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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 veiy 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 
appHcations. 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 feitigue 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 I^ax, 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 ductihty. 
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Chapter One : Introduction and Aims 

Chapter One 

Introduction and Aims 

In recent years, eposy polymers have been extensively used as adhesives 

and matrix materials in composites in a multitude of apphcations. 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 apphcations. 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 secondaiy 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 apphed 

cychc load (where below a threshold load no fatigue crack growth is observed) will 

have a great influence on the fatigue hfe of the materials. 

The aims of the present study are therefore: 

(1) To investigate the fetigue 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. 

(3) 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 fi-acture of 

rubber modified epoxies. 
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Chapter Two : Literature Survey 

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 ejqperimental parameters and material 

properties, such as frequency, stress ratio, crosslink density, etc. 

2 P. Tnnf^ar elastic ̂ acture mechanics 

The history of fracture mechanics can be dated back to 1920's when Griffith 

[17] first recognised that the strength of any real soHd 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: 

-6U/B6a>2Y (2.1) 

where U is the potential energy stored in the sample, B is the sample thickness, a 
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is the crack length, y 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 sur&ce energy, due to the existence of plastic deformation. Thus, 

Orowan [18] and Irwin [19] suggested that the criterion should be modified as 

foUows: 

G>2y + Yp (2.2) 

YP is the extra surface energy term arising from plastic deformation around the 

crack tip. This modification introduced the idea of Gc, which includes aU the energy 

dissipation through plastic deformation in the vicinity of the crack tip. Generally, 

the criterion for crack growth can be proposed as: 

(}>(&! 

If the material is linear elastic, Gc can be expressed as: 

Gc= (Pc2/2B)5C/6a (2.4) 

where Pc 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. 

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, a(r,0), 

near the crack tip is given by the following equations: 
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a(r,9)=l/(27ir)î 2.f(0).K; (2.6) 

K=Yaoa^2 (2.7) 

where r,0 are the polar co-ordinates from the crack tip and CTO is the remote stress, 

Y is 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: 

Thus, fracture occurs when K reaches a critical value, Kc. The value of Kc 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. 

2.2.3Relationship between Gr andKn 

Under the condition of Unear elastic fracture mechanics, Gc and Kc are 

interchangeable and the relationships between Go and Kc 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, Gc and Kc can be connected by the following 

equations: 

Gic=Kiĉ /E (plane stress condition) (2.9) 

Gic=Kic2(l-v2)/E (plane strain condition) (2.10) 

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

and Kc can be expressed as: 
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G(FKic2/E+Knĉ /E+Kinĉ (l+v)/E (plane stress) 

GcFKic2(l-v2)/E+Knc (̂l-v2)/E+Kmc2(l+v)/E (plane strain) 
(2.11) 

(2.12) 

Fig.2.1 Three loading modes: (a) Tensile-opening mode ^odel), (b) Inplane-shear 

mode (ModelJ), (c) Antiplane-shear mode (Mode ID) 

2.2.4 Crack tip plasticity 

Linear elastic jfracture mechanics (LEFM) assmnes that the bulk of the 

material is elasticaUy loaded, i.e. there is neghgible 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 metaUic 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/ay)2/27t (plane stress) 

ry=(K/(jy)2/67r (plane strain) 

(2.13) 

(2.14) 

where ay 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. 
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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 

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, aeff, such that: 

aeff —a+ry 
K= Yao(a+ ry)!/̂  

(2.15) 

(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. 
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2r. 

d: 

a 

a+Ty 

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 Unear 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. 

2.3.1 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 = (5-4A,-i-k )̂/6 (2.17) 

A, = r/ro (2.18) 
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where p is the inflating pressure, E is the Young's modulus, ro 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, pc, is 

given by the following equation: 

Pc = 5E/6 (2.19) 

Later, it was found that when the volume under the dilatational stress, 

p=(<Tii+cy22+cJ33)/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: 

Pc = 5E/6 + 2ylxQ (2.20) 

where y is the surface energy. This imphes 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 firom 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, X, is so small and the critical pressure, pc = 5E/6, can not derived fi-om 

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, BucknaU et al. [25, 26] theoretically investigated the 

initiation of a microvoid in dispersed rubber particles. They calculated the energy, 

U(r), of the rubber particle which contains a small void, including the surface 

energy. It is given by; 

U(r) = | - 7irp3Kr(AVr - r3/rp3)2 + 470-2 Fr + 27ir3GrF(A,f) (2.21) 
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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, Gr is the shear modulus of the rubber, Kr is the bulk modulus of 

the rubber, AVr is the volume strain in the rubber particle, Fr is surface energy of 

the rubber, and the function F(A,̂  is dependent on the failure strain of the rubber, 

If, under biaxial stretching conditions. According to this model, a rubber particle 

having a relatively low shear modulus, Gr, forms a microvoid, an order of ICHm, 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. 

2.3.2 Yieldinsin 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. 

2.3.2.1 DeGmtion of yielding 

Yielding may be defined as the deformation which involves a permanent, 

irreversible, strain. When the apphed 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 apphed to both metals and polymers, but the 

details are rather more comphcated 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 
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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-soft«ning occurs in most cases, and 

then strain-hardening follows. Strain-soft;ening is an important phenomenon for 

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

tme stress 

mtnnsic yield point 
extraisic yield point 

strain softening 

strain hardening 

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 wiU be discussed later in detail. 

2.3.2.2 Viscoelastic effects on vieldins 

The yield behaviour of polymers is strongly dependent on the temperature 

and the strain rate, due to their viscoelasticity. Generally, the yield stress 
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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: 

I cjy I /T = AE*/v*T + (R/v*)ln(^AE) (2.22) 

where AE* is the activation energy, v* is the activation volume, R is the gas 

constant, s is the strain rate and As is a constant. This suggests that a plot of cry/T 

versus log s should give a set of parallel Mnes for different temperatures, as shown 

in Fig.2.6 [28]. 

0.25 

020 

0.15 -
E-
> 

0 .10 -

0.05 

log£(s"') 

Fig.2.6 (Ty AT plotted against log(s) for polycarbonate (&om 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: 

I ay I /T = AE*/v*T -pQ/v*T + (R/v*)ln (^AE) 
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where 

p = (ail + a22 + <733 )/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 apphed 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: 

1 AI - <731 = 2TT = CTY (2.25) 

where cji > eg >a3 , and ai, a2 and as are the principal stresses, and ay is the 

uniaxial yield stress, XT is the Tresca yield stress, which is usually taken as the 

yield stress of the material in pure shear, Xy. 

The von Mises criterion is expressed as: 

(ai - a2)2+ {<52 - a3)2+ (as - ai)^ = 6xvm̂  = Qx/ = 2avm̂  = 2ay2 (2.26) 

where Tvm is the von Mises shear stress, avm is called the von Mises yield stress, 

and: 

avm = {(ai - a2)2/2+ (ag - a3)2/2+ (as - ai)̂ /2}i/̂  (2.27) 

Alternatively, it may be expressed in terms of the octahedral shear stress, Xoct, as: 

Xoct = {(ai - a2)2+ (a2 - as)^ (as - ai)^ /3 (2.28) 

where Xoct is related to Xvm and avm by: 
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Bxoct̂  = 6xvm2 = 2crvm2 (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: 

TT = TT° - PIT p (2.30) 

where )LIT is a material constant, and p is hydrostatic component as shown by 

equation 2.24. TT° is the yield stress in pure shear, i.e. Xy, 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 — Xvm̂  " Hvm P (2.31) 

Toct = -Coct° - (2/3)l̂ Vvm P (2.32) 

As in the case of tt° 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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2.3.3.1 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 shght 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 

Anther, 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 wiU be softer locally and deform more easily than elsewhere. 

This local strain is getting higher until strain hardening starts in this region. 

(a) (b) (c) 

Fig.2.7 Types of inhomogeneous deformation; (a) without constraint, 

(b) constraint in one direction, (c) 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, 9, 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 fi-acture 

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, wUl form in a material in 

plain strain condition. The angle, 0, 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,G, becomes larger than 45°. 

2.3.3.2 Shear bands in srJassv polymers 

Shear bands may form in a material which demonstrates strain softening, 

and aU glassy polymers show this behaviour. Hence, they aU 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 then-

propagation rate. It is controlled by the rate of strain sofbening and strain rate 

sensitivity of the yield stress. Bowden proposed a material parameter, e*, with the 

dimension of strain as given by: 
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[da /d(ln s )]̂  

(day/ds). 
(2.33) 

The parameter Csb is an index of the character of the shear band. When the value of 

Gab is small, the shear band is sharp. The shear band becomes wider and more 

diffuse as the value of esb increases. 

m K •• 1 nr • 
R t , . , . , ^ % 

Fig.2.8 Typical examples of shear bands;(a) Polystyrene showing microshear 

bands; (b) PMMA showing broad di&ise 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°, i.e. 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. 

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. 

2.3.4 Shear yielding and fracture beha viour 

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 wQl 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 locahsed about the crack tip, 

Httle 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: 

(2.34) 
Kics 1+Pc/c 

where Kic is measured stress intensity factor, Kics 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 Kic/Kics as a function of ipjcy^ is shown in 

Fig.2.10. This figure shows that there is a slight drop in Kic for pc/c<3, but for 

higher values of pc/c the measured stress intensity fector increases as the crack tip 

radius increases. Although this model is based on linear elastic fracture mechanics, 

it is suojessful in providing a useful fracture criterion not only for brittle failure but 

for even quite ductile fmlure. 
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(Pc/c) 1/2 

Fig.2.10 Ki(/Kics as a function of the degree of crack tip blunting [1] 

2.4 Rubhf^r mnHified epoxv polvmers 

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 weU known as crossUnked 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 crosshnked 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 fi'acture 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 fi'acture 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 rubbeiy 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 rubbeiy 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 fi-action 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 firom the viewpoint of the free 

energy of mixing of the rubber/epoxy system, its firee energy is initially negative. 

Then, during the cure, the firee 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, VTBN [16], epoxy-terminated butadiene acrylonitrile, ETBN [43], 

hydrojo^ l̂-terminated butadiene acrylonitrile, HTBN [44], etc. For the matrix epoxy 

resin, there are many kinds of materials. The choice is determined by the 

apphcation. 

2.4.2 Toufrheninsr mechanisms 

For the rubber modified epoxy polymers, (i) cavitation (or debonding), (h) 

plastic shear yielding and (iU) 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, phenohcs, 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 wiU 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]. 
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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 reheved, 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 

plastic void growth 
locaUsed shear yielding 

in shear bands 

Fig.2.11 Flow chart of the toughening process 

rubber particle 

cavitated particle 
shear band 

rubber bridging 

plastic zone 

Fig.2.12 Schematic representation of toughening mechanism [7] 
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The above process can be summarised as shown in Pig.2.11 and Fig.2.12. 

The more quantitative details on these toughening mechanisms wiU be discussed 

in the following sections. 

2.4.3 Shear vieldinfr 

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) 

3 14.53 

„ 13.00 

#688 

8 3 82 

2.29 

0.76 

Fig.2.13 The distribution ofcjvm 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 foUows: 

AGs = 2|us(r)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, Vfe(r), and the shear 

plastic strain energy density, Ws (r), as follows: 

They assumed a simple cubic array of the rubber particles, and calculated the 

volume fraction of the shear yielded matrix material, Vfin(r), as foUows: 

V6(r) = 0.5 Vf {3(47r/3Vf )i/3 a(r) + 4[l-a(r)]3/2 -4} (2.37) 

where Vf is 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 fr-om the crack tip, and assumed the scaling 

fector, a(r), could be given by the following function: 

a(r) = 1 - r/ry (2.38) 

They also estimated the shear plastic strain energy density, Ws (r), as follows: 

W s (r) = 0 . 5 a y c Y f a ( r ) ( 2 . 3 9 ) 

where aye is the compressive yield stress of the matrix, and yf 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, ryu, they finally obtained the fi-acture energy caused by shear 

yielding, AGs, as follows: 

AGs=0.5(l+M3î 2)2[(47̂ /3Vf)i/3.54/35]VffTyeryuKvm2 

Kvm —CJyu/cTc 

(2.40) 

(2.41) 

where ryu is the plastic zone radius for the unmodified epoxy. is a material 

constant in the following equation; 

Tvm— Ty -|-lmP (2.42) 

where Tvm is the von Mises shear stress, Ty 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, debonditiff and voidsrowth 

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 reheves the triaxial constraints locally around 

the voids. 

# # # 

cavnabonzone 

t"' y 
/ 
O o O 
OQO 

.0 1 

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 veiy dose 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 fi-acture 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. [52] 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 firacture 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, AGv. They suggested that 

the value of AGv can be calculated by integrating the energy density of the void 

growth mechanism, Uv (r), over the plastic zone, as for the shear yielding 

mechanism: 

AGv = 2 juv (r) dr (2.43) 
0 

When a void grows firom a volume of Vo to Vi, the energy density of the void growth 

mechanism, Uv(r), is given by the following equation: 

Uv(r)= I pd0 (2.44) 

where p is the hydrostatic stress and 9 is the volumetric strain. Assuming that the 

ratio of Vi and Vo is the same as the ratio of the volume fraction of voids, V ,̂, and 
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the volume fraction of rubber particles, V&, the energy density of the void growth 

mechanism, Uv(r), is given by: 

Uv (r) = 0.5ayt (VR, -V&) (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 

immodified epoxy, ryu, the energy dissipated by plastic void growth, AGv, is given 

by: 

AGv = /3) (Vfe,- Vfr) dye ryu Kvm^ (2.46) 

Huang et al. also reported that the contribution of AGv to the total energy 

dissipated by the toughening mechanisms is less than 40% at room temperatm-e, 

but it increases as the temperature increases. 

2.4.5 Rubber bridginfr 

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. 

Hg.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, AGr, can be calculated via the 
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following equation: 

AGr= (1 ) 4rtVfr (2.47) 

where It is the extension at failure for rubber particles and Ft is the tearing energy 

of rubber. When A-t is enough large, the term in brackets of the above equation 

converges towards unity, thus: 

AGi=4FtVfr (2.48) 

The value of AGr is estimated at less than O.SkJ/m ,̂ 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 secondaiy 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 microstructiire 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, Mc. A high Mc value corresponds 
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to a low crosslink density, and a low Mc 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, 

etc. 

