calculated the fracture energy dissipated by the localised
shear yielding mechanism inside the plastic zone. However, the contributions of
void growth and rubber bridging were not taken into account.

Recently, Huang et al. [7, 47, 48] extended Kinloch’s model [113] to
calculate the energy dissipation during the fracture. They also described the
contributions to the increases in the fracture energy due to void growth and rubber
bridging separately, and succeeded in estimating the fracture energy.

In the present Chapter, the above models will be modified so that they may
be applied to the fatigue condition. The calculations will be compared with the
experimental results.
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7.2 Development of the theoretical model

The dissipated energy, G, of the rubber modified epoxy during the fatigue

crack propagation can be expressed as:

G = GotAG (7.1)

where Gy is the contribution of the intrinsic fracture energy, i.e. the fracture energy
of the unmodified epoxy, and AG is the dissipated energy caused by the additional
toughening mechanisms. In this study, we considered shear yielding, void growth
and rubber bridging as the main toughening mechanisms. These three
mechanisms are schematically represented in Fig.7.1.

rubber particl

cavitated particle -

rubber bridging

plastic zone

Fig.7.1 Schematic drawing of the toughening mechanisms of rubber modified
epoxy polymers [7]

The dissipated energy caused by the toughening mechanisms, AG, can be
divided into three terms as follows:
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AG = AGs + AGy + AG: (1.2)

where AGs is the contribution from shear yielding, AGy is the contribution from
void growth, and AG: is the contribution from rubber bridging. The values of AGs
and AGy are related to the size of the plastic zone, and can be calculated by the
following equations, as detailed in Appendix B:

y
AGs =2 J—l Us (v) dr (7.3)
0
y
AGy=2 r Uy () dr (7.4)
0

where ry is the radius of the plastic zone, r is the distance from the crack tip, Us (r)
is the dissipated energy density for the shear yielding mechanism, and Uy (r) is the
dissipated energy density for the void growth mechanism. Thus, we firstly have to
evaluate the size of the plastic zone in order to calculate the dissipated energy due
to these two mechanisms. The contribution of rubber bridging will be explained
later in details in Section 7.6.

7.3 The size of the plastic zone

Linear elastic fracture mechanics suggests that the radius of the plastic
zone can be calculated by the following equations.

ry= (K /oy)2/6n (plane strain) (7.5)
ry =K /oy)?2rn (plane stress) (7.6)

where oy is the yield stress. This means that the radius of the plastic zone is
inversely proportional to the square of the yield stress. Therefore, the relationship
on the radius of the plastic zone between the rubber modified epoxy and the
unmodified epoxy can be approximately assumed to be given by the following

equation:

Iy /tyu = (Oyu/oc)? 7.7
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where ry is the plastic zone radius of the rubber modified epoxy, ry. is the plastic
zone radius of the unmodified epoxy, oy is the uniaxial yield stress of the
unmodified epoxy, and oc is the critical stress of the rubber modified epoxy for
yielding. It should be noted that o is not the same as the uniaxial yield stress of
the rubber modified epoxy. This is because the stress field around the rubber
particle is not uniform and yielding occurs when the von Mises stress at any place
reaches the uniaxial yield stress [7]. If we use the following definition:

Oyu /Uc = Kvm (7.8)

where Kvm is the maximum concentration factor of the von Mises stress, equation

7.7 can be expressed as:
Iy ftyy = Kym? (7.9

This factor can be calculated from the finite element method, and the values
calculated by Huang using two dimensional plane strain model are used in the
present study [7,47].

1 i 1 1
0.0 0.1 0.2 0.3 04

Rubbery volume fraction

Fig.7.1 von Mises stress concentration factor as a fimction of rubbery volume
fraction
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The yielding of glassy polymers is generally dependent on the hydrostatic
stress. Strictly, therefore, the von Mises criterion is not satisfied, and it should be
modified as described by the following equation, as mentioned in Chapter Two:

Tym = T0 - LmP (7.10)

where tym is the von Mises shear stress, 1o is the yield stress under pure shear, pm
is a constant and p is the hydrostatic stress. As the maximum concentration factor
of von Mises stress, Kym, was calculated under uniaxial loading, the following
relationship can be satisfied:

o1 >> 02, O3 (7.11)
From the definition of the von Mises stress and the hydrostatic stress,

ovm = {(01- 02)%/2 + (02- 6322 + (03- 612} 2~ 01 (7.12)
p=(@1+o02t063)/3~01/3~6ym/3 (7.13)

and the von Mises stress, ovm, and the von Mises shear stress, tvm, are related to
each other through the following equation:

OvmZ = 3Tym? (7.14)
The hydrostatic stress, p, can be expressed as:

p = 321y/3 = Tym/3V2 (7.15)
Therefore the criterion 7.10 can be modified as:

Tym = To /(1+ pm /312) (7.16)

This means that the effective yield stress is reduced by 1/(1+ pm /3Y2). In other
words, the stress required for shear yielding is reduced by 1/(1+ pm /3V2). Therefore,
the relative size of the plastic zone will be increased. Hence, the relationship of the
radius of the plastic zone compared between the rubber modified epoxy and the
unmodified epoxy, i.e. equation 7.9, should be modified as:
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vy rya = Kym? (14 i /312)2 (7.17)

As shown in Fig.7.1, the value of Kym is a function of rubbery volume
fraction. If there is no cavitation or debonding of rubber particles, the initial
volume fraction of rubber particles, Vs, can be used for the calculation of the Kym
value. However, cavitation of the rubber particles often occurs and the voids, i.e.
the cavitated rubber particles, continue growing in the fracture process. The voids
also cause stress concentration of the same value as the rubber particles.
Therefore, the volume fraction of voids, Vg, which is greater than Vi, should be
used to calculate the Kym value.

7.4 The contribution of shear yielding

For the calculation of the contribution of shear yielding mechanism, AUj,
the dissipated energy density function for the shear yielding, Us (r) was estimated
by the following equation [7, 48]:

Us () = Vs (r) Ws (1) (7.18)

where Vi (r) is the volume fraction of the matrix epoxy in which shear yielding
occurs, and Ws (r) is the shear plastic energy density of the matrix epoxy.

rubber particle

@ i

)
: -
)
; A
B shear band
,\\
i //;
o
( )
A

7

Fig. 7.2 Simple cubic array of the rubber particles and shear bands
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For the assessment of the volume fraction of shear yielding, Vis (r), a simple
cubic array for the rubber particle distribution model was assumed, as shown in
Fig.7.2. Fig.7.3 also shows the three dimensional illustration of the geometric

relationships.

cross-sectional area of shear band

shear band

Ip . dp /2

(@) (b)

Fig. 7.3 Geometric relationship (a) basic element of simple cubic array (b) particles
and localised shear band

As illustrated in Fig.7.3 (a), one eighth of the particle is included in a basic
element. The volume fraction of the particles (i.e. either rubber particles or voids),

Vi, is given by the following equation:

(An 1,3/3) /8

e (7.19)
(rp + dp/2)3

Vs

where 1p is the radius of the particle and dp is the interfacial particle-to-particle

distance. Therefore:
dp = [(4n/3V¢)V3-2] 1p (7.20)

The number of the particles per unit volume, Ny, can be defined by the following

equation:

Ny = Ve /(4 rp3/3) = 3Ve /(4 1p3) (7.21)
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Then, it is assumed that the cross-sectional area of the shear band can be given by
the following equation, as in the case of the rigid particle toughened polymers
[114]:

S(r) = ()T rp? (7.22)

where o(r) is the scaling factor that is assumed to be a function of the distance from
the crack tip. Kinloch [113] suggested that it is represented by the following
equation:

or) =1-r/ry (7.23)

As shown in Fig.7.4, the scaling factor, a(r), becomes a unity when r approaches to
zero (i.e. the cross-sectional area of shear band is the same as that of the particles
when r=0). The value of a(r) decreases steadily with increasing r, and becomes zero
at the boundary of the plastic zone. This means that the cross-sectional area of
shear band becomes smaller as the distance from the crack tip increases, and
completely disappears at the boundary of the plastic zone.

S(r)
1

T Ip2

v
]

0 Iy

Fig 7.4 Cross-sectional area of shear band, as a function of distance from the crack
tip

The length of a shear band, 2Ls, as defined in Fig.7.3(b), can be expressed

as follows:
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2L = 21p + dp -2 [1-a(®]21p (7.24)

As a shear band is located between two particles, the volume of the shear band per
one particle, Vs, is half the volume of the shear band shown in Fig.7.3(b). The
values of Vs can be calculated by the following equation:

Ve= 14 {SE)Ls - (/3) [Ls - dp /2)2 [31p - (L - dp/2)]} (7.25)

where ng is the number of shear bands per one particle and is equal to four, as
shown in Fig.7.2. The volume of the shear band per one particle, Vs, is also a
function of the distance from the crack tip; Vs (r). By substituting equations 7.20,
7.22 and 7.24 into 7.25, the following equation may be obtained:

Vs () = 2n/3) 1p2{3(4n /3Vp) B ar) + 4 [1- a1)]¥2- 4 } (7.26)

Thus, the volume fraction of the matrix epoxy in which shear yielding occurs, Vi(r),
can be calculated as follows:

V() = Nv Vs () = (Ve/2){3(4n /3Ve)B a(r) + 4 [1- ar)]3¥2- 4 } (7.27)

As suggested in section 7.3, the cavitation of the rubber particles occurs and
the voids, i.e. cavitated rubber particles, continue growing in the fracture process.
Therefore, the volume fraction of voids, Vg, should be used as the volume fraction
of the particles.

less void growth

4&
O o0 o ©

OOOOO

v
more void growth O O O O

crack propag'aﬁon

Fig. 7.5 Schematic drawing of the distribution of voids in plastic zone
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As shown in Fig.7.5, it is natural to think that the volume fraction of voids
is not a constant, but is dependent upon the distance from the crack tip, r. The
volume fraction of voids should be the same as the volume fraction of rubber
particles far from the crack surface, and should be at a maximum close to the crack
tip. It may be assumed that the volume fraction of voids is simply represented by

the following equation:
Ve @) =Vso- (Vio- Ve)r/xy (7.28)

where Vi is the volume fraction of voids visible from studying the fracture surface,
which is measured by SEM observation, and Vi is the volume fraction of rubber
particles. As shown in Fig.7.6, Vg (v) is equal to Vg o at r=0, i.e. at the crack tip. Its
value gradually decreases with increasing r, and Vg(r) equals to the volume
fraction of rubber particles, Vg at r=ry, i.e. at the boundary of the plastic zone.