The static fracture toughness increases with an increasing value of Mc, i.e. 

with decreasing crosslink density. Hwang et al. [43] suggested a hnear relationship 

between the critical stress intensity factor, Kic, and Mĉ ^ for rubber modified 

epoxies. However, Karger-Kocsis and Priedrich [54] reported a hnear relationship 

between the fracture energy, Gic, and Mĉ ^ 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. 

§ 1.4 -

A unmodfied epoxy 
A rubber modified epoxy 

(small rubber particles) 

# rubber modified epoxy 
(large rubber particles) 

M / " [(g/mol) '̂ 2] 

Fig.2.16 Variation ofKic as a function ofMc [43] 
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Fig.2.17 Variation of Gic as a Amotion ofMc [54] 

Pearson and Yea [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 ductihty, and 

consequently greater toughenability. Hence, for rubber modified epoxies, the 

material with a low crosslink density has much greater fi-acture toughness. 

Fig.2.18 suggests a hnear relationship between the critical stress intensity factor, 

Kic, and for rubber modified epoxies. 

l/2i [(g/mol) 

Fig.2.18 The effect of crosslink density on the Kic value for a rubber niodi£ed epoxy 
(data ffom ref [55]) 
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Kmloch 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 Mc value from 610g/mol to 4640g/mol gave a large increase in 

the fracture energy of the rubber modified epoxy, from 2.23kJ/m2 to 5.90kJ/m .̂ 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 Mc value. Generally, an increase in molecular weight between 

crosslinks causes an increase in the mobifity of the molecules. Hence, it typically 

causes a decrease of glass transition temperature, Tg. The results measured by 

Kinloch et al. [56] are shown in Table 2.1. 

Table 2.1 Relationships between Mc and Gic 

Curing conditions Mc(g/mol) Gic (kJ/m2) T g C Q 

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, Mc, are related through the following equation: 

Tg= Tgo+ 3.9x104/Mc (2.49) 

where Tgo is the reference temperature. Therefore, the higher the glass transition 

temperature, Tg, then the smaller is the molecular weight between crosslinks, Mc. 

An increase in the Mc value is consistent with a decrease in the Tg value. 

Both the results of Pearson and Yee [55] 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 Kic and Mĉ ,̂ whereas the results of Kinloch et al. [56] show a 

linear relationship between Gic and Mĉ 2_ Thus, quahtatively, the smaller the Mc 

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. 

46 -



Chapter Two : Literature Survey 

6 -

5 -

4 -

Pearson and Yee [55] 

Kinloch et al. [56] 

S 34 

^ 2 

1 -

10 20 30 T" 
40 

-r 
50 

M [(g/mol) "^] 

70 

Fig.2.19 Effect of crosslink density for robber modiGed epoxies: Kic plotted against 

12 

10 -

Pearson and Yee [55] 

Kinloch et al. [56] 

i ' 
a 

O „ 

10 
-r 
20 

T" 
30 

1/2 

-r 
50 

M [(g/mol) '"] 

60 70 

Fig.2.20 Effect of crosslink density for rubber modiGed epoxies: Gic plotted against 

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 fi-acture energy, Gic, 

and the volume fi'action of rubber, V&. 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, Gic, and the volume 

fraction of rubber, V&, as shown in Fig.2.21. At high temperatures and low rates of 

test, the fracture energy, Gic, increases steadily with an increasing volume fraction 

of rubber, V&, and the relationship between Gic and is almost linear. At low 

temperature or high test rates, the relationship between Gic and Ve deviates 

somewhat from a linear relationship. For a given value of V&, 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. 

0.05 0.10 0.15 0.20 

Volume fraction of rubbery particles, yy 

Pig.2.21 Fracture energy, Gic, against volume ̂ -action of rubber particles, Vfv, 

Ajhigh temperatures/low rates, B:low temperatures/high rates [57] 

Karger-Kocsis and Friedrich [54] have also reported that the fracture 

toughness increases with increasing rubber content. They also suggested a linear 

relationship between the fracture toughness, Kic, and the rubber content, as shown 

in Fig.2.22. 
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Fig.2.22K[c values plotted against rubber content [54] 

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, Gic, and the volume fraction of rubber, V&. Now, Gic and Kic are related 

each other through the following equation: 

Glc=(l-v2)Klc2/E (2.50) 

Thus, it would be expected that there would be a linear relationship between (Kic)̂  

and rubber content, rather than between Kic 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 l-2p,m, 

whereas the particle size at 8phr rubber content was 7-8|j,m. 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 rhmnging 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. 

I 
a. 5 

I 

Rubber (phr) 

Pig.2.23 Fracture toughness, Kic, plotted against rubber content [42] 

Another reason for the discrepancies in these various results shown in 

Pigs.2.21 to 2.23 may arise from the amount of rubber precipitated out as particles 

is 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 limit' 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. fi. 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 fi'om 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 earher. 

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

Material rubber Particle size Kic 

(l̂ m) (MPa ml/2) 

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 CTBN(l) 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 is lOphr for all rubber modi£ed epoxies 

CTBis carboxyl terminated butadiene, "Hycar CTB2000xl62" 

CTBN(1) is carboxyl terminated butadiene acrylonitrile, "Hycar CTBN1300x8" 

CTBN(2) is carboxyl terminated butadiene acrylonitrile, "Hycar CTBNl300x31' 

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 hquid 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, Etm 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. 

0.5 1.0 

Particle diameter (p.m) 

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

They also reported that very small particles, i.e. less than 0.2|j.m in radius, 

are not effective for toughening, because cavitation is difficult with rubber particles 

less than 0.2)Lim. This result agrees with the theoretical calculation by Lazzeri and 

BucknaU [61]. As discussed in section 2.3.1, they suggested that the energy of an 

internally cavitated rubber particle is given by: 

U(r) = — 7trp3 Kr (AVr - r̂  /rp̂  + 47i:r̂  Fr + 27tr3 Gr F(Xf) (2.51) 

where r is radius of the hole formed at the centre of a rubber particle, rp, is radius 

of a rubber particle, Gr is the shear modulus of the rubber, is the bulk modulus 

of the rubber, AVr is the volume strain in the rubber particle, Tr is surface energy of 

the rubber, and the function F(A,̂  is dependent on the failure strain of the rubber, 

A-f, under biaxial stretching conditions. As shown in Fig.2.25, when the radius of a 

rubber particle is greater than 0.125fim, 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 0.125|im, 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. 
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0.100 urn ' / / a 
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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 0.2|_im) lead to a low toughness since cavitation is 

difiB-Cult with such small rubber particles. 

2.4.6.4 Effect ofinterfacial 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 0.8|im, 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 2.5(Kic/CTy)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, Vfr, and the rubber 

particle radius, rp, via the following equation: 

dp = [(47t/3Vfr)î 3_2]rp (2.52) 

Therefore, an increase in the V& value corresponds to a decrease in the dp value. 

Hence, Fig.2.26 also shows that there is a optimum V& 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. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Interfacial particle-to-particle dispance (nm) 

Fig.2.26 Effect of interfacial particle-to-particle distance on fracture toughness: 

particle radius 0.2imi (O) and 0.45ijm ([60] 
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2.4. fi.5 KfFect 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 reheves 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 hoUow 

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 Uttle contribution to the whole toughness improvement 

given by the rubber bridging mechanism. 
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Table 2.3Fracture toughness dependence on the modi£er [64] 

Modifier Particle size Kic 

(l̂ m) (MPam^^) 

None 0.85 

CTBN 0.55 2.05 

MBS 0.2 2.20 

HLP-0.4 0.4 2.30 

HLP-1.0 1.0 1.95 

Note: CTBNis carboxyl terminated butadiene acrylonitrile (liquidrubber) 

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 Fatisrue 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 propaeration 

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 Ufe 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] 

foimd that the key parameter was the stress-intensity feictor range, AK, and 

suggested that da/dN could be described by the following equations : 

da/dN=AAK«i 

AK—Kjnax-IQnin 

(2.53) 

(2.54) 

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

as the Paris Law. 

I 

AKth logAK AKc (where Knax reaches Kc) 

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, 

AKTH, and increases to very high values as KMAX approaches the static critical value, 

Kc [71]. It should be noted that the threshold E âx value is defined as Kth, when the 

fatigue data are plotted against Kmax. 

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 AKT, the transition point where cavitation/shear 

yielding mechanisms became active, was introduced. They considered that the 

value of AKT represented the point at which the size of the plastic zone became 

larger than the particle size. Below AKT, 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 AKT, 

as the size of the plastic zone at the crack tip is large enough so that the rubber 

particles can be engul&d 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 mocMed epoxyand unmodi£ed epoxy 
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Recently, Jethwa and Kinloch [75] investigated the threshold Gmax value, 

Gth=(l-v2)Kth/E, of several rubber modified epoxy adhesive joints. As may be seen in 

Table 2.4, the threshold Gmax value, Gth, is fer lower than the fi-acture energy, Gic. 

We normally imagine materials having a high fi-acture 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 Gth, or Gth/Gic. 

Table 2.4 Gic, Gth and Gth/Gic for different structural adhesives [75] 

Adhesive Gic(J/m2) Gth(J/m2) Gth/Gic 

Hysol EA9309 5700 150 0.03 

CibaXD4600 3500 355 0.10 

Cyanamid FM73M 2930 280 0.10 

3MAF-163-2M 1720 560 0.33 

Teroson Terokal4520-34 740 240 0.32 

Note: All adhesives are rubber modi£ed epoxies 

As Azimi et al. suggested [51, 74], there should be a transition point, KT (or 

GT), 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 fotigue behaviour. Therefore, the threshold Gmax value, 

Gth, of the rubber modified epoxy should be not improved by the addition of rubber 

and wiU consequently the same as that of the unmodified epoxy, i.e. the matrix 

epoxy of the adhesive. In other words, the Gth values in Table 2.4 are determined 

by the properties of the matrix eposy 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, Gth, or Gth/Gic. 
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9.59. Effects of experimental parameters 

Apart from the AK value, fetigue 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 Effect ofGrequencv 

The effect of frequency on the fatigue crack growth rate for the polymeric 

materials is rather compUcated since several fectors affect the frequency 

dependence, such as the ^-transition, hysteretic heating, creep effect, strain rate 

effect, etc. [71]. 

B-transition 

The p-transition is related to the movement of the side groups of the 

polymer. When the transition peak (P-peak) frequency of the polymer is close to the 

test frequency, resonance of the externally imposed test frequency with the 

material's internal segmental mobUity occurs, and consequently the polymer has a 

strong frequency dependence. On the other hand, when the P-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 O.l-lOOHz 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), polyvinyUdenefluoride(PVDP) and nylon-66 had httle 

frequency dependence. The P-peak frequencies of PVC, PMMA and PS are in the 

range of O.OlHz-lOkHz which are close to the test frequency range of O.l-lOOHz, 

and The P-peak frequencies of PC, PVDF and nylon-66 are over lOOkHz, 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 p-

transition is related to the hysteretic heating effect. Since the P-peak represents a 

region of maximum loss compHance, hysteretic heating occurs along with a 
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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 iti the next sub-section. 

POLYSTYRENE 

100 Hz 

1 0 0 H% 

02 &5 lO 
A K , M P a > ^ 

as Lo 
A K, MPâ/m 

Fig.2.29 Frequency dependence of polymers (PVC from ref [77], polystyrene from 

Hvsteretic heatins 

Hysteretic heating may occur under cyclic loading conditions, since 

polymers generally have a relatively high tanS. 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 in 

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 fetigue 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 IHz. He 

suggested that this frequency sensitivity came from the effect of creep-assisted 

crack growth, as given by: 

(da/dN)totai = (da/dISI)fetigue + (da/dt)creep (dt/dN) (2.55) 

where (da/dt) is the time period of oscillation of the apphed 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 Httle 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 fetigue crack growth rate increases, with 

increasing strain rate. 
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Fig.2.30 Effect of frequency on fatigue crack growth rate (a) unmodi&ed epoxy 

(b) rubber modMed epoxy [43] 

In summary, the ^-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 p-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 IHz). 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 modi&ed epoxies, the P-peak frequency is located in the range of 

over lOOkHz. Therefore, the frequency dependence arising from p-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 froin any hysteretic heating and strain rate effects. 

2.Fi.2.2 FjfFect of temverature 

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. 

10 

10 

E 

10 

FREOUENCY = 0 15Hz 

R : 0 0 0 

SYMBOL TEMP (C°l 

0 t 
AK (MP o/m 1 

0 5 0 6 0 7 0 8 0 9 1 

26 2 7 2 8 _ 2 9 3 0 
LOG l A K x l O I (MP o / m I 

3 I 

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. 

1 0 • 

o 
u" lO-'J 

E 1 0 - s 

" O 1 0 

(25'C.o) 
o ^ 

o 
o + + 

o 

o 

(55°C,+) 

D 
"D 

+ o 
o 
o 

10 

AK ( M P a / m ) 

Fig.2.32 Effect of temperature on fatigue crack growth rate of a rubber modiGed 

epoxy [43] 

2.5.2.3 Effect of mean stress and stress ra tio 

The mean stress during the fatigue crack propagation can be represented 

by the value of Kmean- When a sinusoidal cychc load is appHed, the Kmean value is 

given by: 

Kmean — (Kmax "I" Kmin)/2 (2.56) 

The K̂ ean value and stress ratio, R̂ Kmm/Kmax, are related each other via the 

following equation: 
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Kjnean — 2Kinax R — 2RAK/(1-R) (2.57) 

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

increase in R. 

As noted earher, the fetigue 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 foUowiag equations to explain 

the fatigue crack growth rate in PMMA: 

da/dN=kA,'i (2.58) 

X,=Knax̂ -IWi2=2AK E êan (2.59) 

where k is a function of frequency, material properties and environment, and n is a 

constant. According to the above equations, the fetigue crack growth rate can be 

assumed to increase as the Knean value increases. Indeed, it was reported that the 

fatigue crack growth rate, at a fixed AK, was found to increase experimentally with 

increasing Kmean (i.e. 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 Kmean value (or 

R value) on the fatigue crack propagation arise firom 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 (i.e. Kic). Alternatively, there may be a tendency for a 

decrease in the fetigue crack growth rate with increasing Kmean (or R), due to the 

hysteretic heating effect, especially for the materials having a relatively high tanS. 