Vg (1)

Vo

Vs

0 Iy

Fig. 7.6 Volume fraction of voids, as a function of distance from the crack tip

Thus, equation 7.27 can be modified as follows:
Vi () = Vi (/213 [47 13V, (]2 or) + 4 [1- oe)]32- 4) (7.29)

Next, an estimate of the shear plastic energy density of the matrix epoxy,
W, (1), is required for the calculation of the dissipated energy by the shear yielding
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mechanism. Assuming that the material is perfectly elastic-plastic, the shear
plastic energy density can be expressed as follows:

Ws (@) =157 (1) (7.30)

where Ty is the shear yield stress of the matrix epoxy, and y (r) is the shear plastic
strain of the matrix epoxy. For a perfectly elastic-plastic material, the components
of the strain tensor are proportional to the inverse of r within the plastic zone [7,
48]. Therefore, as an approximation, the shear plastic strain of the matrix epoxy,
7 (r), inside the plastic zone can be assumed as follows:

Y (@ =yro(r) (7.31)

where yr is the fracture strain of the matrix epoxy. This means that the shear
plastic strain has the maximum value of y¢ at the crack tip and decreases steadily
towards zero at the boundary of the plastic zone, as shown in Fig.7.7.

7 (@)

'S

e

v
]

0 Iy

Fig. 7.7 Estimated shear plastic strain inside the plastic zone, as a function of
distance from the crack tip

The shear yield stress of the matrix epoxy, 1y, can be deduced as follows [7,
48]
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Ty = Oyc /2 (7.32)

where oy is the compressive yield stress of the matrix epoxy. By substituting
equations 7.31 and 7.32 into 7.30, the shear plastic energy density can be obtained
as follows:

W (1) = oyeyrou(r)/2 (7.33)

Thus, the dissipated energy density of shear yielding, Us (r), can be estimated by
substituting equations 7.29 and 7.33 into 7.18, to give:

Us @ = [oycyr o)V (r)/4]{3 [47 /3Vy @] Y3 or) + 4 [1- a@)]32-4}  (7.34)

The dissipated energy by the shear yielding mechanism, AGS, is now given by the
following equation:

_rUs (x) dr

= (oyeye/2) .roc(r)va @®){3 [4n /3Vy @©)]Y8 au(x) + 4[1- cu(r)]32-4 } dr (7.35)

7.5 The contribution of void growth

The dissipated energy by the void growth mechanism is given by the
following equation, as suggested in section 7.2:

AGy =2 J"YUV (r) dr (7.36)
0
where Uy(r) is the dissipated energy density of void growth. For the calculation of
AGy, we have to evaluate the energy density, Us(r). When a void grows from a
volume of Vo to Vi, the energy density of void growth is given by the following
equation [7, 48]
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V1
Uy@=] pded (7.37)
Vo

where p is the local hydrostatic stress and 0 is the volumetric strain. The increase
of the volumetric strain during void growth, do, can be expressed as follows:

do=VidV/V (7.38)

where V; is the volume fraction of voids and V is the average volume of voids.
Assuming the following relationships:

Ve= Vg when V.=V (7.39)
Ve=Vg () when V=V, (7.40)

i.e. Vt has the value of the volume fraction of rubber particle, Vg, before the void
growth, and it has the value of the volume fraction of voids, Vg (r) after the void
growth. The value of V¢ can be expressed by the following equation:
Vi @) - Vi
V=V + —— (V-Vp) (7.41)
1-Vo

The hydrostatic stress, p, in the plastic zone can be represented by the equation [7,
48]:

p =~ oyt /2 (7.42)

where oy is the tensile yield stress. By substituting equations 7.38, 7.41 and 7.42
into 7.37, energy density, Uy (), is given by :

Vi Ve (©) - Vi
Uy @)= o /2) {Ve + ——— (V-Vo)} dV/V
\Y V1-Vp
0
Vi (@) - Vi

=(oyt/2) [V& @) - Vet (Vg - )log (V1/Vo)] (7.43)

1/Vo) -

From 7.39 and 7.40, the following relationship is valid:

- 205 -



Chapter Seven : Modelling of Rubber Toughening Mechanisms

Vi1/Vo=Vslr) / Vi (7.44)
Therefore, equation 7.43 can be modified as follows:
Uy () = (o4t /2) [V (r) - V&) (7.45)

The dissipated energy by the void growth mechanism, AGy, can be calculated as
follows:

y
AGy = oyt J: [Vi @) - Vg] dr

=(oyt/2) (Vao - Vi) 1y (7.46)
From equation 7.17, 1y is given by :
ry= Kym?2 (1+ pm /3V2)2 gy (7.47)

Furthermore, the following relationship is valid between the tensile yield stress
and the compressive yield stress [48]:

Oyt = Oyc (3Y2 - pm) / (B2 + pm) (7.48)
Thus, equation 7.46 can be rewritten as:

AGy = (1/2) (I- pu?/3) (Vo - Vi) 1y Oye Kom? (7.49)

7.6 The contribution of rubber bridging

The dissipated energy by the rubber bridging mechanism in static fracture
has been proposed by Kunz-Douglass et al. [53] to be given by :

AGr,static =4I} (rr) Vi (750)

where It (T) is the tearing energy of the rubber particles and Vg is the volume
fraction of rubber particles. The tearing energy, I't(T), of the CTBN1300X8 rubber
at room temperature is approximately 460J/m?, as shown in Fig.7.8
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Fig. 7.8 Tearing energy of CTBN rubber (data from ref. [115])

As Kunz-Douglass’s model was proposed to explain the static fracture
energy, the model has now been modified for fatigue fracture, as follows:

AG; =4It (T) Vs £ (da/dN) (7.51)

where f; (da/dN) is a scaling factor. The scaling factor is dependent on the fatigue
crack growth rate, da/dN, and is in the range of zero to one. This means that the
dissipated energy in fatigue fracture is smaller than that in static fracture, and
that the scaling factor indicates the ratio of the tearing energy which is dissipated
at a certain fatigue crack growth rate to that of the static tearing energy. This ratio
should be the same as the ratio of the energy dissipated at the certain fatigue crack
growth rate in the dynamic tearing test of pure rubber and the static tearing
energy. That is:

f: (da/ dN) =AG;/ AGr,staﬁc =T: Tt (T) (752)

where T: is the energy dissipated at the certain fatigue crack growth rate in the

dynamic tearing test of pure rubber.
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Fig. 7.9 Method to evaluate the scaling factor of the rubber bridging mechanism

Fig.7.9 shows schematically how the scaling factor, fi(da/dN) was
estimated. Firstly, the T: value, at which pure rubber has the same fatigue crack
growth rate as that of interest for the rubber modified epoxy, may be read from the
fatigue data. Then, the value of f,(da/dN) can be evaluated as a ratio of T and I'y, as

shown in equation 7.52.

7.7 The contribution of unmodified epoxy

The last term, the contribution of the intrinsic fracture energy, ie. the
dissipated energy originating from the unmodified epoxy, Go, must be evaluated to
calculate the total dissipated energy. As for the contribution of rubber bridging, the

contribution of unmodified epoxy, Go, can be assumed as follows:
GO = G’Icu T (da/ dN) (753)

where Gie is the fracture energy of the unmodified epoxy and fu(da/dN) is the
scaling factor. The scaling factor is dependent of the fatigue crack growth rate,
da/dN, and is in the range of zero to one. In other words, the dissipated energy in
fatigue fracture is smaller than that in static fracture. The procedure for the
evaluation of the scaling factor, fu(da/dN), is similar to that for f.(da/dN), as shown
in Fig.7.10.

—=52085=



Chapter Seven : Modelling of Rubber Toughening Mechanisms

4 unmoditicd’/ rubber modified
epoxy €poxy

da/dN

point for calculation

K, (0rG) Kyp (0r Gy

Fig. 7.10 Method to evaluate the scaling factor, f,(da/dN)

Firstly, the Ky value (or Gy value), at which the unmodified epoxy has the
same fatigue crack growth rate as that of interest for the rubber modified epoxy,
may be read from the fatigue data. The scaling factor, fu(da/dN), can be evaluated
as a ratio of Gy and Grey, the fracture energy of the unmodified epoxy, as follows:

fu (da/dN) = Gu / GIcu - (I{u / KIcu )2 (754)
where K is the fracture toughness of the unmodified epoxy.

The radius of the plastic zone for the unmodified epoxy, ry, also can be
calculated using the K, value. From LEFM, the value of ry, is given by the

following equation:
ryu = (Ku/oyu)2/6m (7.55)

where oyy is the yield stress of the unmodified epoxy. The value of ryy is related to
the radius of the plastic zone for the rubber modified epoxy, ry, through equation
7.47. The value of ry is also used for the calculation of the contribution of shear
yielding, AGs, and void growth, AGsy.
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7.8 Application of the theoretical model

The mathematical model described in the previous sections was applied to
the 15phrRME160 and 15phrRME120 materials. The calculation procedure is as

follows:

(1) calculate the volume fraction of rubber, Vi, and the volume fraction of void, Vi,
from the SEM micrographs; equation 7.28;

(1) calculate the scaling factors, fu(da/dN) and f.(da/dN), from the fatigue crack
growth rate data; equations 7.52 and 7.54;

(ii1) estimate the plastic zone size of the unmodified epoxy, ry., using the K, value;
equation 7.55;

(iv) estimate the von Mises stress concentration factor, Kvm, by FEA; Fig.7.1;

(v) calculate the dissipated energy, AGs, AGy, AG: and Go, using the above
parameters and the material properties, oy (compressive yield stress of the matrix
epoxy), vt (shear fracture strain of the matrix epoxy) and I% (tearing energy of
rubber); equations 7.35, 7.49, 7.51 and 7.53.

Fatigue Data(RME&UME) Fatigue Data(Rubber)

da/dN

IR

(tearing energy)

¥

f (da/dN)

K, (from FEA)\

Material Properties (G, Yp I')

Fig.7.11 Procedures for the calculation of the energy terms
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The material properties used for the calculation are shown in Table 7.1. It
should be noted that the rate of loading (and of unloading) in the fatigue tests is far
higher than that in the static tests (The rate of loading is estimated to be
approximately 1000mm/min in the fatigue tests, as discussed in section 5.4).
Therefore, the material properties under fatigue loadings are different in value
from those in the static tests. The values of oy, and yr were estimated by
extrapolating Huang’s data in static tests (Where the loading rate was in the range
of 0.2mm/min to 20mm/min) [7]. The rate dependency of the modulus was
measured using DMTA, in order to estimate the approximate modulus value in the
fatigue tests. The I'; value in the fatigue tests was assumed to be the same as
under the static loading conditions.

Table 7.1 The material properties for the calculation

Material owMPa) 1 TyJ/m? E(GPa)
15phrRME160 (static) 116 0.71 460 2.56
15phrRME160 (fatigue) 142 0.63 460 2.67
15phrRME120 (static) 103 0.53 460 2.43
15phrRME120 (fatigue) 126 0.47 460 2,51
7.8.1 15phrRME160

For the 15phrRME160 material, five calculation points were chosen;
Kunax=0.61, 1.0, 2.2, 3.3 and 4.03(static)MPamY2. These correspond to Gmax values of
0.12, 0.33, 1.59, 3.58 and 5.57kdJ/m2. Table 7.2 shows the volume fraction of the
rubber and voids measured from the SEM micrographs and the calculated ryu

values.

The calculated energies dissipated by each mechanism and the total
dissipated energy, Gea, are plotted against the measured Gmax value in Fig.7.12.
The dissipated energy terms arising from shear yielding, void growth and rubber
bridging increase with increasing the measured Gmax value. The dissipated energy
by shear yielding, AGs, has the largest contribution to the total dissipated energy,
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and the dissipated energy by void growth, AGy, has the second largest contribution.
The contribution of rubber bridging is rather small compared to the other two
mechanismes, i.e. shear yielding and void growth.

Table 7.2 The values of Vs, Vsp and 1y, for 15phrEME160

Kunax Gimax da/dN Vi Vio Iyu
(MPam?12) (kd/m?)  (mm/cycle) (Lm
0.61 0.12 2x10% 0.24 0.245 1.47
1.0 0.33 6x10% 0.24 0.25 3.00
2.2 1.59 1x102 0.24 0.30 5.15
3.3 3.58 1x101 0.24 0.37 6.09
4.03(static) 5.57 0.24 0.39 9.23

Note : Kmnax means the measured Kmax value.
Gmax means the measured Guax value.
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Fig.7.12 Calculated dissipated energy terms plotted against measured Gmax for
15phrRME160 (AGs: shear yielding, AGy: void growth, AG;: rubber bridging, Go:
unmodified epoxy, Gea: total dissipated energy)
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Table 7.3 summarises the calculated dissipated energies. The discussions
below could be phrased in terms of comparisons of Kmax, or Gmax, and the former
approach has been adapted. The Kca value was calculated via the relationship
between K and G, i.e. G=(1-v2)K2/E. Comparing the measured Kmax values with the
calculated values, K, there is a fairly good agreement between them when Kmax
is relatively large. However, the K values are rather higher than the measured
Kmax values, when Kmax is relatively small. In other words, the dissipated energy is
overestimated when Knax is relatively small. It is suggested that this is caused by
an overestimation of the contribution from the shear yielding mechanism. This
suggestion arises from the observation at Kmax=0.61MPa'm¥2 (Gmax=0.12kJ/m?).
For the 15phrRME160 material, the K-transition value, where the toughening
mechanisms, such as shear yielding and void growth, start to be active, is
approximately 0.59MPa-m'2, as discussed in section 5.4. Therefore, the dissipated
energy arising from these toughening mechanisms should still be small at
Kmax=0.61MPa-m!2, since this Kmax value is very close to the K-transition value.
However, the calculated dissipated energy by the shear yielding mechanism is not
small compared to the Go value, which is the dissipated energy originating from
the unmodified epoxy, as shown in Table 7.3. Hence, it might be necessary to
modify the theoretical model to be consistent with the concept of the K-transition
value.

Table 7.3 Dissipated energy due to each mechanism for 15phrEME160

Kmax Gmax AGS AGV AGr GO Gcalc Kcalc
0.61 0.12 0.39 0.01 0.04 0.06 0.50 1.23
1.0 0.33 0.80 0.04 0.08 0.14 1.06 1.80
2.2 1.59 141 0.41 0.28 0.31 241 2.71
3.3 3.58 1.69 1.04 0.35 0.36 3.44 3.24
4.03(static) 5.57 2.37 1.49 0.44 0.38 4.67 3.70

Note : units for Gumax, AGs, AGy, AGy, Gp and Gear are kJ/im?
units for Kmax and Kea are MPam?2
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7.8.2 15phrRME120

For the 15phrRME120 material, five calculation points were chosen;
Kmax=0.3, 0.5, 0.9, 1.6 and 2.47(static)MPam2, The corresponding Gmax values are
0.03, 0.09, 0.28, 0.89 and 2.20kJ/m2. Table 7.4 shows the volume fraction of rubber
and void measured from SEM micrographs and the calculated ryu values.

Table 7.4 The values of Vs, Vo and ry, for 15phrRME120

Kmax Gimnax da/dN Vi Vo I'yu
(MPam?2) (kJ/m2  (mm/cycle) (um)
0.3 0.03 1x108 0.21 0.21 0.49
0.5 0.09 1x105 0.21 0.21 1.14
0.9 0.28 3x10+4 0.21 0.215 2.43
1.6 0.89 1x102 0.21 0.245 3.04
2.47(static) 2.20 0.21 0.27 5.39

Note : Kuax means the measured Knax value
Gimax means the measured Gmax value

The calculated energies dissipated by each mechanisms and the total
dissipated energy, Geal, are plotted against the measured Gmax value in Fig.7.13.
The dissipated energy terms arising from shear yielding, void growth and rubber
bridging increase with increasing the measured Gmax value. The dissipated energy
by shear yielding, AGs, has the largest contribution to the whole dissipated energy,
as for the 15phrRME160 material However, the dissipated energy by void growth,
AGy, does not have such a large contribution to the total dissipated energy, when
compared with the 15phrRME160 material.
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Fig.7.13 Calculated dissipated energy terms plotted against measured Gmax for
15phrRME120 (AGs: shear yielding, AG.: void growth, AGy: rubber bridging, Go:
unmodified epoxy, Gear: total dissipated energy)

Table 7.5 summarises the calculated dissipated energies. As for the
15phrRME160 material, there is a fairly good agreement between the Kmax and
Keae values when Inax is relatively high. However, the Kcac values again are rather
higher than the measured Kmax values, when Kmax is relatively small. Therefore,
the dissipated energy is overestimated when Kmax is relatively small. It is
suggested again that this is caused by an overestimation of the shear yielding
mechanism, as for the 15phrRME160 material. This suggestion again arises from
the observations at Kyax=0.8MPa'm'2 (Gmax=0.03kJ/m?) and Kma=0.5MPa-mV2
(Gmax=0.09kJ/m?). For the 15phrRME120 material, the K-transition value, where
the toughening mechanisms, such as shear yielding and void growth, start to be
active, is approximately 0.46MPa'm!2, as discussed in section 5.4. Therefore, the
dissipated energy arising from these toughening mechanisms should be still very
small ét Kpax=0.3MPa-m2 and Kmna=0.5MPa-mV2, However, the calculated
dissipated energy by the shear yielding mechanism is not small compared to the Go
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value, which is the dissipated energy originating from the unmodified epoxy, as
shown in Table 7.5. Hence, again, it might be necessary to modify the theoretical
model to be consistent with the concept of the K-transition value.