As shown in Fig.2.33, the hysteretic loop normally increases as the stress level 

increases. Therefore, an increase in I^ean (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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(a) or 

hysteresis loop 

(b) a 

hysteresis loop 

Fig.2.33 Schematic graph of hysteresis loop (a) low (Jmean (b) high amean 

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 Pig.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.S Effects of material properties 

Fatigue resistance is also affected by material parameters such as crosslink 

density (in crosshnked polymers), morphology (in multiphase polymers), etc. In this 

section, the effects of these parameters are briefly reviewed. 

2.5.S. 1 Effect of crosslink density 

In crossltnked 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 

crossUnking agent in PMMA, and suggested that the fatigue crack growth rate 

increased with an increasing degree of crosshnkitig, 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 Mc 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 fetigue 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 abihty 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, Mc) of the epoxy matrix, the greater the fetigue resistance, as 

shown in Fig.2.35. 
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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 lO'̂ mm/cycle have a ILtiear relationship with respect to 

the square root of the mean molecular weight between crosslinks, Mc, as shown in 

Fig.2.36. 

2.5.3.2 Effect of morpholoev 

In multiphase polymers the morphology, e.g. the volume fraction of 

secondary phase, size of particular phase, etc., affects the fracture toughness. There 

is Httle 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. 
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Fig.2.37 Effect of rubber content on fatigue crack propagation ; unmodiGed (+), 

CTBN rubber noiodiQed (o), silicone rubber modMed (•J, CTBN+silicone (o) [92] 
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Eim 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 fi-acture toughness increased with decreasing particle size, for a low degree of 

crosshnking, but that there was httle effect of particle size for highly crosslinked 

epoxy. They also reported that particles less than 0.2)j,m 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 applied 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. 

•ir-- ' - _i-

2 10 

AK (MPa m 

Fig.2.38 Effect of rubber volume fraction on fatigue crack growth rate in rubber 
mocMed epoxies: 0%(• ), 1%(x ), 5%(+), 10%(3 ) [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 firaction 

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. 

- 71 -



Chapter Two : Literature Survey 

u 10 

A/f(MPa m°-̂ ) 

Fig.2.39 Effect of rubber paiiicle size on fatigue crack growth rate in rubber 

modiGedepoxies: unmodiGed epoxy(a), 1.5mm(o), 0.2mm(a) [93] 

2.6 Concludins 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 e3q)erimental 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 foUows. 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 frrst 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 foUows: 

/ ° \ 
CH2-CH-CH2 -O" 

CH, 

-C-

CH, 

OH 

-OCH2-CH-CH2 -O 

-In 

CH, 

-C-

CH, 

-OCH2-CH-CH2 
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where n has the values n=0 (87.2w/w%), n=l (ll.lw/w%), n=2 (1.5w/w%) and n>2 

(0.2w/w%). The epô gr equivalent weight is approximately 190g/mol. 

The EME also contains 'CTBNl300X8', carboxyl-temunated acrylonitrile-

butadiene copolymer, produced by B.F.Goodrich. It is represented by: 

HOOC -(CH2-CH=CH-CH2)-(CH2-CH), y 
CN -1 

•COOH 

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: 

NH-(CH2)4-CH2 

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-(r )>-0H 

CH3 

The thermoplastic modified epoxies (TPME) series contains epoxy 

'MY9512', a tetraglycidyl 4,4'diamino 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. 

AU formulations are hsted 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 firothing 

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 RME seiies and the RME 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°Cxl6h 

15phrEME160 100 15 0 5 160°C X 6h 

UME160 100 0 0 5 160°Cx6h 

5phrRME120 100 5 0 5 120°C X 16h 

5phrRME120+BPA 100 5 24 5 120°Cxl6h 

UME120+BPA 100 0 24 5 120°C X 16h 

Note: "phr" means parts per hundred resin 

Table 3.2 Formulations of the TFME series 

Description MY9512 PES copolymer DDS curing condition 

(phr) (phr) (phr) 

PESO 100 0 31.47 
1 150^Cx4h 

PESO 100 0 
1 150^Cx4h 

PESIO 100 14.61 31.47 
S180PCx4h inNz 

100 
S180PCx4h inNz 

PES20 100 32.87 31.47 
S180PCx4h inNz 

100 
J 200PCx3h inNz 

PES25 100 43.82 31.47 
J 200PCx3h inNz 
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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 aU 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 

preheated at 150°C, and degassed for SOminutes. 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 

PESO, the first process of dissolving PES copolymer was omitted, the preparation 

started with just the MY9512 and DDS mixture. 

3.3 Fracture toushness 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 firom the moulded sheets into the geometry shown 

in Fig.3.1. 

0.275W 

/ 
4)8 

w B 

0.6W 

0.6W 

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<aAV<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; 

KQ=(PQ^Wl/2)f(x) 

f(x)=(2+x)(0.886-t-4.64x-13.32x2+14.72x3-5.6x4)/(l-x)3/2 

x=a/W (0.2<x<0.8) 

(3.1) 

(3.2) 

(3.3) 

The validity of KQ was checked via the following size criteria 

B,a,(W-a)>2.5(KQ/ay)2 (3.4) 

If these criteria were satisfied, the value of KQ was taken to be the fracture 

toughness, Kic. 

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. 

L/2 

loading nose 

L/2 

supportmg span 

supporting nose 

Fig.3.2 Three point bending test 

77 



Chapter Three : Materials and Experimental Techniques 

The following dimensions were chosen: width lOmm (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=ZL2/6d (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/niinutes, 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 Tg 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 Tg. 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 Tg was determined as the 

temperature at which the loss factor, tan5, possessed the maximum value. 
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Fig.3.3 Typical DSC data (UME160) 
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Fig.3.4 TypicalDMTA data (PESO) 

3.6Fatigue crack growth rate studies 

Large compact tension specimens were used to measure the fetigue 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<aAV<0.45. Then, samples were tested using a Mayes' cycUc fatigue testing 

machine. AU 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 fetigue 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 fetigue crack grew. 

The maximum value of the stress intensity factor, Knax, and the range of K 

and AK were calculated from the following equations: 

KmmF:(Pmax/BWl/2)f(x) (3.7) 

AK=(AP/BWi«)f(x) (3.8) 

AP̂ Pmax-Pmin (3.9) 

where Pmax is the maximum load, and Pmin 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 amicro )/2 (3.10) 

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

measured optically. 

initial crack crack tip 

optibal method side 

crapk gauge side 

Fig.3.5Schematic showing the fatigue fracture surface 

- 8 1 -



Chapter Three : Materials and Experimental Techniques 

There are two methods for calculating the fetigue 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+i - ai) / (Ni+i- Ni) (3.11) 

The incremental polynomial method involves fitting a second-order 

polynomial (parabola) to sets of (2n+l) successive data points, where n is usually 1, 

2, 3 or 4. The form of the equation for the local fit is as follows: 

ai = bo + bi (Ni— Ci )/C2 + bz [(Ni — Ci )/C2]^ (3.12) 

where bo, bi and bg are the regression parameters that are determined by the least 

squares method over the range of ai-n < a < ai+n. The value ai is the fitted value of 

the crack length at Ni. Ci and Cg are the parameters which are used to scale the 

input data within the range of-1 to 1. The fatigue crack growth rate at Ni, (da/dN)i, 

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

(da/dN)i = bi /Cg + 2b2 (Ni - Ci )/C2 2 (3.13) 

We used the incremental polynomial method and chose n=3, i.e. 7 

successive data points, for calculating the fatigue crack growth rate. 

3.7 Localised heatinfr 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 fetigue 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 cycHc frequency of 5Hz. 

Sample 

Infrared camera 

Controller 

Monitor PC 

Fig.3.6 Schematic set-up of the in^ared 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 

thin section 

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 imtil the final thickness of 50-100)j,m 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 fi-acture surfaces of the tested 

specimens. AU 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 pohshed samples. These 

samples were polished in a similar way of petrographic techniques, and then 

etched with appropriate etching hquid 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 O.lg potassium permanganate per 10ml acid mixture. 

(h) Cool the solution down to 2-5°C, and a sample is etched for 2 minutes in the 

solution, agitated with a magnetic stirrer. 

(iii) 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 

lOOvol hydrogen peroxide and finally ethanol. 

This etching was used to improve the contrast of the SEM image. The etching 

hquid selectively attacks PES copolymer phase, and epojQ̂  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 

3.9Imase analysis studies 

The microstructural parameters of the secondaiy 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. 

volume fraction 

SEM micrograph 

extraction of 
secondary phase 

calculation of 
volume fraction 

Fig.3.8 Diagram of image analysis 
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3.10 Concludinfr remarks 

This Chapter has described the chemical structure and the formtilations of 

the general RME series, the RME with BPA added series and the TPME series. 

The experimental techniques including the measurements of fracture toughness, 

moduh, 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. 

AppRnHix: Volume fraction and averase 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)7trp2 (3.14) 

Thus, the average radius of the particle, rp, is given by: 

rp=(3S/27r)i^2 (3.15) 
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Chapter Four 

Basic Material Properties 

4.1 Introduction 

Before discussing the fetigue behaviour of the toughened epo^ 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 

4.2.1KMEseries andKME with BPA series 

The 15phrEME160, 5phrRME120, 15phrEME120 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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(a) ISphrRMElGO 

20[j,ni 

(b) 5phrRME120 

20)J,m 

Fig. 4.1 SEM micrographs of the &-acture surfaces for 15phrRME160 
and 5phrRMEl20 
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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 1.7|j,m 

for 15phrRME160, 1.4|im for 15phrRME120 and 1.0|j,m for 5phrRME120. 

Therefore, it may be stated that the rubber content and the curing temperature 

have only a very shght 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 epoxŷ  resin polymerises and the miscibihty 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 [98] 

utilised a hght 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 SphrRME 120+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 0.2-0.3^m. 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 imphes 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. 

20 Jim 

2\xm 

Fig. 4.2 SEM micrographs of the Stracture surfaces for 5phrIiME120+BPA 
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The mean radii of rubber particles, rp, in the 15phrKME160, 5phrRME120, 

15phrRME120 and SphrRME 12CH-BPA materials are summarised in Table 4.1. 

The rp values were calculated from between three and five SEM micrographs, each 

containing approximately 100 rubber particles. Pig.4.3 shows the particle size 

distribution for the 15phrRME160 material. The measured particle radius is 

scattered within the range of 0.75iim to 2.5|am, whereas the mean value is 1.7|am. 

As Underwood suggested [97], the measured particle radius is scattered even if all 

the "real" particles have a imiform 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(|j,m) a(|j.m) 

ISphrRMElGO 1.7 0.30 

5phrRME120 1.0 0.20 

15phrRME120 1.4 0.25 

5phrRME120+BPA 0.2-0.3 

Note: a means standard deviation 

rg 20% 

0 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25 2.5 2.75 

radius (jam) 

Fig.4.3 Typical particle size distribution for 15phrKMEl60 
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4.2.2 TPME 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 PES 10, PES20 and PES25 materials. The materials were 

polished using 0.25|j,m 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 PES 10 material (where the PES copolymer 

content is 14.61phr) contains dispersed PES copolymer particles of approximately 

0.5|j.m 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 15-30|a,m. 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 Ipim. 
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(a) PES 10 

(b) PES20 

(c) PES25 

20|j,m 

Fig. 4.4 SEM micrographs of (a) PES 10, (b) PES20 and (c) PES25 
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4.3 Glass transition temperature 

4.3.1 Ruhher mndified epoxies 

Glass transition temperature, Tg, is a basic material property which 

indicates the mobility of the molecules. Generally, for a given backbone structure, 

high Tg corresponds to a low mobility and low Tg corresponds to a high mobility. 

For crosshnked polymers, therefore, a high Tg often means a high crosshnk density 

and a low Tg often means a low crosslink density. The Tg 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 Tg 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) 

m 

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 ofTg(rubber) are from DMTA data 

Tg(rubber) values in brackets are from DSC data ofref [7] 

The Tg 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 16Cf C is lower 

than that of the material cured at 120°C. The Tg 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 epojg^ 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 Tg value, simultaneously. For a more direct and precise evaluation of 

the crosslink density, we have to determine the average molecular weight between 

crosslinks, Mc. This can be measured using D M T A methods which give accurate 

modulus values. The Mc values and crosslink density will be discussed in detail in 

the next section. 

The Tg value of the rubber modified epoxy is shghtly reduced from that of 

the unmodified epoxy. This small change in the Tg value is considered to be caused 

by rubber molecules being dissolved in the epoxy matrix. When polymer A 

dissolves another polymeric material B, the Tg value of polymer A also changes. 

This is because the dissolved material B affects the mobihty of polymer A. The Tg 

value of the modified polymer A is given by the following equation [104]: 

ap (l-VB)Tg^ + otd Vb Tg,B 
Tg = (4.1) 

ap(l-VB)+ ad VB 

where Vb is the volume fraction of dissolved polymer B, Tg^ is the Tg value of pure 

polymer A, Tg,B is the Tg value of pure polymer B, and ap and aa are constants. For 

most cases, the following values of the constants ap and oca may be used [104]: 

ap = 4 .8 X 10-4/"C (4.2) 

ad =1.0x10-3^0 (4.3) 

Hence, knowing Tg, Tg^ and Tg,B, the volume fraction of dissolved polymer B may 

be calculated. For example, for 15phrRME160, Tg is 68.5°C, Tg^ is 77.8°C and Tg.e 

is -52°C. The calculated Vb value is around 3.5%. In the same manner, we can 

obtain a value of Vb 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 

95 -



Chapter Four: Basic Material Properties 

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 modMed eooxies (TPME) 

For the TPME series, it was quite difficult to detect the Tg values using 

DSC. They were, therefore, measured using DMTA. Table 4.3 shows the Tg values 
as 

of the TPME materials. The Tg value of the epoxy phase gradually decreases^he 

PES copolymer content increases, as for the rubber modified epoxies. The volume 

firaction 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 PES 10, 6.6% for PES20 

and 9.4% for PES25. These values are sHghtly 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 Tg of the epoxyphase and PES copolymer phase in the TPME series 

Material Tg (epoxy) Tg(PES copolymer) 

CO 

PESO 263.1 — 

PESIO 256.5 185.4 

PES20 253.8 187.6 

PES25 248.9 191.6 

4.4Molecular weisht between crosslinks 

As mentioned before, the Tg 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 Mc value corresponds to a low crosslink density, and a low 

Mc value corresponds to a high crosslink density. This parameter may be 

calculated using the rubbery equivalent modulus, Er, which may be measured 

using accurate DMTA techniques. Examples of these DMTA data are shown in 

- 96 -



Chapter Four : Basic Material Properties 

Pig. 4.5. 

The relationship between Mc and Er is given by the following equation [68]: 

log (Er /3) = 6 + 293p/Mc (4.4) 

where p is the density of the epoxy, l.lSg/cm^. In the case of the xmmodified 

epoxies, the measured modulus was used directly as the Er 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 Er value of the epoxy matrix. 

10 10 
-| ' r 1 ' r 1 ' r 

a 
b 

10 

l o N 

10 "1 ' I I I ' r 
-120 -90 -60 -30 0 30 

Temperature (°C) 

1 ' 1 ' r 
60 90 120 150 

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]: 

Mc = SpRT/Er (4.5) 
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where R is the gas constant. Table 4.4 shows the calculated Mc 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 Mc 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 Mc values were obtained for the TPME series. 

Table 4.4 The Mc values of the KME series and the RME with BPA added series 

material Er Er(epoxy) Mc (eq.4.4) Mc (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 

5phrRME12(H-BPA 11.3 13.1 540 960 

Table 4.5 shows the comparison between the calculated Mc values via 

equation 4.4 and the values of Mc 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 Mc values are far lower than 

the reported Mc values. It might be that the nonhnearity of equation 4.4 is one of 

the reasons which causes this difference. As shown in Fig.4.6, the calculated Mc 

value approaches infinity as the value of Er approachs a value of 3MPa, and 

98 



Chapter Four: Basic Material Properties 

equation 4.4 does not accept an Er value below 3MPa. Therefore, if the measured 

Er value is relatively low, a small error in the Er value causes a significant 

difference in the calculated Mc value. For instance, a 10% error in the Er value 

causes a 30% difference in the Mc value when Er is around 5MPa, and the same 

error causes a 300% difference in the Mc value when Er is around 3.5MPa. 

Table 4.5 Comparison of the Mc values via equation 4.4 

material Mc (eq.4.4) 

(g/mol) 

Mc (ref [52]) 

(g/mol) 

UME160 1250 4900 

15phrEME160 1310 4370 

UME120 460 590 

15phrRME120 430 630 

14000 

12000 -

10000 

8000 -

a 6000 

2000 -

(MPa) 

Fig.4.6Mc as a function ofEr, calculated via equation 4.4 

99 -



Chapter Four : Basic Material Properties 

4.5 Mechanical properties 

4.5.1 Ruhhf^r 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 faction 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 Gic 

(GPa) (MPa-m^2) (kJ/m2) 

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 

5phrRME120 2.90 222 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: Gic was calculated&om the equation, G=I^ (l-\^)/E 

Poisson's ratio was estimated as 0.35 

The Kic values in bracket are &om ref [56] 

ForKic 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 sHght decrease of modulus. 

The measured Kic values of UME160, 15phrRME160, UME120 and 

15phrRME120 agree well with those reported by Kinloch et al. [56]. The fracture 

toughness, Kic, of the rubber modified epoxies are all larger than those of the 

unmodified epoxies. For the materials cured at 120°C, the value of Kic increases 

from O.SlMPa m^̂  for UME120 to 2.47MPa m^̂  for 15phrRME120, by the 

addition of 15phr rubber. The value of Kic also increases from 1.20MPa m̂ /̂  for 

UME160 to 4.03MPa mi/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^^ 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 wiU be discussed in more detail later. 

4.f). 7 7 Effect of the volume faction 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 Gic and V& 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 V& value in this study is 7% for 

5phrBME120 and 21% for 15phrRME120, whereas Kinloch and Hunston reported 

10% for 5phrRME120 and 17% for 15phrRME120. It is considered that this 

difference in the measured Vfr values causes the different relationship between Gic 

and Vfr. However, the results in this study agree with the results reported by 

Kinloch and Hunston [58] and Bucknall and Yoshii [57] in that the Gic 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 Gic values between the rubber modified epoxy and the 

unmodified epojQ ,̂ 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 eposy matrix is more ductile, it can respond more readily to 

the presence of the rubbeiy particles. 
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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 Kic by approximately one and half times. For the 

unmodified epoxy, the value of Kic increases from O.SlMPa m^^ to 1.20MPa m̂ /̂ , 

and for the 15phr rubber modified epoxy, it increases from 2.47MPami^2 to 

4.03MPa mî 2 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 Kic value 

increases from O.SlMPa-m^^ for UME120 to O.SSMPa'm^^ for UME120+BPA, and 

it also increases from 2.22MPa m^̂  for 5phrRME120 to S.OlMPa m^̂  fo^ 

5phrRME12CH-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 fractvire 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, epo3^ 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 Kic values against the values. The values of the 

average molecular weight between crosslinks, Mc, were calculated from the 

rubbery equivalent modulus of the epoxy matrix, as discussed in section 4.4. This 

graph shows that the Kic value increases with increasing Mc value, and the 

relationship between Kic and is approximately linear. Similar results on the 

relationship between Kic and were reported by Pearson and Yee [55]. As they 

suggested, the epoxy which has the low crosslink density, i.e. the higher Mc value, 

exhibits greater ductihty than the epoxy which has the higher crosslink density, 

i.e. the lower Mc value. Consequently, the former has greater toughenabOity 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 firom differences in the rubber content, the curing agent 

used, the test conditions, or the method for the calculation of Mc values, etc. 
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4.5.2 Thermoplastic. mnHified epoxies 

Table 4.7 shows the mechanical properties of the thermoplastic modified 

epoxy (TPME) series. 

Table 4.7 Mechanical properties of the TPME materials 

Material E Kic Gic 

(GPa) (MPami/2) (kJ/m2) 

PESO 3.90 0.50 0.06 

PESIO 3.74 0.61 0.09 

PES20 3.67 1.01 0.24 

PES25 3.56 1.16 0.33 

Note: The moduli ofPES20 and PES25 are the values &om ref. [103]. 

The flexxiral moduli of aU the TPME materials he 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 shghtly with increasing amounts of 

PES copolymer. 

The fi-acture toughness, Kic, of the epoxy is increased by the addition of PES 

copolymer. Further, the value of Kic increases as the content of PES copolymer 

increases. However, the Kic value of PESIO, which contains 14.61phr PES 

copolymer, is only O . G l M P a m ^ ^ ^ A maximum Kic value of l.lGMPa m̂ /̂  was 

measured for the PES25 material which contains 43.82phr PES copolymers. These 

measured Kic 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 Kic value, when the PES 

copolymer content is lower than about 23phr. However, there is a relatively large 

increase of the Kic 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 epojg^ 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 fi-acture 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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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 1.0|am to 1.7|j,m, 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, Ec, is lower than that of the matrix material, Em. The ratio 

(Ec/Em) of Ec and Em is given by the following equation [105]: 

Ec/Em = 1+ Vf/{m/(m-l) - V M (4.6) 

where Vf 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/Em. 
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Chapter Five 

Fatigue Crack Propagation in Rubber Modified Epoxies 

5.1 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] reported the fatigue 

behaviour of some rubber modified epoxies. However, the relationships between 

the feitigue behaviour and material properties are not yet weU understood. 

In the present study, the fatigue crack propagation behaviour has been 

measured, from the threshold region to near the fi-acture toughness, Kic. 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 feilure of the specimen occurred. The fetigue 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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5.9. Effknt of crosslink density 

5.2.1 Introduction 

Several researchers [43,54-56] have investigated the influence of the 

crosshnk density on the fracture toughness for rubber modified epoxies. Pearson 

and Yee [55] suggested a linear relationship between the Kic 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 Mc 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 Mc for rubber modified 

epoxies is not yet weU understood. 

5.2.2 Experimental results 

The crosslink density of the matrix epoj^ can be varied by changing the 

curing conditions. In this study, we selected two different curing conditions, 

120°Cxl6hours 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, Mc, corresponds to low crosslink 

density, and low Mc corresponds to high crosslink density, as discussed in Chapter 

Four. 
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Table 5.1 The crosslink density of the matrix epoxy for the UME160, UME120, 

15phrKME160 and 15phrRME120 materials 

Material Mc (g/mol) 

UMEieo 1250 

UME120 460 

15phrEME160 1310 

15phrEME120 430 

The fetigue crack growth rates of UME160 and UME120, both of which are 

unmodified epoxies, are shown in Fig.5.1 plotted against and in Fig.5.2 

plotted against AK. The Mc 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 feitigue crack 

growth rate of UME160 is lower than that of UME120, for a given value of Kmax. 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 IQnax, and in Fig.5.4 plotted against AK. The Mc 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 Knax 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 ofAK and and Mr 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 crossUnk 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 abihty for 

plastic deformation than the latter. Lu [35] investigated the deformabihty using 

the plane strain compression test for the various unmodiEed 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 

crosshnked epoxy system has the greater deformability, and consequently the more 

potential for toughening. 

As shown in Fig.5.5, the increase in the Mc value results^an increase in the 

fi-acture strain, i.e. 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. 

4 0 0 

UME160 

UME120 

0 . 0 0 0 . 7 5 1.00 0 . 2 5 0 . 5 0 

Strain 

Pig.5.5 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 1.7|̂ m, and that in 15phrRME120 is 

1.4|j,m. As discussed in detail later (see section 5.5), this shght 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 Priedrich [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=7.5xlO-'̂ mm/cycle, against the square root of the average 

molecular weight between crosslinks, Mc, for the data of the unmodified epoxies 

from ref [43], ref [54] and the present study. This graph shows a very good 

correlation between the AK* and values. The AK* value increases linearly 

with an increase in the value. These results imply that the viscoelastic nature 

of the epoxy polymer plays an important role during the fetigue 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 epô gr having a higher crosslink density. 
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Fig.5.6 Relationship between AK* (for da/dN=7.5xl0^nmi/cycle) and Mc^ for 

unmodiGed epoxies 

Fig.5.7 plots the values of AK at da/dN = 7.5xl0-%iin/cycle, i.e. AK*, against 

the Mĉ 2 values, for both the rubber modified epoxies and the unmodified epoxies, 

firom 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 ig 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 fi-om 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 fetigue resistance, whereas the results by Hwang et al. [43] 

suggest that the increase ia the AK* values in the rubber modified epoxies is 

mainly due to the increase in the Mc 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 beheved 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 Mc values. As discussed in section 4.5, 

the Ishai-Cohen model [105] was appHed to calculate the rubbery equivalent 

modulus, Er, 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 Er values and hence cause the overestimation of the Mc 

values. The correct Mc values for the rubber modified epoxies (15phr) in ref [43] 

should be lower. Thus, the data points for the rubber modified epoxies (15phr) in 

ref [43] should be somewhat shifted to the left, and be close to the hne for the 

rubber modified epoxies (15phr). The recalculated Mc values in ref [43] using the 

same model as for the present study are shown in Fig.5.7a. This clearly shows two 

different hnes 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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(Mc values in ref. [43] are recalculated) 

A comparison with the data from ref. [54] with the present results is given 

in Pig.5.8. Fig.5.8 plots the values of AK at da/dN = IxlO^mm/cycle, i.e. AK**, 

against the square root of the average molecular weight between crosslinks, Mc, 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 

[54] and the results in the present study, for the rubber modified epoxies (15phr). A 

s imi lar 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 Mc values of 

the rubber modified epoxies in ref. [54] may also have been overestimated. The 

recalculated Mc 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 ofand Mr values 

The threshold Kmax value, Kth, below which no fatigue crack propagation is 

observed, is 0.41MPa-mî 2 fQ̂  UME160 and 0.31MPa-m^ 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, Kth, is 

0.41MPa mî 2 for 15phrRME160 and O.SlMPa m^̂  for 15phrRME120. As for the 

unmodified epoxies, the threshold Kmax value, Kth, increases as the crosslink 

density decreases. Fig.5.9 plots the Kth values against the values. This graph 

impUes that the Kth values also have a linear correlation with the 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 Mc value, is reflected in a 

better fatigue resistance in the threshold region; and the consequently higher Kth 

values, regardless of the rubber content. 

Table 5.2 The threshold values of UME160, UME120, 15phrRME160 and 

15phrEME120 

Material Mc Kth AKth Kth/Kic AKth/Kic 
(g/mol) (MPami/2) (MPa-m^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 

15phrEME120 430 0.31 0.25 0.12 0.10 

- 122 



Chapter Five : Fatigue Crack Propagation in Rubber Modified Epoxies 

i 

• Ophr 

0.1 -

[(g/mol) 

Pig.5.9 Influence of the Mc values on the Kth values 

5.2.5 Krr^^JKfr vlots and Mr 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 

fetigue crack growth rate data of both UME160 and UME120 he 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 Fatigue crack growth rate for UME160 and UME120 plotted against 

Kma^Klc 
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Fig.5.11 Fatigue crack growth rate for 15phrKME160 and 15phrRME120 plotted 

against Kmea/Kic 
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Fig.5.10 and Fig.5.11 suggest that when the data are plotted against the 

normalised K̂ nax value, K̂ nax/Kic, the crosslink density of the matrix epojQ^ hardly 

affects on the fatigue crack growth rate curve. As there have been veiy few studies 

on this area, only a speculation may be given for these results, as foUows. As shown 

in Fig.5.9, the Kth values have a linear correlation with the Mc^ values. Thus it 

can be expressed as: 

Kth«AMc^ (5.1) 

where A is a constant. Furthermore, as discussed in Chapter Four, the Kic values 

are also in correlation with the values, thus: 

Kic«BMoi^ (5.2) 

where B is a constant. From equation 5.1 and 5.2, the normalised threshold value, 

Kth/Kic, can be given by: 

Kth/Kic«A/B = C (5.3) 

where C is a constant. This is why the materials having the same rubber content 

have the nearly same Kth/Kic value. Meanwhile, the fatigue crack growth rate 

approaches to infinite as the applied Knax value approaches to the Kic value. That 

is, 

da/dN +00 when Knax /Kic 1 (5.4) 

Namely, when the fatigue crack growth rates are plotted against Emax/Kic, the 

starting point of the fatigue curve, i.e. Kth/Kic, is the same and the fatigue curve 

approaches to the same value, +oo , as Kmax/Kic approaches to unity. Hence, the 

whole fatigue curve should be the same. 