Table 7.5 Dissipated energy due to each mechanism for 15phrRME120

Kmax Gmax AGS AGV AGr GO Gcalc :Kcalc
0.3 0.03 0.07 0.00 0.01 0.02 0.10 0.54
0.5 0.09 0.17 0.00 0.05 0.04 0.26 0.86
0.9 0.28 0.37 0.01 0.10 0.09 0.54 1.27
1.6 0.89 047 0.11 0.24 0.12 0.94 1.64
2.47(static) 2.20 0.78 0.27 0.39 0.19 1.63 2.12

Note : units for Guax, AGs, AGy, AG:, Gy and Geare are kJ/im?
llllitS.be'Kmax and-&alc aremalﬂw

7.9 Modification of the theoretical model

The results for both the 15phrRME160 and 15phrRME120 materials
suggest that the theoretical model may overestimate the dissipated energy by the
shear yielding mechanism, especially when the Kuax value is relatively small. The
calculated dissipated energy by the shear yielding mechanism at a relatively low
Kiax value is too large from the viewpoint of the K-transition.

In the theoretical model, it is assumed that the size (i.e. the cross-sectional
area) of the shear band is given by the following equation, as discussed in section
7.4:

S(r) = nrp?(1-r/ry) (7.56)

where S(r) is the cross-sectional area of the shear band, rp is the radius of the
rubber particle, r is the distance from the crack tip, and ry is the plastic zone
radius. This equation means that the shear band has the same size as the rubber
particle near the crack, and the shear band disappears at the boundary of the
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plastic zone. This equation also suggests that the shear band size at r=0 is always
the same as the rubber particle size, regardless of the plastic zone size (i.e.
regardless of the Kmax value). This suggestion is not consistent with the concept of
the K-transition. The shear band size should be smaller than the rubber particle
size (even at r=0) when the Kmnax value is relatively small.

From the viewpoint of the K-transition, equation 7.56 may be modified as
follows:

S@) = nrp?(1-r/ry ) f(ry) (7.57)

f(ry) is a scaling factor and a function of the plastic zone size, 1y, which is given by:

0 (ty<1p)
flry) = { [1A (c=Drp}Jry— 1/(c-1) (tp<ry<crp) (7.58)
1 (crp<1y)

where ¢ is a parameter. The shape of the function f(ry) is shown in Fig.7.14.
Equations 7.57 and 7.58 mean that the shear band does not exist when the plastic
zone is smaller than the rubber particle, and that even when the plastic zone is
larger than the rubber particle the shear band size at r=0 is smaller than the
rubber particle size, except when the plastic zone is far larger than the rubber
particle (i.e. when crp < ry). The parameter c is assumed to be fifty from the FEA
results by Huang [7].

f(ry)
1

1

v
<

0 Tp CIp

Fig. 7.15 Shear band scaling function f{ry)
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This modified model is consistent with the concept of K-transition. When
the plastic zone is smaller than the rubber particle, the shear band does not form
and consequently the shear yielding mechanism is not active. The results
calculated using this modified model will be discussed in the next section.

7.10 Application of the modified theoretical model

7.10.1 15phrRME160

Fig.7.16 shows the calculated dissipated energy for the 15phrRME160
material, using the modified theoretical model. The general trend is the same as
for the results using the previous model shown in Fig.7.12. The shear yielding
mechanism has the largest contribution to the total dissipated energy.
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Fig.7.16 Calculated dissipated energy terms plotted against measured Gmax for
15phrRME160, using the modified model (AGs: shear yielding, AGy: void growth,
AG,: rubber bridging, Go: unmodified epoxy, Geale: total dissipated energy)
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Table 7.6 Dissipated energy due to each mechanism for 15phrRMFE160 (modified
model)

:Kmax Gmax AGS AGV AGr GO Gcalc Kcalc
0.61 0.12 0.11 0.01 0.04 0.06 0.22 0.81
1.0 0.33 0.60 0.04 0.08 0.14 0.87 1.63
2.2 1.59 1.41 0.41 0.28 0.31 2.41 2.71
3.3 3.58 1.69 1.04 0.35 0.36 3.44 3.24
4.03(static)  5.57 237 149 0.44 0.38 4.67 3.70

NOL‘G s lIIllt.S’fOI‘ Gmgx, AGs, AG[/, AG)‘, GO alld Gcg]c al'e.kJ/mZ
units for Kimax and Kea are MPam??

Table 7.6 summarises the calculated dissipated energies. Comparing the
measured Kmax values with the calculated K values, then the Kcqe values are still
rather larger than the measured Kmax values when Kuax is relatively small.
However, the K values are much closer to the measured Kumax values, compared
to the results using the previous model. When Knax is relatively large, there is a
good agreement between the Kmax and Kcarc values.

Table 7.7 shows the contribution of each mechanism to the total dissipated
energy. The shear yielding mechanism has the largest contribution, approximately
a half of the total dissipated energy. The contribution of the shear yielding
mechanism reaches the maximum value in the intermediate Kmax region (ie.
Kuax=1.0MPam2), and it is slightly lower in the low Kmax region and in the high
Kmax region. The contribution of the void growth mechanism is very small when
the Kumax value is relatively small, but it increases with an increase of the Kmax
value. In the low Kyax region, the toughening mechanisms such as shear yielding
and void growth are not highly active, since the plastic zone size is relatively small.
Therefore, the contribution of shear yielding is relatively lower. In the high Kmax
region, as the void growth mechanism becomes more important, the contribution of
shear yielding is lower again. This may explain why the contribution of shear
yielding possesses through a maximum value in the intermediate Kmax region. The
contribution of the rubber bridging mechanism is lower than 16% of the total
dissipated energy, in any Kmax region. Thus, the rubber bridging mechanism
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makes only a minor contribution to the total dissipated energy.

Table 7.7 Contribution of each mechanism for 15phrEME160 (modified model)

Kmax Gmax AGS/ G’calc AGV/ Gcalc AGr/ Gcalc GO/ Gcalc
MPam'2)  (kd/m?2)

0.61 0.12 0.40 0.05 0.16 0.29

1.0 0.33 0.70 0.05 0.09 0.16

22 1.59 0.59 0.17 0.11 0.13

3.3 3.58 0.49 0.30 0.10 0.10
4.03(static)  5.57 0.51 0.32 0.09 0.08
7.10.2 15phrRMFE120

Fig.7.17 shows the calculated dissipated energies for the 15phrRME120
material, using the modified theoretical model. The general trend is the same as
for the 15phrRME160. The shear yielding mechanism has the largest contribution
to the total dissipated energy. However, the dissipated energy arising from the void
growth mechanism, AGv, does not possess a large contribution to the total
dissipated energy, compared to the 15phrRME160 material.

Table 7.8 summarises the calculated dissipated energies. Comparing the
measured Kmax values with the calculated K values, K, there is a good
agreement between them in any Kuax region. At Kmax=0.3MPam?2, (which is below
the K-transition value, i.e 0.46MPam2), the dissipated energies from the shear
yielding and void growth mechanisms are calculated to be very small. The intrinsic
dissipated energy originating from the unmodified epoxy, Go, is dominant in this

region.
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Fig.7.17 Calculated dissipated energy terms plotted against measured Kyax for
15phrRME120, using the modified model (AGs: shear yielding, AGy: void growth,
AG;: rubber bridging, Gy: unmodified epoxy, Geare: total dissipated energy)

Table 7.8 Dissipated energy due to each mechanism for 15phrRMFE120 (modified
model)

I{max Gmax AGS AGV AGr GO Gcalc Kcalc
0.3 0.03 0.01 0.00 0.01 0.02 0.03 0.31
0.5 0.09 0.04 0.00 0.05 0.04 0.13 0.61
0.9 0.28 0.23 0.01 0.10 0.09 0.42 1.10
1.6 0.89 0.40 0.11 0.24 0.12 0.87 1.58
2.47(static) 2.20 0.78 0.27 0.39 0.19 1.63 2.12

Note : units for Gm.gx, AGs, AGv, AG[, GO and Gcglc are kJ/m?
units for Kmax and Keare are MPam??
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Table 7.9 shows the contribution of each mechanism to the total dissipated
energy. When the Kpax value is relatively high, the shear yielding mechanism has
the largest contribution, approximately a half of the total dissipated energy.
However, the contribution arising from the shear yielding mechanism is not
dominant when the Kmax value is relatively small. Instead, the dissipated energy
arising from the rubber bridging mechanism and the unmodified epoxy is
dominant in this region, especially when the Knax value is smaller than the K-
transition value (ie. 0.46MPam?'2), These results are in agreement with the
concept of K-transition in that the toughening mechanisms such as shear yielding
and void growth are not active below the K-transition value. The contribution of
the void growth mechanism is very small when the Kmax value is relatively small,
but it increases with an increase of the Kmax value. However, the contribution of
the void growth mechanism is not so large as for the 15phrRME160 material, even
when the Kyax value is relatively high. Indeed, the rubber bridging mechanism has
a greater contribution to the total dissipated energy than the void growth
mechanism for this material.

Table 7.9 Contribution of each mechanism for 15phrRME120 (modified model)

:Kmax Gmax AGs/ Gcalc AGV/ Gcalc AGr/ Gcalc GO/ Gcalc
MPam?2) (kd/m2)

0.3 0.03 0.18 0.00 0.30 0.52

0.5 0.09 0.31 0.00 0.38 0.30

09 0.28 0.54 0.03 0.23 0.21

1.6 0.89 0.46 0.12 0.28 0.14
247(static)  2.20 0.48 0.17 0.24 0.12

The above results for the 15phrRME160 and 15phrRME120 materials also
reflect the ability of the matrix to undergo plastic deformation on the energy
dissipated from the toughening mechanisms. As discussed in section 5.2.3, due to
the lower crosslink density, the 15phrRME160 material is relatively ductile and
can undergo more plastic deformation than the 15phrRME120 material. Thus, the
toughening mechanisms such as shear yielding and void growth make a more
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dominant contribution to the total dissipated energy for the 15phrRME160
material. On the other hand, the 15phrRME120 material has a higher crosslink
density, and its ductility is lower than that of the 15phrRME160 material.
Therefore, the ability of the matrix epoxy to undergo plastic deformation is
relatively low. Hence, the contribution of the shear yielding and void growth
mechanisms is relatively low, and the contribution of rubber bridging mechanism
is somewhat higher, compared to the 15phrRME160 material.

7.11 Concluding remarks

In the present Chapter, a theoretical model has been developed to quantify
the dissipated energy arising from the toughening mechanisms, such as shear
yielding, void growth and rubber bridging, in fatigue conditions. The calculated
results using the model are in good agreement with the experimental results. The
model also suggests that the shear yielding mechanism is the dominant
toughening mechanism for both the 15phrRME160 and 15phrRME120 materials.
However, the importance of the shear yielding mechanism is relatively low in the
low Kmax region, since the toughening mechanisms which involve plastic
deformation are not sufficiently active due to the relatively small size of the plastic
zone. The contribution of void growth increases steadily with an increase in the
Kmax value. The contribution of rubber bridging is relatively small for the
15phrRME160 material, but the rubber bridging mechanism does play a greater
role in the 15phrRME120 material than in the 15phrRME160 material.
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Chapter Eight

Fatigue Behaviour of Thermoplastic Modified Epoxies

8.1 Introduction

In the previous Chapters, we discussed the fatigue behaviour of the rubber
modified epoxies. The fatigue behaviour of the rubber modified epoxies is affected
by the material properties and the microstructural parameters. The influence of
the crosslink density of the epoxy matrix, the volume fraction of rubber and the
rubber particle size were studied in detail, as discussed in Chapter Five. However,
the microstructure of the rubber modified epoxies used in the present study is
always particulate, and other microstructures, such as co-continuous and phase-

inverted microstructure, can not be achieved in the rubber modified epoxies.

In order to investigate the effect of the microstructure on the fatigue
behaviour of the toughened epoxies more comprehensively, the thermoplastic (PES
copolymer) modified epoxies were employed. As discussed in section 4.2.2, these
thermoplastic modified epoxies have a wide variety of microstructures. Dispersed
thermoplastic-rich particles and an epoxy-rich matrix are obtained when the
amount of the added PES copolymer is relatively small, as for the rubber modified
epoxies. However, the microstructure changes to be co-continuous with an
increasing amount of added PES copolymer. Finally, phase-inversion with
dispersed epoxy-rich particles and a thermoplastic-rich matrix is obtained when a
relatively large amount of PES copolymer is added.

The fatigue behaviour of several types of PES copolymer modified epoxies

will be discussed to investigate the influence of the microstructure. The SEM
results of the fatigue fracture surface will also be shown in this Chapter.
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8.2 Fatigue behaviour

The microstructures of the PES copolymer modified epoxies in this study
are as summarised in Table 8.1 (micrographs are shown in section 4.2.2). The
PES10 material has a particulate microstructure, i.e. thermoplastic-rich particles
are dispersed in the epoxy-rich matrix. The PES20 material has a co-continuous
microstructure, and the PES25 material has a phase inverted microstructure, i.e.
epoxy-rich particles are dispersed in the thermoplastic-rich matrix.

Table 8.1 Microstructures of the PES copolymer modified epoxies

Material PES copolymer Microstructure Figure
(phr)

PESO 0 single phase

PES10 14.61 particulate Fig.4.4(a)

PES20 32.67 co-continuous Fig.4.4(b)

PES25 43.82 phase-inverted Fig.4.4(c)

Note : ‘phr” means ‘per hundred resin”
8.2 1 Particulate microstructure

The fatigue crack growth rates of the PESO (unmodified epoxy) and PES10
materials are shown in Fig.8.1. The PES10 material contains spherical
thermoplastic-rich particles and continuous epoxy-rich matrix, similar to the
rubber modifited epoxies in the present study. Thus, according to the results from
the rubber modified epoxies, it had been expected that there would be little
difference in the fatigue crack growth rates between the PESO and PES10
materials in a relatively low Kmax region, but that the PES10 material would have
a better fatigue resistance than the PESO material in higher Knax region. However,
it is observed that there is a very little difference in the fatigue curves between the
two materials over the complete Kmax region, not only in the threshold region.
These fatigue results also reflect the fact that there 1s a very little difference in the
values of the fracture toughness between the PESO and PES10 materials, as
discussed in section 4.5.2. The values are 0.50MPam!2 for the PESO material and
0.61MPam?2 for the PES10 material.
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Fig.8 1 Fatigue crack growth rates for the PESO and PES10 materials

Fig.8.2 shows the SEM micrographs of the fatigue surfaces of the PES10
material. Although the presence of the thermoplastic-rich particles can be seen,
there is no signs of cavitation or debonding of the thermoplastic-rich particles.
There are also no sign of plastic yielding of the epoxy-rich matrix surrounding the
thermoplastic-rich particles. Kinloch et al. [96] also reported similar results on the
static fracture of the PES copolymer modified epoxies, which had a thermoplastic
particulate microstructure. It also can be seen in Fig.8.2 that there is faint evidence
of ductile tearing in the thermoplastic-rich particles. Hence, from the work of
Bucknall and Gilbert [116] and Hedrick et al. [117], the fatigue crack propagation
process should be as follows. The first stage of crack propagation is brittle failure of
the epoxy-rich matrix, leaving the more ductile thermoplastic-rich particles
bridging behind the advancing crack front. Then, the thermoplastic-rich particles
are torn apart. This bridging of the thermoplastic-rich particles would dissipate
only a little energy, since rubber bridging in the rubber modified epoxies also
dissipates only a small amount of energy during fatigue crack propagation, as
discussed in Chapter Seven.
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crack propagation

(@) §

thermoplastic-rich
particle

Fig.8.2 SEM micrographs for the PES10 material in fatigue fracture:
(@) Knax=0.3MPam?2,(b) Kmax=0.6MPam”?
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8.2.2 Co-continuous microstructure

The fatigue crack growth rates of the PESO (unmodified epoxy), PES10
(particulate microstructure) and PES20 (co-continuous microstructure) materials
are shown in Fig.8.3. The fatigue resistance of the PES20 material, which has the
co-continuous microstructure, is significantly improved compared with the PESO
and PES10 materials, whereas there is little difference in the fatigue resistance
between the PESO and PES10 materials. It may also be observed that the
threshold value is increased from 0.29MPam!2, for PESO and PES10, to
0.42MPam?2, for PES20. This suggests that the co-continuous microstructure is
beneficial to the improvement of the fatigue resistance in the present system.

1072
1 = PESO

1073 -—+ PES10(particulate)
1 PES20(co-continuous)

[
)
IN

[a—
O
<n

da/dN (mm/cycle)

0.2 0.3 04 0.5 0.6 07 0.80.9 1
Kmax(MPam”z)

Fig.8.8 Fatigue crack growth rates for the PESO, PES10 and PES20 materials

In the material with the co-continuous microstructure, the crack must
advance by the fracture of the thermoplastic-rich phase. It is considered that the
thermoplastic-rich phase is more ductile than the epoxy-rich phase, and this is
supported from the evidence of the ductile tearing of the thermoplastic-rich
particles which was observed via the SEM studies, as discussed in section 8.2.1.
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Further, the thermoplastic-rich phase of the PES20 material contains a certain
amount of the dissolved epoxy, because the glass transition temperature, Tg, of the
thermoplastic-rich phase (187.6°C) is higher than that of the pure PES copolymer.
(The Ty value of the pure PES copolymer should lower than the T, value (185.4°C)
of the thermoplastic-rich phase in the PES10 material. The Tg values of the
thermoplastic-rich phases are shown in Table 4.3 in section 4.3.2.) The molecular
weight of the thermoplastic PES copolymer could be increased by chain extension
through its reactive end-groups with the epoxy, and such chain extension reactions
are known to be possible and to lead to an increase in the toughness of the
thermoplastic [96]. Therefore, the thermoplastic-rich phase should be tougher than
the epoxy-rich phase. Hence, as a result of the co-continuous microstructure, the
crack is forced to advance through the tougher thermoplastic-rich phase, and this
must lead to an increase in the fatigue resistance.