- 126 



Chapter Five : Fatigue Crack Propagation in Rubber Modified Epoxies 

5- ,9 FjfFffct of rubber content 

5.3.1 Introduction 

There are few studies on the influence of the rubber content on the fetigue 

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 limited in a relatively high-K region, as discussed in section 

2.5.1. The results from these studies wiU 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: 

(i) the material cured at 160°C; UME160 and 15phrRME160 

(ii) 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 Knax > 0.58MPa mî 2̂  

or AK > 0 . 4 6 M P a - m ^ 2 However, when the value of Kmax or AK is relatively small, 

there is httle difference in the fatigue crack growth rate between the 

15phrRME160 and UMEIGO materials. Furthermore, the 15phrRME160 material 

has almost the same threshold value, Kth or AKth, as the UMEIGO material. The 

threshold value, Ka, is approximately 0.4lMPa m̂ /̂  (AKth~ 0.33MPa m^ )̂ for both 

materials. Thus, the 15phrRME160 material has the better feitigue resistance than 

the UMEIGO 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 Mc value 

between the two materials: 1310g/mol for ISphrRMElGO 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 feet that there is little difference in the threshold 

values confirms that there is virtually no difference in the crosslink density.) 
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Fig.5.12 Fatigue crack growth rate for UME160 and 15phrRME160 plotted 

against Kmax 
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Fig.5.13 Fatigue crack growth rate for UME160 and 15phrRME160 plotted 

against AK 
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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. The values of da/dN are 

plotted against Knax 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 httle 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 Mc 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 I^ax (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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Fig.5.14 Fatigue crack growth rate for UME120 and 15phrKME120 plotted 

against Kmax 

132 



Chapter Five : Fatigue Crack Propagation in Rubber Modified Epoxies 

UME120 15phrRME120 

-i 1 1 1 r 
0.4 0.5 0.6 0.7 0.80.9 

l/2\ AK (MPam^/^) 

Fig.5.15 Fatigue crack growth rate for UME120 and 15phrKME120 plotted 

against AK 
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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= 1x10-3 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 

increases. 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. 

_ -
- D — 

0.2 i 

0.0 
0 

• cured at 160C 
• cured at 120C 
A ref. [51] 

—[— 10 
15 

rubber content (phr) 

Fig. 5.16 Effect of rubber content on the AK** value (da/dN = IxlQ^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 fetigue curve and a high 

sensitivity for the K value, whereas a small m value meeins 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. 

• cured at 160C 
• cured at 120C 
A ref. [51] 

—1— 
10 

—r— 
15 

rubber content (phr) 

Mg. 5.17 Influence of the rubber content on the slope, m, of the Paris La w 
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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 

small m 

l o g Kjnax (or l o g AK) 

Fig.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, 

IQnax/Kic, is shown in Fig.6.19 and Fig.5.20. Fig.5.19 shows the fatigue data for 

15phrRME160 and UME160, and Fig.5.20 shows the data for 15phrKME120 and 

UME120. For both groups of materials, the fatigue crack growth curve shifts Jfrom 

right to left (i.e. high Kmax/Kic to low Knax/Kic) with the rubber content increasing 

fi-om 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 Kmax/Kic. In other words, the Kmax/Kic 

value necessary for a certain amount of feitigue crack growth rate is smaller for the 

rubber modified epojQ̂  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 

Kmaji/Klc. 
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Fig.5.20 Fatigue crack growth rate for 15phrRME120 and UME120plotted against 

Kmax/Klc-
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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, 

KthA and Kth,B, but the Kic value of A, Kic ,̂ is greater than that of B, Kic,b. Thus, 

Kth^ = Kth3 (5.6) 

Kic^. > Kic3 (5.7) 

The normalised threshold values, (Kth/Kic)A and (Kth/Kic)B, are related to each other 

as follows: 

(Kth/Kic)A= KthA /KICA < (Kth/Kic)B= Kai,B /KIC,B (5.8) 

In the threshold region, therefore, the fetigue data of material A (rubber modified 

epoxy) is located in the lower Knax/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 E^ax value equals the Kic value, the fatigue crack 

growth rate becomes infinite. Consequently, in the very high fatigue crack growth 

rate region, the normalised IQnax value, Kmax/Kic, of both materials approaches to 

unity. 

Kmax/Kic - > 1 when da/dN -> +oo (5.9) 

Therefore, the fetigue 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 Knax/Kic value approaches unity. This is why the rubber 

modified epoxy has a higher feitigue 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 I^ax/Kic to low Î nax/Kic) with increasing rubber 

content. 
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Fig. 5.21 Schematic fatigue curves of material A and B 

The fatigue data for the present epoxy materials together with data for 

similar materials, which contain Iphr, 5phr and lOphr 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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Fig.5.22 Variation of fatigue crack growth rate plotted against KmsJKic 

(Data oflphr, 5phr and lOphr are &om ref [107]) 
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5.4K-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 K ^ , 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, KT, 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, Pig.5.23 shows that the value of KT can be clearly defined since 

there is Httle difference in the feitigue crack growth rate between the rubber 

modified epoxy and the unmodified epoxy below KT, whereas the rubber modified 

epoxy has significantly better fetigue resistance than the unmodified epoxy above 

KT. 
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Fig.5.23 Experimental deSnition of a K-transition value 
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Theoretically, it is suggested that the KT 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 KMAX value is smaller than KT, 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 K̂ nax value is greater 

than KT, 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. 

, rubber particle , . . . . 
plastic zone / shear y ie ldmg 

L 0 ° r 

O r^O crack V V Q vo id growth 

K < KT K > K J 

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 = (K/ayt)2 /67t (5.10) 

where Cyt is tensile yield stress. When the plastic zone size is equal to the size of the 

rubber particles, the following condition is achieved: 

rysrp (5.11) 

where rp is the radius of the rubber particle. Thus, the value of KT can be calculated 

by substituting equation 5.10 into equation 5.11, as foUows: 
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KT = (671 rp)^ CTyt (5.12) 

The calculated Kt values are 0.59 MPa M̂^̂  FOR l5phrRME160, and 0.46 MPa m ^ 

for 15phrEME120. From the SEM observations, 1.7|j,m is used as the radius of the 

rubber particle, rp, for 15phrRME160, and 1.4|j,m for 15phrRMEl20, 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, cjyt, 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(27tft) (5.13) 

where xois 1mm and f is 5Hz. The crosshead speed, | dx/dt I, is as follows: 

I dx/dt I = 127cfi£o cos(27tA) | (5.14) 

The mean value of the crosshead speed can be given by: 

1 dx/dt I mean= (21%) 27ifxo= 4fxo= 1200(nun/min.) (5.15) 

Thus, the equivalent crosshead speed in the fatigue tests is about lOOOmm/min. 

The compressive yield stress, aye, at this crosshead speed is estimated by 

extrapolating the yield stress data by Huang [7]. Then, the tensile yield stress, ayt, 

is calculated using the following relationship: 

ayt~0.78cTyc (5.16) 

Finally, the values of ayt 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 KT values 

Material CJyt RP KT (theoretical) 

(MPa) (PN) (MPami/2) 

ISphrRMElGO 105 1.7 0.59 

15phrRME120 90 1.4 0.46 

As shown in Fig.5.25, these KT 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 Mc value for the epoxy matrix), 

the rubber modified epoxies have better fetigue resistance than the unmodified 

epoxies above the KT values, and there are no differences in the fatigue resistance 

between the materials below the KT values. 

Equation 5.12 also predicts that the material which has smaller rubber 

particles will have the smaller KT value, and consequently the better fetigue 

resistance. As shown schematically in Fig.5.26, the value of KT decreases, upon 

decreasing the particle size. Therefore, the feitigue crack growth rate curve moves 

downwards. Although it is not certain what happens when the theoretical KT 

becomes smaller than the value of Kth, it is assumed that the 'real' KT is 

approaches the value of Kth. This is because the Kth 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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Fig. 5.25 The calculated KT values and experimental fatigue data for 

15phrKME160 and UME160, and 15phrBME120 and UME120 
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Fig.5.26 Expected effect ofparticle size on the fatigue crack growth rate 

5.5 Effect of particle size 

5.5.1 Introduction 

As mentioned in section 5.4, the rubber particle size is e3q)ected to change 

the K-transition value, Kr, and consequently affect the fetigue 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 

1.0pm, and the SphrRME 120+BPA material has much smaller rubber particles, 

the radius of which is 0.2-0.3pm, as shown in Fig.5.27. The fatigue crack growth 

rates for the UME120 and UME 120+BPA materials, both of which contain no 

rubber particles, were also measured as reference materials. 
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Fig.5.27 Microstructure of the 5phrRMEl20 and 5phrRMEl20+BPA 
materials 
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5.5.2 SphrRMEl W and 5DhrKME120+BPA 

Fig.5.28 clearly shows that the 5phrRME12CH-BPA material has a better 

fatigue resistance than the 5phrRME120 material. As expected from the 

discussion in the previous section, the feitigue 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 5.5 Material properties of the 5phrEME120, 5phrRME120+BPA, UME120 

and UME120+BPA materials 

Material Mc rp 

(g/mol) (nm) 

5phrRME120 480 1.0 

5phrRME120+BPA 540 0.2-0.3 

UME120 460 ——— 

UME120+BPA 570 

The Mc 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 feitigue resistance than 

the material having the higher crosslink density. Now, to evaluate the effect of Mc 

on the fetigue 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 UME12CH-BPA is lower than that of UME120 at any given Kmax 

value. This means the change in crosslink density, due to the addition of BP A, 

improves the fatigue resistance, including the threshold value, Kth. 
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Fig.5.28 Fatigue crack growth rate for 5phrRME120 and 5phrEME120+BPA 

plotted against Kmax 
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Fig.5.29 Fatigue crack growth rate for UME120 and UME120+BPA plotted 

against Kmax 

151 -



Chapter Five : Fatigue Crack Propagation in Rubber Modified Epoxies 

5.5.3 Interoretatjon of the experimental results 

Fig.5.30 shows the fetigue crack growth rate of all foiir materials of 

interest: 5phrRME120, 5phrRME120+BPA, UME120 and UME120+BPA. It 

should be noted that since there is Httle 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 

5phrR]VIE120+BPA) between the UME120+BPA and SphrRME 120+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 (i.e. Mc=540g/mol or 570g/mol) as the UME120+BPA and 

SphrRME 120+BPA materials and the same rubber particle size (i.e. 1.0p,m) as the 

5phrRME120 material. Table 5.6 summarises the Mc values and the rubber 

particle size, rp, for all the materials of interest. 

Table 5.6 Mc and rp values for UME120, UME120+BPA, 5phrRME120, 

5phrKME120+BPA and the imaginary rubber modiSed epoxy material 

Mc =460-480g/mol Mc=540-570g/mol 

unmodified UME120 UME120+BPA 

rp=0.2-0.3|j,m 5phrRME12W-BPA 

rp=1.0|j.m 5phrRME120 Imaginary material 
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Fig.5.30 Fatigue crack growth rate for 5phrKME120, 5phrRME120+BPA, 

UME120 and UME120+BPA plotted against Kmax 
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The improvement in the fatigue resistance from fatigue curve(l), UME120, 

to fatigue curve(3), 5phrRME120, is caused by the addition of 5phr rubber particles 

with a radius of l.Ofxm. 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(5). 

1 (n (2) gy(5) 

Improvement by lower crosslink density 

Improvement by smaller particles 

(1)UME120 
Mc=460g/mol 

(2)UME120+BPA 
Mc=570g/mol 

(3)5plirRME120 
rp=1.0lim, Mc=480g/mol 

(4)5phrRME120+BPA 
rp=0.2-0.3|im, M(,=540-570g/mol 

(5) Imaginary 5phrRME120+BPA 
rp=1.0^m, Mc=540g/mol 

K, 
7 ^ 

th, UME120 
K. th, 5phrRME120 

k, 
K, 

th, UME120+BPA 
•th, 5phrRME120+BPA 

Fig.5.31 Schematic graph of fatigue data for UME120, UME120+BPA, 

5phrKME120, 5phrKME120+BPA and the imaginary rubber modMed epoxy 

Thus, as shown in Fig.5.31, the improvement in the fatigue resistance from 

fetigue 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 

Mc=460-480g/mol to Mc=540-570g/mol. The improvement in the fatigue resistance 

from fetigue curve(5) (the imaginary rubber modified epoxy material) to feitigue 

curve(4) (5phrRME120+BPA) is considered to arise from the change in the rubber 

particle size from rp=1.0^m to rp=0.2-0.3|im. Therefore, it may be considered that 

the difference in fatigue resistance between 5phrRME120 (i.e. fetigue 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 0.2p,m in radius) has a better fatigue resistance 

than the rubber modified epoxy with larger particles (about 1.5|am in radius). 

5.5.4 5phrKME120 and 15phrKMEl20 

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 l.Ojum for 5phrRME120, and 1.4|im for 15phrRME120; and the measured 

Mc value is 460g/mol for UME120 and 480g/mol for 5phrRME120 and 

15phrRIV[E120. 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 1.4)j,m (i.e. the same for the 15phrEME120 material), the 

K-transition value, KT, 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 5phrKME120 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 6phrRME120 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 KT 

value is approximately 0.39MPam^^2 for the 6phrKME120 material and 

0.46MPa mî 2 foy 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 fetigue crack growth rates for the 

UME120, 5phrEME120 and 15phrRME120 materials are shown in Fig.5.34. 
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These experimental residts 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 fetigue 

resistance via the change in the K-transition values. 