SEM micrographs of the fatigue surfaces of the PES20 material are shown
in Fig.8.4. This figure clearly shows that the fatigue crack propagation has
occurred through both the epoxy-rich and thermoplastic-rich domains. In the
epoxy-rich domain, the fracture surface is relatively smooth and the thermoplastic-
rich sub-particles can be observed, as for the PES10 material. On the other hand,
in the thermoplastic-rich domain, the fracture surface is rather rough and appears
to be relatively ductile in nature. It is also observed in the thermoplastic-rich
domain that the sub-particles, with a radius of approximately 1pm (which should
be epoxy-rich sub-particles) are embedded in the thermoplastic-rich matrix, and
that the fatigue crack has propagated only through the thermoplastic-rich matrix
(i.e. not through the epoxy-rich sub-particles).

Comparing the thermoplastic-rich domain at Kuax=0.45MPam!2 and that
at Kmax=1.0MPam2, the latter seems to have a rougher surface than the former.
This implies that more fracture surface is created at Kunax=1.0MPam!2 than at
Kuax=0.45MPam'2, during the fatigue crack propagation. This reflects the fact that
more energy is dissipated during crack propagation in the higher Kmax region.
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Fig. 8.4 SEM micrographs for the PES20 material in fatigue fracture:
(@) Kmax=0.45MPam?2,(b) Kmax=1.0MPam"?
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The above SEM results clearly suggest that the crack has advanced
through the tougher thermoplastic-rich phase. Since the crack propagation in the
thermoplastic-rich phase dissipates more energy than in the epoxy-rich phase,
during the fatigue crack propagation, the SEM micrographs also suggest that the
PES20 material should indeed have a better fatigue resistance than the PESO and
PES10 materials.

8.2 3 Phase-inverted microstructure

The PES25 material possesses a phase-inverted microstructure, i.e. the
epoxy-rich particles are dispersed in the thermoplastic-rich matrix. The fatigue
crack growth rates of the PESO (unmodified epoxy), PES20 (co-continuous
microstructure) and PES25 (phase-inverted microstructure) materials are shown
in Fig.8.5. The fatigue resistance of the PES25 material, which has a phase-
inverted microstructure, is further improved compared with that of the PES20
material, which has a co-continuous microstructure. The threshold value of the
PES25 material is also increased to 0.49MPam!2, This implies that the phase-
inverted microstructure is more effective for the improvement of the fatigue

resistance than the co-continuous microstructure.

10-25..:_;5":. N
1 ° PESO

107 4 ~——PHS20(co-continuous)
' PES25(phase-inverted)

10% . A

da/dN (mm/cycle)
o

107
108 . . -
0.2 03 0.4 0.50.60.70.8.91 2

K (MPam'?)
max
Fig.8.5 Fatigue crack growth rates for the PESUO, PES20 and PES25 materials

- 231 -



Chapter Eight : Fatigue Behaviour of Thermoplastic Modified Epoxies

This further improvement may be caused due to the disappearance of the
brittle epoxy-rich domain. For the phase-inverted microstructure, the crack
propagation has to, at least for the majority of the time, always occur within the
thermoplastic-rich phase. On the other hand, for the co-continuous microstructure,
the fatigue crack propagation does not always occur in the thermoplastic-rich
phase, but the fatigue crack propagation sometimes occurs in the epoxy-rich phase,
since epoxy-rich domains (where the epoxy-rich phase is the matrix) exist. The
epoxy-rich phase is likely to be less tough than the thermoplastic-rich phase.
Hence, the fatigue resistance for the co-continuous microstructure should be
somewhat poorer than that for the phase-inverted microstructure. This may be
why the material possessing a phase-inverted microstructure has the better

fatigue resistance than the material possessing a co-continuous microstructure.

As shown in Table 4.3 in section 4.3.2, the glass transition temperature, T,
of the thermoplastic-rich phase in the PES25 material is 191.6°C, which is higher
than the Ty value (187.6°C) of the PES20 material. This implies that the amount of
the epoxy dissolved into the thermoplastic phase in the PES25 material is greater
than that in the PES20 material. As discussed n}t osection 8.2.2, the dissolution of
the epoxy resin into the thermoplastic could lead an increase in the toughness of
the thermoplastic due to chain extension reactions [96]. Thus, the thermoplastic-
rich phase in the PES25 material itself could be somewhat tougher than that in
the PES20 material, and this may also cause an increase in the fatigue resistance.

Hence, from the above discussions, the difference in the fatigue resistance
between the PES20 and PES25 materials could be considered to arise partly from
the difference in the microstructure and partly from the difference in the toughness
of the thermoplastic-rich phase itself.

SEM micrographs of the fatigue surfaces of the PES25 material are shown
in Fig.8.6. It is observed that the particles, with a radius of approximately 1pm
(which should be epoxy-rich particles) are embedded in the thermoplastic-rich
matrix. It is also observed that the fatigue crack has propagated through the
thermoplastic-rich matrix, as for the thermoplastic-rich domain in the PES20
material.
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crack propagation

epoxy-rich
particle

Fig.8.6 SEM micrographs for the PE,S25 material in fatigue fracture:
(@) Kinax=0.6MPam?2, (b) Kmnax=1. IMPam”2

Generally, for the material which has hard particles dispersed in a soft
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matrix, a crack propagates only through the soft matrix due to the stress
concentrations at the polar regions of the hard particles. In other words, the crack
deflects and avoids the hard particles, as schematically shown in Fig.8.7. For the
PES25 material, the dispersed particles are epoxy-rich and the matrix is
thermoplastic-rich. This means that the hard particles are dispersed in the softer
matrix. Therefore, the crack propagation process is likely to occur for the PES25
material, as shown schematically in Fig.8.7. This may explain why the fatigue
crack has propagated only through the thermoplastic-rich matrix.

matrix (soft)

Fig.8.7 Crack deflection for the material possessing hard particles dispersed in a
soft matrix

Comparing the fatigue surface at Kmax=0.5MPam!2 and that at
Kmax=1.1MPam?2, the latter seems to be rougher than the former. This implies
that more surface is created at Kmax=1.1MPam2 than at Kmax=0.5MPam!2, during
the fatigue crack propagation. Hence, as expected, more energy is dissipated
during crack propagation at Knax=1.1MPam!2, than at Kmax=0.5MPam2,

8.2.4 Summary of the effect of microstructure

The fatigue crack growth rates of the PES copolymer modified epoxies in
this study are schematically summarised in Fig.8.8. When the particulate
microstructure is achieved, i.e. the thermoplastic-rich particles are dispersed in the
epoxy-rich matrix, the improvement of the fatigue resistance due to the presence of
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the thermoplastic-rich phase is minimal. This observation is suggested to arise
because the thermoplastic-rich particles work only as bridging particles, and
because (i) no cavitation (or debonding) of the thermoplastic particles, and (ii) no
plastic yielding of the epoxy-rich matrix occurs.

co-continuous

da/dN

particulate

phase-inverted
unmodified

Kmax

Fig.8.8 Schematic graph of the fatigue crack growth rates for the PES copolymer
modified epoxies

When the microstructure is co-continuous or phase-inverted, the fatigue
resistance is significantly improved, including the threshold values. In these
microstructures, the tougher material now constitutes the continuous phase, since
the thermoplastic-rich phase is most likely to be tougher than the epoxy-rich
phase, as discussed before in section 8.2.2. Hence, the crack must advance through
the tougher thermoplastic-rich phase, and this leads to an increase in the fatigue

resistance.

The difference between the co-continuous and phase-inverted
microstructures is in the proportion of the thermoplastic-rich domain to the whole
specimen. The crack propagation always occurs inside the thermoplastic-rich
matrix phase for the phase-inverted microstructure, whereas a certain amount of
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the fatigue crack propagation occurs inside the epoxy-rich phase for the co-
continuous microstructure; since there exist epoxy-rich domains as shown
schematically in Fig.8.9. Hence, the fatigue resistance for the material with the co-
continuous microstructure is poorer than that for the material with the phase-

inverted microstructure.

epoxy-rich phase

epoxy-rich domain

thermoplastic-rich domain

thermoplastic-rich phase

(a) co-continuous microstructure (b) phase-inverted microstructure

Fig.8.9 Schematic drawing of (a) co-continuous microstructure, (b) phase-inverted
microstructure

From the above discussions, it may be concluded that for the material with
the co-continuous microstructure, the lower the extent of the epoxy-rich domains,
the better the fatigue resistance, as shown in Fig.8.10. However, the fatigue
resistance should still be somewhat poorer than that for the phase-inverted
microstructure, since epoxy-rich domains (i.e. continuous epoxy-rich phase) exist in
the co-continuous microstructure. Hence, it is considered that a phase-inverted
microstructure is necessary to achieve the best fatigue resistance for the PES
copolymer modified epoxy materials examined in the present study.

=:236%



Chapter Eight : Fatigue Behaviour of Thermoplastic Modified Epoxies

co-continuous

da/dN

+/phase-inverted

3

unmodified

Kumax

more epoxy-rich domain  Jess epoxy-rich domain

Fig.8.10 Influence of the epoxy-rich domain in the fatigue resistance of the
material with the co-continuous microstructure

8.3 Thermoplastic modified epoxies and rubber modified epoxies

Fig.8.11 shows the fatigue crack growth rates of the PES25 material (i.e.
the thermoplastic modified epoxy with the best fatigue performance) and the
15phrRME160 and 15phrRME120 materials (i.e. both rubber modified epoxies)
plotted against the Kmax values. The fatigue resistance of the PES25 material is
better than that of the 15phrRME160 and 15phrRME120 materials when the
applied Kmax value is relatively low. On the other hand, in the higher Kmax region,
the 15phrRME160 and 15phrRME120 materials have a better fatigue resistance
than the PES25 material.
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Fig.8.11 Fatigue crack growth rate for 15phrRMFE160, 15phrRMFE120 and PES25
plotted against Kmax

Since the basic epoxy polymer is different between the thermoplastic
modified epoxies and the rubber modified epoxies, it is rather difficult to assess
precisely the influence of the microstructural parameters on the fatigue behaviour.
However, the experimental results may be interpreted as discussed below.

For the 15phrRME160 and 15phrRME120 materials, the toughening
mechanisms which involve plastic deformation are not sufficiently active when the
applied Kmax value is relatively low, as discussed in section 5.4. Therefore, the
fatigue behaviour in this region is determined by the intrinsic fatigue resistance of
the matrix epoxies. However, for the PES25 material, due to the phase-inverted
microstructure, the fatigue crack propagates always through the thermoplastic-
rich phase, which is the matrix phase, as discussed in section 8.2.3. Therefore, the
fatigue behaviour is determined by the fatigue resistance of the thermoplastic-rich

phase.
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As discussed in section 4.5.1 and 4.5.2, the fracture toughness, K, is
0.81MPam'2 for UME120, 1.20MPam?!2 for UME160 and 1.16MPam2 for PES25.
Therefore, it is suggested that the thermoplastic-rich matrix phase in the PES25
material is tougher than the epoxy matrix in the 15phrRME120 material.
Although the basic toughness of the thermoplastic-rich phase in the PES25
material may be similar to that of the epoxy matrix in the 15phrRME160 material,
due to the crack deflection (see section 8.2.3), the PES25 material is likely to be
inherently tougher than the 15phrRME160 material. This may be why the PES25
material possesses the better fatigue resistance than the 15phrRME160 and
15phrRME120 materials, when the applied Kmax value is relatively low.

When the applied Kmax value is relatively high, the toughening
mechanisms which involve plastic deformation of the matrix epoxy become active
and substantial energy is dissipated during fatigue crack propagation in the
15phrRME160 and 15phrRME120 materials. However, for the PES25 material, no
toughening mechanisms such as plastic void growth become active, since the
epoxy-rich phase (i.e. dispersed particle) is not rubbery in nature and does not
readily undergo cavitation. Hence, the 15phrRME160 and 15phrRME120
materials possess a better fatigue resistance then the PES25 material in the
relatively high Kmax region.

Summarising the above discussion, from the present study, the
thermoplastic modified epoxies possess a better fatigue resistance in the relatively
low Kmax region, and the rubber modified epoxies possess a better fatigue
resistance in the relatively high Kmax region. If the fatigue resistance in a low Kmax
region is important, then the thermoplastic modified epoxies are recommended.
However, the rubber modified epoxies would be preferred if the fatigue resistance
in a high Kmnax region is important.

The fatigue crack growth rates plotted against the normalised Kmax value,
Kuax/Kre, for the 15phrRME160, 15phrRME120 and PES25 materials are shown
Fig.8.12. Similar plots for the UME160, UME120 and PESO materials (i.e.
unmodified epoxies) are shown in Fig.8.13. Comparing both figures, the fatigue
curves of the 15phrRME160 and 15phrRME120 materials are shifted to the low
Kuar/Kie region compared with those of the UME160 and UME120 materials. On
the other hand, for the PES25 material, the fatigue curve is still located in a
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relatively high Kma/Ki region, as is also seen for the PESO material.
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Fig.8.12 Fatigue crack growth rate for 15phrRMFE160, 15phrEMFE120 and PES25
plotted against Kma/Kre
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Fig 813 Fatigue crack growth rate for UMFE160, UME120 and PESO plotted
against Kna/Kre
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The toughening mechanisms arising from the presence of the rubber
particles clearly improve the Ki value, but not the threshold value, K. This
causes the shift of the fatigue curve to the low Kmax/Kic region, as discussed in
detail in section 5.3.4 for the 15phrRME160 and 15phrRME120 materials.
However, for the PES25 material, both the K¢ and Ki values are increased
compared with the values of the PESO material. Hence, only a small shift of the
fatigue curve for the PES25 material is observed, since the Ka/Ki. value of the
PES25 material is not significantly different compared with that of the PESO
material. (The Ka/Kic value is 0.43 for PES25 and 0.56 for PES0.) This is why the
fatigue curve of the PES25 material is still located in a relatively high Kmax/Kic
region, as is also seen for the PESO material.

8.4 Concluding remarks

The fatigue behaviour of the PES copolymer modified epoxies has been
investigated and the effect of the microstructure on the fatigue resistance has been
discussed in this Chapter. The results suggest that the particulate microstructure
is not significantly effective in improving the fatigue resistance in the present
thermoplastic modified epoxy system, and that only the co-continuous and phase-
inverted microstructures improve the fatigue resistance significantly, including the
threshold values. These observations arise because the thermoplastic-rich phase is
likely to be tougher than the epoxy-rich phase, and hence a continuous
thermoplastic-rich phase leads to an increase in the fatigue resistance.

However, our understanding of the influence of the microstructure and the
toughening mechanisms in the case of the thermoplastic modified epoxies is
relatively qualitative. Further investigations will be needed for a more
quantitative and detailed discussion.
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Chapter Nine

Conclusions

The static fracture and fatigue behaviour of several types of rubber
modified and thermoplastic (PES copolymer) modified epoxies have been studied in
the present research. The toughening mechanisms in both static and fatigue
conditions were also investigated using TOM, SEM and TEM. Furthermore, a
theoretical model of the toughening mechanisms active in the rubber modified
epoxies during fatigue fracture was developed, and the energy dissipated by each
toughening mechanism was calculated using the theoretical model. Based on the
 results obtained from this study, the following conclusions can be drawn.

(1) The fatigue behaviour of the rubber modified epoxies was studied from a
relatively low K region, i.e. near the threshold region, to a relatively high K region,
near the Ky value. The effects of the crosslink density of the matrix epoxy on the
fatigue resistance were investigated using the rubber modified epoxies cured at
various temperatures. The experimental results suggest that the material having a
relatively low crosslink density for the epoxy matrix possesses the better fatigue
resistance than the epoxy having a higher crosslink density, at any applied K
value, i.e. from the threshold region to the near Ki. value. The AK* values (i.e. the
AK values at which the material possesses a fatigue crack growth rate of 7.5x10-4
mm/cycle) show an approximately linear relationship to the square root values of
M., the average molecular weight between crosslinks. The superior fatigue
resistance for the material with a lower crosslink density may be considered to
arise from the greater ductility, i.e. greater ability for plastic deformation, of the
epoxy resin possessing the lower crosslink density. The crack propagation which
involves more plastic deformation dissipates greater energy than that with less
plastic deformation. Hence, the fatigue crack growth rates in the material having a
lower crosslink density are smaller than those for the material having a higher

crosslink density.
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(2) The effect of the volume fraction of rubber on the fatigue resistance was also
investigated. with an increase in the volume fraction of rubber, the fatigue
resistance of the rubber modified epoxy has been found to be improved, when the
applied K value is relatively large. However, there is virtually no difference in
fatigue resistance between the rubber modified epoxy and the unmodified epoxy,
when the applied K value is relatively small, including the threshold region. In
other words, the rubber modified epoxy has a better fatigue resistance than the
unmodified epoxy only above a certain applied K value.

(3) A concept of K-transition can be introduced from the results on the effect of the
volume fraction of rubber. The K-transition value can be experimentally defined as
a critical K value at which the difference in the fatigue resistance between the
rubber modified epoxy and the unmodified epoxy starts to appear. It may be
considered theoretically that the K-transition value corresponds to the K value at
which the plastic zone size equals to the rubber particle size. When the applied K
value is smaller than the K-transition value, the plastic zone is smaller than the
rubber particles. Plastic deformation is now restricted to a very limited region near
the crack tip, and consequently the mechanisms induced by the rubber particles
which involve plastic deformation are not yet active. Hence there is virtually no
difference in fatigue resistance between the rubber modified epoxy and the
unmodified epoxy. On the other hand, when the applied K value is greater than
the K-transition value, the plastic zone is sufficiently large to engulf the rubber
particles. This enables the matrix epoxy to further deform plastically, because the
yield criterion of the epoxy matrix is achieved inside the plastic zone. Thus, the
toughening mechanisms which involve plastic deformation become active, and
more energy is dissipated during crack propagation in the rubber modified epoxy
than in the unmodified epoxy. Hence, the rubber modified epoxy has a better
fatigue resistance than the unmodified epoxy.

(4) The effect of the rubber particle size on the fatigue resistance was also
investigated. It is observed that the rubber modified epoxy with the smaller rubber
particles possesses a better fatigue resistance than the rubber modified epoxy with
the larger rubber particles. The particle size affects the fatigue resistance via
changing the K-transition value. The K-transition value decreases with a decrease
in the particle size. Hence, the toughening mechanisms start to be active at a lower

applied K value, for the rubber modified epoxy with smaller rubber particles. This
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leads to a decrease in the fatigue crack growth rate at a given applied K value, and
hence leads to a better fatigue resistance. The threshold values are not affected by
the change in the rubber particle size. This is because the threshold value is
governed by the material properties of the matrix epoxy, and is not affected by the
presence of the rubber particles.