UME120 / 

SphrRME 120 

Kr 

Fig.5.32 Schematic graph of the expected fatigue crack growth rate for UME120, 

5phrRME120 and 15phrKME120 (if both the 5phrRME120 and 15phrRME120 

materials have same particle size) 

1 
U M E ] 2 o / 5phrRME120 

1 SplirRMEl 20 

H,5phrRME120 

km kma: 

Fig. 5.33 Schematic graph of the expected fatigue crack growth rate for UME120, 

5phrKM[E120 and 15phrRME120 (when the 5phrRME120 material has the 

smaller rubber particles than the 15phrRME120 material) 
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Fig.5.34 Fatigue crack growth rate for UME120, 5phrBME120 and 15phrRME120 

plotted against Kmax 
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5.6 Localised heating effects 

The measurement of the sur&ce temperature of the specimens during the 

fetigue 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 locahsed 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 15phrEME160 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 sxuface temperatures of the 15phrRME160 material during 

the fetigue 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 Knax value reached 1.2MPa m^^, 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 Knax. The detected temperature rise for 

15phrRME120 is also veiy small, and interestingly the value is almost same as 

that of 15phrRME160, at the same value. So again, it may be concluded that 

thermal efiects during the feitigue crack growth in these materials may be 

neglected. 
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5.7 Concludias remarks 

In this Chapter, three major effects of material properties on the fatigue 

crack growth rate in rubber modified epojQ^ 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, Kth. 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 fetigue resistance when the apphed K value 

is relatively large. Generally, the gradient of the feitigue curve becomes less steep 

as the rubber content increases. However, there is virtually no effect on the 

threshold value, Kth, or close to the threshold region. In other words, a rubber 

modified epoxy has a better feitigue resistance than an unmodi&ed epoxy only 

- 1 6 0 -



Chapter Five : Fatigue Crack Propagation in Rubber Modified Epoxies 

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 

KT value. The KT 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 neghgible. 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, firactographic studies wiU 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 carefiiUy 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 surfeces 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 surroimditig 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 veiy 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 

SphrKME 120+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, 6phrKME120 and 

SphrRME 120+BPA materials. 
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Fig.6.1 SEM micrographs of fracture surface of 15phrRMEl60 from a static 

fracture test (Kic=4.03MPam^, crosshead speed O.lmm/min.) 

(a) slow crack growth region, (b) fast crack growth region 
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Fig. 6.2 SEM micrographs of fracture surface of 15phrRMEl20 from a static 

fracture test (Kid=2.47MPam^^, crosshead speed O.lmm/min.) 

(a) slow crack growth region, (b) fast crack growth region 
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Fig. 6.3 SEM micrographs of&acture surface of5phrRMEl20 from a static fracture 

test (Kic=2.20MPam^^, crosshead speed O.lmm/min.) 

(a) slow crack growth region, (b) fast crack growth region 
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Fig. 6.4 SEM micrographs of fracture surface of 5phrKME120+BPA fx>m a static 

fracture test (KicF=3.0lMPam^, crosshead speed O.lmm/min.) 

(a) slow crack growth region, (b) fast crack growth region 
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6.2.2 Volume ̂ -action of voids 

The volume fraction of rubber particles, Vfr, and the volume fraction of void, 

Vfv, can be calculated from the SEM micrographs using an image analysis 

technique, as discussed in section 3.9. The Vfr and Vfv values for the 15phrRME160, 

15phrEME120, 5phrEME120 and 5phrRME120+BPA materials are summarised 

in Table 6.1. 

Table 6.1 Volume &action of rubber particles and voids 

Material Vfr Vfr Vfv/Vfr 

15phrRME160 0.24t0.02 0.39±0.03 1.63 

15phrRME120 0.21±0.02 0.27±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 Vfr value is 0.24 and the Vfv value is 

0.89. The ratio of Vfv and Vfr, VfvA f̂r, is approximately 1.68. This means that the 

voids grow 63% by volume during the fracture process. For the 15phrRME120 

material, the Vfr value is 0.21 and the Vfv value is 0.27, and the value of V&A f̂r 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 15phrEME160 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 15phrRME160 material than in the 15phrRME120 material. 
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The ratio of and V&, VfirA f̂r, 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 impHes tha t 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 smaU applied load. This may be a reason why the values of 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 Pig.6.6 (ISphrRME 120). 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 feicilitate 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 

15phrRME120 materials. 
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Fig.6.5 TOM micrographs, under crossed polars, of ISphrEMEWO from a static 

fracture test (thin section parallel to the crack propagation and perpendicular to 

the fracture surface) 
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Fig.6.6 TOM micrographs, under crossed polars, of 15phrKME120 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, ry, is 1.2-1.4mm for the 15phrRME160 material 

and 0.15-0.20mm for the 15phrRME120 material. Thus, the birefiingent zone in 

the 15phrRME160 material is far larger than that in the 15phrRMEl20 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, rb, and the plastic zone size, ry, for these 

materials. 

Table 6.2 The bireMngent zone size and the plastic zone size for the ldphrRMEl60 

and 15phrRMEl20 materials 

Material rb(iam) ry()im) rb/ry 

15phrRME160 1200-1400 165 7.3-8.5 

15phrRME120 150-200 87 1.7-2.3 

Note: ry - (Kic/cTyt^/6K 

For both materials, the birefiringent zone size, rb, 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. 

cavitation zone plastic 

15phrRME160 
15phrRMEl20 

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 feictor is the crosslink density of the matrix epoxy. Fu [35] 

studied the effect of the crosslink density of the epoxy matrix on the fi-acture 

behaviour of the rubber modified epoxies, and suggested that the rubber modified 

epoxy system with a hghtly 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, aU the above factors cause a positive effect on the cavitation of 

the rubber particles in the 15phrRME160 material, and they may esqjlain why 

15phrRME160 has an extremely large birefiringent zone. 
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6.2.4 TEMobservations 

The TEM micrographs of the 15phrRME160 material in static fracture are 

shown in Fig.6.8. The micrographs were taken near the crack surface (Pig.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 Pig.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 surfece. 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 

lOOnm. 
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initial crack 

(a) 

(b) 

crack propagation ^ 
fractxare surface 

mid-plane 

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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initial crack crack propagation 
fracture surface 

mid-plane 

photo area 

Fig.6.9 TEM micrographs of 5phrRMEl20+BPA (near the craci: surface : arrow 

indicates the crack propagation direction) 
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6.3 Fatigue Gracture 

6.3.1 SEM observations 

6.3.1.115r)hrBME160 

The SEM micrographs of the fatigue surfaces at Kmax=0.61, 1.4 and 

3 . 3 M P a m ^ 2 jn the 15phrRME160 material are shown in Pig.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 epoj^ 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, Vfv, in the 15phrEME160 

material. The measured volume fraction of void at KmmrO.GlMPam^^ is 

approximately 0.245, which is slightly higher than the initial volume fraction of 

rubber, Vfi=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, Vfv, steadily 

increases with an increase in the K^ax value. The value of Vfr is 0.25 for 

K^ax=1.0MPam^2 o.30 for Kmax=2.2MPami/2 and 0.37 for Kmax=3.3MPam^^; and 

the ratio of Vft. and V&, VfvA f̂r, 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 fetigue crack propagation increases, with an 

increase in the Knax value. 
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* 

20p,m 

Fig.6.10 SEM micrographs of&acture surface of 15phrRMEl60 &om a fatigue test 
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Table 6.3 Volume fraction of void at various Kmax values for 15pbrRME160 

Kmax(MPamI/2) V&/V& 

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&=0.24 

The K-transition value, at which the toughening mechanisms which 

involve plastic deformation become active, is approximately 0.59MPami/^ 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, Vfv, is veiy close to the initial volume fraction of rubber, V&, 

at the values of K m a x = 0 . 6 1 M P a m ^ 2 and that the V r̂ value increases with an 

increase of the applied Kmax value. 

A more quantitative analysis on the toughening mechanisms in the 

15phrRME160 material wiU be discussed later in Chapter Seven. 

6.3.1.215DhrRME120 

The SEM micrographs of the fracture surfaces of the 15phrRME120 

material after a fetigue 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 Knax value. This again 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. 

At a relatively low Knax value (0.3MPami^), 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 

Kmax level. Indeed, there is little difference between the volume fraction of voids at 

Kmax=0.3MPam^^ and the initial volume fraction of rubber, Vfi=0.21, as shown in 

Table 6.4. Since the estimated K-transition value for this material is 

approximately O.iGMPam /̂̂  as discussed in section 5.4, the toughening 

mechanisms such as void growth and shear yielding are not yet active at 

Kmax=0.3MPam^. Thus, these observations are consistent with the concept of the 

K-transition. 

At relatively high Knax values (i.e. 0.9MPami^ and l.GMPami^^), 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, VyVfr, at Kmax=1.6MPam^2 jg approximately 1.17, which is rather less 

than the VfvA f̂r value at a high Knax 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 15phrRME120 

Kmax(MPaml̂ 2) 

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: V6-=0.21 
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# 

20|j,m 

Fig.6.11 SEM micrographs ofBracture surface of 15phrKMEl20 from a fatigue test 

(a) Kmax=0. SMPam^^ (b) Ktnax=0. QMPam^ (c)Kmax=l. 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 quahtative 

explanation of why the values of 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 Knax value. 

The SEM micrographs of the SphrRME 12CH-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 epojQ^ matrix already occur 

at a relatively low Knax value (i.e. O.^MPam^^), unUke the other materials, namely 

15phrRME160, 15phrRME120 and 5phrRME120. As discussed in section 5.4, the 

K-transition value, KT, at which the toughening mechanisms become active, can be 

estimated by the following equation; 

KT = (67rrp)î ayt (6.1) 

where rp 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 0.2-0.3nm for the 

5phrRME12CH-BPA material. 
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20)j,m 

Fig.6.12 SEM micrographs ofh-acture surface of 5phrKME120 Q-om a fatigue test 

183 -



Chapter Six : Fractographic Studies and Rubber Toughening Mechanisms 
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m B g a & a g 

20|Lim 

Fig.6.13 SEM micrographs of^acture surface of 5phrRME120+BPA hrom a fatigue 

test: (a) Kmax=0.4MPam^ (b) Kmax=1.8MPam^^ (c) fast crack growth region 
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Assuming the Cyt value for the 5phrRME120+BPA material is almost the 

same as that of the 5phrRME120 or 15phrRME120 material, the estimated KT 

value is 0.20-0.25MPami^^. This value is smaller than the experimentally 

measured threshold value of the SphrRME 12CH-BPA material, namely 

0 . 3 4 M P a m ^ 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 Knax=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 feitigue testing. As shown in Fig.6.14, virtually 

no birefiingent zone is observed in a low Kjnax region (i.e. Knax~0.4MPam^2) Since 

the birefiingent 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 KT value is 0 . 5 9 M P a m ^ 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 region (i.e. Kmax=2.2-3.3MPamî 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, ry/ry, 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 vjxy ratio 

in the fatigue fracture is similar to that in the static fracture, namely 7.3-8.5. 
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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, i.e. 

ry=(Kaiax/cryt)̂ /67i, the plastic zone size, ry, becomes smaller in fetigue 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, rb, may also become smaller in fatigue fracture. Hence, the 

rt/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 rb/ry ratios are apphed to the estimate the ry/ry ratio at a relatively 

low Knax value, then the rb value at Kinax=0.4MPami^2 should be approximately 5-

10|j,m, since the calculated plastic zone size, ry, is lp,m as shown in Table 6.5. The 

birefringent zone with an extent of 5-lO^m is too small to be detected. Thus, this 

may be the reason why no birefringent zone is observed from the region of 

Knax=0.4MPam^2 as shown in Fig.6.14. 

Table 6.5BireMngent zone size of 15phrKME160 measuredGx}m fatigue tests 

Kmax rb ry rb/ry 

(MPam^2) (l̂ m) (l̂ m) 

0.4 not detected 1 not obtained 

2.2-3.3 300-350 31-70 5.0-9.7 

Note: Vy = (KmsJayt)^/GK 
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fatifTue surface 
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from the mid-^ane 

initial, crack 
crack propagation 

K-M "I ' 

photo area 

embedding material 

rubber modified epoxy 

% 

crack propagation 1mm 

Fig.6.14 TOM micrographs, under crossed polars, of 15phrRME160 hrom a fatigue 

test (thin section parallel to the crack propagation and perpendicular to the 

fracture surface), Kmax~0.4MPam^^ 

187 -



Chapter Six : Fractographic Studies and Rubber Toughening Mechanisms 

fatien^e surface crack propagation 
initial, crack 

thin section 

from the roid-^ane 

photo area 

embedding material 

epoxy 

1mm crack propagation 

Fig.6.15 TOM micrographs, under crossed polars, of ISphrJRME 160 from a fatigue 

test (thin section parallel to the crack propagation and perpendicular to the 

fracture surface), Kma^2.2-3.3MPam^^ 
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6.3.3 TEM observations 

The TEM micrographs of a mid-plane section of the 15phrRME160 

materials after a fetigue test are shown in Fig.6.16 and Fig.6.17. As shown in 

Fig.6.16, at Kmax~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 Kmax~3.0MPami^2 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, 1.7)Lim. 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 lOOnm. 
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mid-plane 

photo area 

5|im 

Fig.6.16 TEM micrographs of 15phrRMEl60; Kmax'~0.4MPam^^ (arrow indicates 

the crack propagation direction) 
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fatigue surface ^ crack propagation 

mid-plane 

photo area 

initial crack 

Fig.6.17 TEM micrographs of 15phrRMEl60; Kmax^S.OMPam^^ (arrow indicates 

the crack propagation direction) 
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6.4 Concluding remarks 

In the present Chapter, the fractxore 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 

sur&ce. 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 fetigue crack propagation wiU be employed for the 

15phrRME160 and 15phrRME120 materials. 
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Chapter Seven 

Modelling of Rubber Toughening Mechanisms 

7.1 Introduction 

The fetigue 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 fetigue 

fracture. 

Several models have been proposed to explain the toughening effect due to 

the introduction of rubbery particles in static fracture. Kimz-Douglass et al. [53] 

developed a model which is based on the energy dissipation during the stretching 

and bridging of the crack surfeces 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 locahsed 

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 Einloch'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 apphed to the fetigue condition. The calculations wiU 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 — Go+AG (7.1) 

where Go is the contribution of the intrinsic fracture energy, i.e. the fi-acture 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 particle, 

cavitated particl 

crack 
-

shear band 

rubber bridging 

plastic zone 

Fig.7.1 Schematic drawing of the toughening mechanisms of rubber modiGed 

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 + AGv + AGr (7.2) 

where AGs is the contribution from shear yielding, AGv is the contribution from 

void growth, and AGr is the contribution from rubber bridging. The values of AGs 

and AGv are related to the size of the plastic zone, and can be calculated by the 

following equations, as detailed in Appendix B: 

AGs = 2 I Us(r)dr (7.3) 
0 

AGv = 2 Uv(r)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 Uv (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 /ay)2/67i: (plane strain) (7.5) 

ry = (K /ay)2/27t (plane stress) (7.6) 

where ay 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 epojQ^ and the 

unmodified epoxy can be approximately assumed to be given by the following 

equation: 

ry /ryu = (ayu/ac)2 (7.7) 
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where ry is the plastic zone radius of the rubber modified epoxy, ryu is the plastic 

zone radius of the unmodified epoxy, cjyu is the uniaxial yield stress of the 

unmodified epoxy, and % is the critical stress of the rubber modified epoxy for 

yielding. It should be noted that % 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 imiform and yielding occurs when the von Mises stress at any place 

reaches the uniaxial yield stress [7]. If we use the following definition: 

CJyu/Cc = Kvi (7.8) 

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

7.7 can be expressed as: 

ry/ryu — Kvm^ (7.9) 

This fector can be calculated fix)m the finite element method, and the values 

calculated by Huang using two dimensional plane strain model are used in the 

present study [7,47]. 

4 -

3 -

2 -

0.1 0.2 0.3 
Rubbery volume fraction 

Fig. 7.1 von Mises stress concentration factor as a Amotion of rubbery volume 

faction 
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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: 

Tvm — To - UmP (7.10) 

where Tvm is the von Mises shear stress, to 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, Kvm, was calculated under uniaxial loading, the following 

relationship can be satisfied: 

c T i » a 2 , as (7.11) 

From the definition of the von Mises stress and the hydrostatic stress, 

CTvm = {(cTl - Cr2)2/2 + (% - (73) /̂2 + (CTS - ai)2/2}^2 (7.12) 

p = (CTi + ( j 2 + a 3 ) / 3 » a i / 3 « a v m / 3 (7.13) 

and the von Mises stress, crvm, and the von Mises shear stress, Tvm, are related to 

each other through the following equation: 

CTvm2=3Tvm2 (7.14) 

The hydrostatic stress, p, can be expressed as: 

p = 31/2^^/3 = ^^/31/2 (7.15) 

Therefore the criterion 7.10 can be modified as: 

Tvm = T0/(l+|am/31^2) (7.16) 

This means that the effective yield stress is reduced by 1/(1+ pm /3^^. In other 

words, the stress required for shear yielding is reduced by 1/(1+ Hm/3̂ )̂. Therefore, 

the relative size of the plastic zone wiU 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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ry/ryu = Kvin2(l+^m/31^2)2 (7.17) 

As shown in Fig.7.1, the value of Kvm is a function of rubbery volume 

fraction. If there is no cavitation or debonding of rubber particles, the initial 

volume fraction of rubber particles, V&, can be used for the calculation of the Kvm 

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, Vfv, which is greater than V&, should be 

used to calculate the Kvm value. 

7.4 The contribution of shear vieldins' 

For the calculation of the contribution of shear yielding mechanism, AUs, 

the dissipated energy density function for the shear yielding. Us (r) was estimated 

by the following equation [7, 48]: 

tJs(r) = T/fB(r)TWB(r) (T.US) 

where Vf s (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 

N. 
shear band 

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, Vfs (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. 

J 
rp ' dp/2 

cross-sectional area of shear band 

shear band 

(a) 

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), 

Vf, is given by the following equation: 

Vf= 
(47rrp3/3)/8 

(rp + dp/2)3 
(7.19) 

where rp is the radius of the particle and dp is the interfacial particle-to-particle 

distance. Therefore: 

dp = [(47r/3Vf)î 3.2] rp (7.20) 

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

equation: 

Nv = Vf /(47t rp3 /3) = 3Vf /(47r rp3) C7.21) 

- 199 



Chapter Seven : Modelling of Rubber Toughening Mechanisms 

Then, it is assigned 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) = a(r)7r rp2 (7.22) 

where a(r) is the scaling factor that is assumed to be a function of the distance from 

the crack tip. Rinloch [113] suggested that it is represented by the following 

equation: 

a(r) = 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. 

Ttrp' 

*• r 

Mg. 7.4 Cross-sectional area of shear band, as a function of distance &om 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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2Ls = 2rp + dp -2 [ l - a ( r ) ] i ^ 2 ( 7 . 2 4 ) 

As a shear band is located between two partides, 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: 

Vs= na {S(r)I^ - (7t/3) (U - dp/2)2 [3rp - ( L - dp/2)]} (7.25) 

where ns 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 (r) = (271/3) rp2 {3(47i /3Vf)i^3 ^(r) + 4 [1- a(r)]»2.4} (7.26) 

Thus, the volume fraction of the matrix epoxy in which shear yielding occurs, V6(r), 

can be calculated as foUows: 

Vfe(r) = Nv Vs (r) = (Vf/2){3(47i /3Vf)i^3 ^(r) + 4 [1- a(r)]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, Vfv, should be used as the volume fraction 

of the particles. 

less void growth 

o o O O 

O O O O 

O o o o 
O o O o more void growth 

crack propagation 

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 surfece, 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: 

Vfi.(r) = Vfro - (VM) - Vfr) r/ry (7.28) 

where Vw is the volume fraction of voids visible from studying the fracture surface, 

which is measured by SEM observation, and Vfr is the volume fraction of rubber 

particles. As shown in Pig.7.6, VR, (r) is equal to Vfvo at r=0, i.e. at the crack tip. Its 

value gradually decreases with increasing r, and Vfv(r) equals to the volume 

fraction of rubber particles, Vfr at r=ry, i.e. at the boundary of the plastic zone. 

> r 

Fig. 7.6 Volume faction of voids, as a Rmction of distance fmm the crack tip 

Thus, equation 7.27 can be modified as foUows; 

Vfe (r) = [Vfi. (r)/2]{3 [4ii /SVfv (r)]^3 ^(j.) + 4 [1- a(r)]3/2 - 4} (7.29) 

Next, an estimate of the shear plastic energy density of the matrix epoxy, 

Ws (r), 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 foUows: 

Ws(r) = Tyy(r) (7.30) 

where Xy 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, 

y (r), inside the plastic zone can be assumed as follows: 

y(r) = yfa(r) (7.31) 

where yf is the fracture strain of the matrix epo^gr. This means that the shear 

plastic strain has the maximum value of yf at the crack tip and decreases steadily 

towards zero at the boundary of the plastic zone, as shown in Pig.7.7. 

• r 

Fig. 7.7 Estimated shear plastic strain inside the plastic zone, as a function of 

distance &vm the crack tip 

The shear yield stress of the matrix epoxy, Xy, can be deduced as foUows [7, 

48]; 
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Ty— Oyc /2 (7.32) 

where cTyc 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; 

Ws (r) = aye Yf a(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 (r) = [ayeYf a(r)Vfi. (r)/4]{3 [ivr /3Vfy (r)]!/̂  a(r) + 4 [1- a(r)]3® - 4} (7.34) 

The dissipated energy by the shear yielding mechanism, AGs, is now given by the 

following equation: 

AGs = 2 1 Us(r)dr 

= ( a y e Y f / 2 ) J a(r)V& (r){3 [4% % (r)]î 3 ^ ( r ) + 4[1- a(r)]»2.4 } dr (7.35) 
0 

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: 

AGv = 2 Uv(r)dr (7.36) 
0 

where Uv(r) is the dissipated energy density of void growth. For the calculation of 

AGv, we have to evaluate the energy density, Uv(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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r Uv(r) = J pde (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, d0, can be expressed as follows: 

d0=VfdVA^ (7.38) 

where Vf is the volume fraction of voids and V is the average volume of voids. 

Assuming the following relationships: 

Vf = Vfi: when V = Vo (7.39) 

Vf = Vfir (r) when V = Vi (7.40) 

i.e. Vf has the value of the volume fraction of rubber particle, Vfr, before the void 

growth, and it has the value of the volume fraction of voids, Vfv (r) after the void 

growth. The value of Vf can be expressed by the following equation: 

V&(r)-Vfr 
Vf—VfrH (V-Vo) (7.41) 

\ ^ . v o 

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

48]: 

p «cTyt /2 (7.42) 

where ayt is the tensile yield stress. By substituting equations 7.38, 7.41 and 7.42 

into 7.37, energy density, Uv (r), is given by: 

V^(r)-Vfr 
Uv(r)= |(ayt/2){Vfr+ (^-Vo)}dVA^ 

= (ayt /2) [Vfr (r) - Vfr + (Vfr - ) log (Vi /Vo) ] (7.43) 
(Vi/Vo)-l 

From 7.39 and 7.40, the following relationship is valid: 
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Vi / Vo = V&(r) / Vfr (7.44) 

Therefore, equation 7.43 can be modified as follows: 

Uv (r) = (ayt 12) [Vft. (r) - Vfr] (7.45) 

The dissipated energy by the void growth mechanism, AGv, can be calculated as 

follows: 

AGv = ayt 1 [Vfy (r) - Vfr] dr 
0 

— (oyt /2) (V&o - Vfi) ry (7.46) 

From equation 7.17, ry is given by: 

ry=Kvm2(l+^im/3i/2)2ryu (7.47) 

Furthermore, the following relationship is valid between the tensile yield stress 

and the compressive yield stress [48]: 

ayt = ayc (31^2.^^)/(31/2 + ^^) (7.48) 

Thus, equation 7.46 can be rewritten as: 

AGv = (1/2) (1- Hm2/3) (Vm) - Vfr) ry aye Kvm̂  (7.49) 

7.6 The contribution of rubber bridgitifr 

The dissipated energy by the rubber bridging mechanism in static fracture 

has been proposed by Kmiz-Douglass et al. [53] to be ^ven by: 

AGr,static = 4rtCI)Vfr (7.50) 

where Ft (T) is the tearing energy of the rubber particles and Vfr is the volume 

fraction of rubber particles. The tearing energy, rt(T), of the CTBN1300X8 rubber 

at room temperature is approximately 460J/m2, as shown in Fig.7.8 

- 206 -



Chapter Seven : Modelling of Rubber Toughening Mechanisms 

a 

-120 ' -100 ' -̂ 0 ' -̂ 0 ' 4o -20 6 
Temperature (°C) 

20 40 

Fig. 7.8 Tearing energy of CTBNrubber (data Sxrni ref. [115]) 

As Kxmz-Douglass's model was proposed to explain the static fracture 

energy, the model has now been modified for fetigue fracture, as follows: 

AGr = 4rt (T) Vfr fr (da/dN) (7.51) 

where £ (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: 

fr (da/dN) — AGr / AGr,static — Tr /Tt (T) (7.52) 

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

dynamic tearing test of pure rubber. 
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Fatigue Data(RME&UME) Fatigue Data(Rubber) 
rubber 
modified § ' unmodified 

epoxy 

point for calculation 

Tr r , Tearing energy 

Mg. 7.9 Method to evaluate the scaling factor of the rubber bridging mechanism 

Fig.7.9 shows schematically how the scaling factor, fr(da/dN) was 

estimated. Firstly, the Tr value, at which pure rubber has the same fatigue crack 

growth rate as that of interest for the rubber modified epoxy, may be read firom the 

fatigue data. Then, the value of fr(da/dN) can be evaluated as a ratio of Tr and Ft, as 

shown in equation 7.52. 

7.7 The contribution of unmndified epoxv 

The last term, the contribution of the intrinsic fi-acture energy, i.e. the 

dissipated energy originating fi-om 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 = Gicu fu (da/dN) (7.53) 

where Gicu is the fi-acture 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 &acture is smaller than that in static fracture. The procedure for the 

evaluation of the scaling factor, fu(da/dN), is similar to that for fr(da/dN), as shown 

inFig.7.10. 
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unmodified 
epoxy 

rubber modified 
epoxy 

point for calculation 

Ku (or GJ (or 

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

Firstly, the Ku value (or Gu 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 Gu and Gicu, the fracture energy of the unmodified epoxy, as follows; 

fu (da/dN) = Gu / Gicu = (Ku / Kicu)^ (7.54) 

where Kicu is the fracture toughness of the unmodified epoxy. 

The radius of the plastic zone for the unmodified epoxy, ryu, also can be 

calculated using the Ku value. From LEFM, the value of ryu is given by the 

following equation: 

ryu = (Ku/ayu)2/67r (7.55) 

where Cyu is the yield stress of the unmodified epoxy. The value of ryu 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, AGv. 
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7.8 Application of the theoretical model 

The mathematical model described ia the previous sections was appHed to 

the 15phrRME160 and 15phrRME120 materials. The calculation procedure is as 

follows; 

(i) calculate the volume fraction of rubber, V&, and the volume fraction of void, V^, 

from the SEM micrographs; equation 7.28; 

(ii) calculate the scaling factors, fu(da/dN) and fr(da/dN), from the fatigue crack 

growth rate data; equations 7.52 and 7.54; 

(iii) estimate the plastic zone size of the unmodified epoxy, ryu, using the Ku value; 

equation 7.55; 

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

(v) calculate the dissipated energy, AGs, AGv, AGr and Go, using the above 

parameters and the material properties, aye (compressive yield stress of the matrix 

epoxy), Yf (shear fracture strain of the matrix epoxy) and Ft (tearing energy of 

rubber); equations 7.35, 7.49, 7.51 and 7.53. 

S E M Fatigue Data(RME&lJME) Fatigue Data(Rubber) 

UME 

r^, f ,(da/dN) iv) ^ n" 

1 

(from FEA)-

Material Properties (Gŷ ,, Yf, FJ-

Tr r, T 

f^da/dN) 

(tearing energy) 

Calculate AGg, AG ,̂ AG^ & Gg 

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 (%e rate of loading is estimated to be 

approximately lOOOmm/min in the fatigue tests, as discussed in section 5.4). 

Therefore, the material properties under fetigue loadings are different in value 

from those in the static tests. The values of aye and yf 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 Ft 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 ayc(MPa) Yf Ft(J/m2) E(GPa) 

15phrR]V[E160 (static) 116 0.71 460 2.56 

15phrRME160 (fatigue) 142 0.63 460 2.67 

15phrRME120 (static) 103 0.53 460 2.43 

15phrEME120 (fatigue) 126 0.47 460 2.51 

7.8.1 IBnhrRMElGO 

For the ISphrKMElGO material, five calculation points were chosen; 

Knax=0.61,1.0, 2.2, 3.3 and 4 . 0 3 ( s t a t i c ) M P a m i ^ 2 These correspond to Gmax values of 

0.12, 0.33, 1.59, 3.58 and 5.57kJ/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, Gcaic, 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, AGv, has the second largest contribution. 