(5) From the above results, it may be concluded that the material having the
lowest crosslink density of the matrix epoxy, the highest volume fraction of rubber
and the smallest rubber particle size should possesses the best fatigue resistance.

(6) The toughening mechanisms of the rubber modified epoxies were studied using
fractographic techniques. The fracture surfaces were investigated using SEM,
TOM and TEM. For both static and fatigue fracture, internal cavitation of the
rubber particles was observed. Shear yielding and plastic void growth were also
observed. The extent of these toughening mechanisms was found to be affected by
the crosslink density of the matrix epoxy. Under fatigue loading, when the applied
K value is below the K-transition value, there is little evidence of the toughening
mechanisms which involve plastic deformation, i.e. shear yielding and plastic void
growth. When the applied K value is above the K-transition value, plastic
deformation surrounding the cavitated particles due to shear yielding and void
growth mechanisms is observed and the extent of these mechanisms increases
with an increase in the applied K value.

(7) A theoretical model has been developed to quantify the energy dissipation
arising from the toughening mechanisms, i.e. shear yielding, void growth and
rubber bridging, under fatigue loading. The modelling of the energy dissipation for
the 15phrRME160 and 15phrRME120 materials was undertaken. According to the
results, the shear yielding mechanism is the dominant toughening mechanism for
both materials. Although the plastic void growth mechanism dissipates less energy
than the shear yielding mechanism, the importance of the void growth mechanism
steadily increases as the applied K value increases. The contribution of shear
yielding and void growth mechanisms to the total energy dissipation is not
significant when the applied K value is relatively small, since the toughening
mechanisms which involve plastic deformation are not sufficiently active under
these low loads due to a relatively small plastic zone being formed at the crack tip.
In any range of the applied Kmax value, the contribution of the rubber bridging
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mechanism to the total energy dissipation is approximately 10% for the
15phrRME160 material, whereas it is approximately 30% for the 15phrRME120
material. Thus, the rubber bridging mechanism plays a relatively important role in
toughening the 15phrRME120 material.

(8) The PES copolymer modified epoxies have a wide variety of microstructures,
from particulate to co-continuous and phase-inverted microstructures, as the
amount of PES added to the formulation is increased. For the thermoplastic
modified epoxies used in the present study, a particulate microstructure, i.e.
thermoplastic-rich particles dispersed in the epoxy-rich matrix, is not sufficient to
improve the fatigue resistance. This is because the epoxy resin is not ductile
enough to undergo extensive plastic deformation, and the thermoplastic-rich
particles act only as bridging particles. However, the co-continuous and phase-
inverted microstructures give a significant increase in the fatigue resistance,
including an improvement of the threshold values. Since the thermoplastic-rich
phase may be considered to be tougher than the epoxy-rich phase, the fatigue crack
must advance through the tougher thermoplastic-rich phase for both the co-
continuous and phase-inverted microstructures. Hence, a significant improvement
of the fatigue resistance can be achieved for these microstructures. On this basis, a
phase-inverted microstructure should lead to the best fatigue resistance, and
this was indeed found to be the case. '
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Chapter Ten

Recommendations for Future Work

A great deal of valuable information on the fatigue behaviour and the
toughening mechanisms of the rubber modified epoxies and the thermoplastic
modified epoxies was identified during the course of the present study. However,
some unanswered questions still remain. It is therefore recommended to undertake

further research, especially on the following points.

Seven formulations of rubber modified epoxies were used to investigate the
effects of crosslink density, rubber content and particle size in this study. Further
studies using more formulations would be useful to gain a more comprehensive

understanding on the effects of these material properties on the fatigue behaviour.

Small differences still exist between the modelling results using the
theoretical model and the experimental results. Thus, it may be necessary to
modify the theoretical model further. For instance, in the present model, it is
assumed that the plastic shear strain in the shear bands is dependent only on the
distance from the crack tip. However, it may be more natural to consider that the
plastic shear strain in the shear bands is also dependent on the relative position
within the shear bands; it should be greater at the centre of the shear bands than
near their boundary.

The strain rate in fatigue tests is considered to be significantly greater than
that in general static tests. For the toughening model, we estimated the values of
the strain rate in fatigue tests, and material properties, such as the yield stress
and fracture strain in the fatigue tests, were estimated by extrapolating the static
data to the fatigue conditions. It would be useful to measure these material
properties under equivalent conditions to the fatigue tests, if possible. This would
be a considerable help to improve the accuracy of the modelling work.

Some parameters such as Kvm, etc. used in the theoretical model were
obtained from the FE analysis by Huang et al. [7,47,48]. Although they employed a
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two dimensional model for the stress analysis, a three dimensional analysis could
be conducted. Such a new analysis would offer more exact values for these
parameters, and would also improve the accuracy of the theoretical model. Thus, it
would be useful to perform further FE analyses in future studies.

In the present study, liquid CTBN rubber, which was initially dissolved in
the epoxy resin, was used as a secondary phase material. As a result of using liquid
CTBN rubber, it was virtually impossible to alter only one microstructural
parameter, such as particle size, without introducing changes in the other
parameters. This leads to some difficulties in assessing precisely the effect of each
parameter on the fatigue behaviour. Utilising solid rubber particles, such as core-
shell rubber particles, would be helpful for a more precise investigation.

Understanding the effects of the microstructure on the fatigue behaviour,
linking the results of the rubber modified epoxies and the thermoplastic modified
epoxies, is not yet comprehensive. The base epoxy resin was different between
these modified epoxy polymers, and consequently the detailed toughening
mechanisms are also different between them. It would be useful for a better
understanding of the influence of the microstructure on the fatigue behaviour to
undertake further research with the rubber modified epoxies and thermoplastic
modified epoxies when both contain the same base epoxy resin.
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Appendix A

Effect of the Addition of Bisphenol-A

For all formulations of RME series and RME with BPA added series, the
amount of curing agent, piperidine, is 5 per hundred resin (weight). In order to
simplify the calculation, we will think about UME120 and UME120+BPA, and the

amount of epoxy resin is chosen as 100g.

For UME120 material, DGEBA epoxy (epoxy equivalent weight 190g/mol)
100g and piperidine (85g/mol) 5g are used. This corresponds to epoxy 0.526mol and
piperidine 0.0588mol approximately. The ratio of epoxy and piperidine is as

follows:
epoxy matrix: piperidine = 0.526 : 0.0588 =8.95: 1 A1)

For UME120+BPA material, epoxy 100g, piperidine 5g and BPA (228g/mol) 24¢g
are used. This corresponds to epoxy 0.526mol, piperidine 0.0588mol and BPA
0.105mol. If whole BPA molecules become a part of epoxy matrix, the ratio of epoxy

and piperidine is as follows:
epoxy matrix: piperidine = 0.526+0.105 : 0.0588 =10.73 : 1 A.2)

The ratio of epoxy matrix and piperidine for UME120+BPA is larger than that of
UME120. This means that the amount of curing agent, piperidine, per unit epoxy
molecule for UME120+BPA is less than that for UME120. Therefore, when the
other curing conditions are same, the crosslink density of UME120+BPA should be
smaller than that of UME120. The number of epoxy molecules between crosslinks
should be related by the following equation:

Ncume120+8pA / Neumeizo = 10.73 7 8.95 = 1.20 (A.3)

where Ncumeizo+spa is the number of epoxy molecules between crosslinks of
UME120+BPA, and N.umgi is that of UME120. Meanwhile, the epoxy equivalent
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weight of the mixture of DGEBA 100g and BPA 24g is:
(100g+24¢) / (0.526mol+0.105mol) = 196.5g/mol A9

Therefore, the ratio of M., average molecular weight between crosslinks, is
expected as follows:

M, umE120+BPA / M, UME120 = 1.20 X 196.5/ 190 = 1.24 (Ab)
where M, umE120+8pPa is M. of UME120+BPA, and M., ume120+8PA 18 M. of UME120.

This calculation implies that the addition of 24phr BPA causes an increase of M. by
around 24%.
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Appendix B
Energy Density and Dissipated Energy
Supposing that a crack is propagating in an infinite plate, as shown in

Fig.B.1, the energy dissipated in the whole plastic zone, W, is calculated by the
following equation:

W= ﬂ.U(x ) B dx dy ®B.1)

where U(x,y) is dissipated energy density and B is the thickness.

4
Aa
crack surface \ % crack surface
boundary of plastic zone boundary of plastic zone

Fig. B.1.Schematic drawing of the plastic zone in the vicinity of the crack tip

If crack propagates a small distance, Aa, the energy change, AW, becomes:
'Aa y
AW =2 J. rU(x, ) B dx dy B.2)
0

where U(x,y) is the dissipated energy density and B is the thickness. As the energy
density is a function of the distance from the crack tip, r, the function U(x,y) can be
expressed as U(x). In the area of the integration, r is virtually equal to y. Therefore,
equation B.2 can be modified as follows:

- 250 -



Appendix B : Energy Density and Dissipated Energy

'Ag y ry
AW =2 I JTU(y) B dxdy=2BAa ] U@) dy B.3)
0 0 0

The fracture energy, G, is defined as the energy change when a unit new surface is
created. Thus,

v y
G=AW/BAa=2 _‘" Uy)dy=2 JTU(r) dr B.9
0 0
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