The contribution of rubber bridging is rather small compared to the other two 

mechanisms, i.e. shear yielding and void growth. 

Table 7.2 The values of V&, Vm) and ryu for 15phrKME160 

Kmax Gmax da/dN Vfr Vfoo ryu 
(MPam^2) (kJ/m2) (mm/cycle) (|j,m) 

0.61 0.12 2x104 0.24 0.245 1.47 

1.0 0.33 6x10-5 0.24 0.25 3.00 

2.2 1.59 1x10-2 0.24 0.30 5.15 

3.3 3.58 1x10-1 0.24 0.37 6.09 

4.03{'static) 5.57 0.24 0.39 9.23 

Note: Kmax means the measured Kmax value. 

Gmax means the measured Gwax value. 

G (kJ/m') 

Fig. 7.12 Calculated dissipated energy terms plotted against measured Gmax for 
15phrEME160 (AGs: shear yielding, AGv: void growth, AGr: rubber bridging. Go: 
unmodiSed epoxy, Gcaic: 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 Kcaic value was calculated via the relationship 

between K and G, i.e. G=(l-v2)K2/E. Comparing the measured Kmax values with the 

calculated values, Kcaic, there is a fairly good agreement between them when Kmax 

is relatively large. However, the Kcaic values are rather higher than the measured 

Kmax values, when Kmax is relatively small. In other words, the dissipated energy is 

overestimated when Kmax is relatively smaU. 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=0.6lMPa mi/^ (Gmax=0.12kJ/m2). 

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 ^ , as discussed in section 5.4. Therefore, the dissipated 

energy arising from these toughening mechanisms should still be small at 

Kma)f=0.61MPa m^^, since this Kmax value is very close to the K-transition value. 

However, the calculated dissipated energy by the shear yielding mechanism is not 

smaU 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 15phrKME160 

Kmax Gmax AGs AGv AGr Go Gcalc Kcaic 

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 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 2.37 1.49 0.44 0.38 4.67 3.70 

Note: units for Gmax, AGs, AGv, AGr, Go and Gcaic are kJ/ir^ 

units for Kmax and Kcaic are MPam^ 
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7.8.215vhrKMEl20 

For the 15phrRME120 material, five calculation points were chosen; 

Kmax=0.3, 0.5, 0.9, 1.6 and 2.47(static)MPami^. The corresponding G m a x values are 

0.03, 0.09, 0.28, 0.89 and 2.20kJ/m2. Table 7.4 shows the volume firaction of rubber 

and void measured firom SEM micrographs and the calculated ryu values. 

Table 7.4 The values Vfyo and ryu for 15phrEME120 

K m a x G m a x da/dN Vfr VfvO ryu 
(MPam^2) (kJ/m2) (mm/cycle) (|am) 

0.3 0.03 1x10^ 0.21 0.21 0.49 

0.5 0.09 1x10-5 0.21 0.21 1.14 

0.9 0.28 3x10-4 0.21 0.215 2.43 

1.6 0.89 1x10-2 0.21 0.245 3.04 

2.47fetatic) 2.20 0.21 0.27 5.39 

Note: Kmax means the measured Kmax value 

Gmax means the measured Gmax value 

The calculated energies dissipated by each mechanisms and the total 

dissipated energy, G c a i c , are plotted against the measured G m a x value in Fig.7.13. 

The dissipated energy terms arising from shear yielding, void growth and rubber 

bridging increase with increasing the measured G m a x 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, 

AGv, 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 Gwax for 

15phrKME120 (AGs: shear yielding, AGv: void growth, AGr: rubber bridging. Go: 

unmodi£ed epoxy, Gcaic: total dissipated energy) 

Table 7.5 summarises the calculated dissipated energies. As for the 

15phrKME160 material, there is a fairly good agreement between the Kmax and 

Kcak values when IQnax is relatively high. However, the Kcaic values again are rather 

higher than the measured Kmax values, when Kmax is relatively small. Therefore, 

the dissipated energy is overestimated when Knax is relatively small. It is 

suggested again that this is caused by an overestimation of the shear yielding 

mechanism, as for the ISphrRMElGO material. This suggestion again arises from 

the observations at Kmax=0.3MPa-mî 2 (Gmax=0.03kJ/m2) and Kmax=0.5MPa mi/2 

(Gmax=0.09kJ/m2). 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 mî 2, as discussed in section 5.4. Therefore, the 

dissipated energy arising from these toughening mechanisms should be still very 

small at Kmax=0.3]VlPa-mî 2 and Knax=0.5MPa-mi^2 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 7.5Dissipated energy due to each mechanism for 15phrRME120 

Kmax Gmax A G s AGV A G r 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 0.47 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 Gmax, AGs, AGv, AGr, Go and Gcaic arekJ/m^ 

units for Kmax andKcaic areMPam^ 

79 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 value is relatively small. The 

calculated dissipated energy by the shear yielding mechanism at a relatively low 

Kmax 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) = 7rrp2(l-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 Knax 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 Kmax value is relatively smaU. 

follows: 

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

S(r) = 7crp2(l-r/ry)f(ry) (7.57) 

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

%) = 
f ° (ry<rp) 

(rp<ry<crp) 

(crp < ry) 

(7.58) 

where c 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 fer larger than the rubber 

particle (i.e. when crp < ry). The parameter c is assumed to be fifty &om the FEA 

results by Huang [7]. 

f(ry) 

0 rp ctp 

Fig. 7.15 Shear band scaMng function f(ry) 

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 modMed theoretical model 

7.10.1 ISphrBMEmO 

Fig. 7.16 shows the calculated dissipated energy for the 15phrEME160 

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. 

G (kJ/m) 
max 

Fig. 7.16 Calculated dissipated energy terms plotted against measured Gmax for 

15phrRME160, using the modiSed model (AGs: shear yielding, AGv: void growth, 

AGr: rubber bridging. Go: unmodified epoxy, Gcaic: total dissipated energy) 
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Table 7.6 Dissipated energy due to each mechanism for 15phrEME160 (modi£ed 

model) 

Kmax Gmax A G s AGv A G r Go Gcalc Kcaic 

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 2.37 1.49 0.44 0.38 4.67 3.70 

Note: units for Gmax, AGs, AGv, AGr, Go and Gcaic are kJ/n^ 

units for Kmax and Kcaic are MPam^ 

Table 7.6 summarises the calculated dissipated energies. Comparing the 

measured I^nax values with the calculated K values, then the Kcaic values are still 

rather larger than the measured K n a x values when Kmax is relatively smaU. 

However, the Kcafc values are much closer to the measured Knax values, compared 

to the results using the previous model. When Kmax is relatively large, there is a 

good agreement between the K n a x and Kcaic 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 (i.e. 

Kma:Fl.0MPami'2), and it is slightly lower in the low Kmax region and in the high 

Knax region. 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. In the low Knax 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 Knax 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 Contxibution of each mechanism for 15phrEME160 (modMed model) 

Kmax 

(MPam^2) 

Gmax 

(kJ/m^) 

A G s / G c a k AGv/Gcalc AGj/Gcalc Go/Gcalc 

0.61 0.12 0.40 0.05 0.16 0.29 

1.0 0.38 0.70 0.05 0.09 0.16 

2.2 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 

7.10.215vhrRME120 

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 ISphrRMElGO. The shear yielding mechanism has the largest contribution 

to the total dissipated energy. However, the dissipated energy arising firom 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, Kcaic, there is a good 

agreement between them in any Kmax region. At Kmax=0.3MPam^2^ (which is below 

the K-transition value, i.e 0.46MPami^2), the dissipated energies fi-om the shear 

yielding and void growth mechanisms are calculated to be very small. The intrinsic 

dissipated energy originating &om the unmodified epoxy, Go, is dominant in this 

region. 
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g (kj/mo 
max 

Fig. 7.17 Calculated dissipated energy terms plotted against measured Kmax for 

15phrEMEl20, using the modi£ed model (AGs: shear yielding, AGv: void growth, 

AGr: rubber bridging. Go: unmodified epoxy, Gcaic: total dissipated energy) 

Table 7.8 Dissipated energy due to each mechanism for 15phrKME120 (modiGed 

model) 

Kmax Gmax A G s A G v A G r 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 Gmax, AGs, AGv, AGr, Go and Gcaic are kJ/n^ 

units for Kmax and Kcaic are MPam^ 
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Table 7.9 shows the contribution of each mechanism to the total dissipated 

energy. When the Kmax 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 IQnax value is relatively small. Instead, the dissipated energy 

arising from the rubber bridging mechanism and the vmmodified epoxy is 

dominant in this region, especially when the Knax value is smaller than the K-

transition value (i.e. 0.46MPami/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 Knax value is relatively small, 

but it increases with an increase of the Knax value. However, the contribution of 

the void growth mechanism is not so large as for the 15phrRME160 material, even 

when the Kmax 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 15phrKME120 (modi£ed model) 

I^nax 

(MPamî ^) 

Gmax 

(kJ/m2) 

AGs/Gcalc AGy/Gcalc AGr/Gcak Go /Gcalc 

0.3 0.03 0.18 0.00 0.30 0.52 

0.5 0.09 0.31 0.00 0.38 0.30 

0.9 0.28 0.54 0.03 0.23 0.21 

1.6 0.89 0.46 0.12 0.28 0.14 

2.47(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 15phrEME160 material is relatively ductile and 

can undergo more plastic deformation than the 15phrEME120 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 15phrRIV[E120 material has a higher crosslink 

density, and its ductihty 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 ISphrRMElGO 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 

Knax 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 15phrEME160 material. 

- 223 -



Chapter Eight: Fatigue Behaviour of Thermoplastic Modified Epoxies 

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 afiected 

by the material properties and the microstructural parameters. The influence of 

the crosslink density of the epoxy matrix, the volume fi'action 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 efiect 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 fetigue 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 firacture surface will also be shown in this Chapter. 
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8.2Fatifrue 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 

PES 10 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 modiGed epoxies 

Material PES copolymer 

(phr) 

Microstructure Figure 

PESO 0 single phase - - -

PESIO 14.61 particulate Pig.4.4(a) 

PES20 32.67 co-continuous Fig.4.4(b) 

PES25 43.82 phase-inverted Pig.4.4(c) 

Note: "phr^'means "per hundred resin" 

8.2.1 Particulate microstructure 

The fatigue crack growth rates of the PESO (unmodified eposy) and PESIO 

materials are shown in Fig.8.1. The PESIO material contains spherical 

thermoplastic-rich particles and continuous epoxy-rich matrix, similar to the 

rubber modified epoxies in the present study. Thus, according to the results fi-om 

the rubber modified epoxies, it had been expected that there would be httle 

difference in the fatigue crack growth rates between the PESO and PESIO 

materials in a relatively low Kmax region, but that the PESIO material would have 

a better fatigue resistance than the PESO material in higher Kmax region. However, 

it is observed that there is a very Httle difference in the fatigue curves between the 

two materials over the complete I^ax region, not only in the threshold region. 

These fetigue results also reflect the feet that there is a veiy httle difference in the 

values of the fracture toughness between the PESO and PESIO materials, as 

discussed in section 4.5.2. The values are 0 . 5 0 M P a m ^ 2 for the PESO material and 

0.6lMPami^2 for the PESIO material. 
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10 - 2 

a PESO 

- PESIO 

i nog, 

0.3 0.4 0.5 0.6 0.7 0.8 0.9 

K (MPam^/2) 
max 

Fig. 8.1 Fatigue crack growth rates for the PESO and PESIO materials 

Fig.8.2 shows the SEM micrographs of the fatigue surfaces of the PESIO 

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 httle energy, since rubber bridging in the rubber modified epoxies also 

dissipates only a small amount of energy during feitigue crack propagation, as 

discussed in Chapter Seven. 
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crack propagation 

thermoplastic-rich 

particle 

& 

5|im 

Fig.8.2 SEM micrographs for the PES 10 material in fatigue fracture: 

(a) Kmax=0.3MPam^, (b) Ki„ax=0.6MPam^^ 
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8.2.2 Co-continuous microstructure 

The fetigue crack growth rates of the PESO (unmodi&ed epoxy), PES 10 

(particulate microstructure) and PES20 (co-continuous microstructure) materials 

are shown in Fig.8.3. The fetigue resistance of the PES20 material, which has the 

co-continuous microstructure, is significantly improved compared with the PESO 

and PES 10 materials, whereas there is Httle difference in the fatigue resistance 

between the PESO and PES 10 materials. It may also be observed that the 

threshold value is increased from 0.29MPam^2^ for PESO and PES 10, 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. 

10-2 

10"̂  

PESO 

PES20(co-continuous) 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

K (MPam^/^) 
max 

Fig.8.3 Fatigue crack growth rates for the PESO, FESlOand PES20 materials 

In the material with the co-continuous microstructure, the crack must 

advance by the firacture 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 firom 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 epoj^, because the glass transition temperature, Tg, of the 

thermoplastic-rich phase (187.6°C) is higher than that of the pure PES copolymer. 

(The Tg value of the pure PES copolymer should lower than the Tg value (185.4°C) 

of the thermoplastic-rich phase in the PES 10 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 feitigue resistance. 

SEM micrographs of the fatigue surfaces of the PES20 material are shown 

in Fig.8.4. This figure clearly shows that the fetigue crack propagation has 

occurred through both the epoxy-rich and thermoplastic-rich domains. In the 

epoxy-rich domain, the firacture surface is relatively smooth and the thermoplastic-

rich sub-particles can be observed, as for the PESIO material. On the other hand, 

in the thermoplastic-rich domain, the firacture sur&ce 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 Ipm (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 Ktnax=0.45MPami/2 and that 

at Kmax=1.0MPam^2 the latter seems to have a rougher surface than the former. 

This implies that more fi-acture surface is created at Kmax=1.0MPamî 2 than at 

Kma:F0.45MPam^, 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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sub-particle 

epoxy-rich domain 

2p.m 
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Fig.8.4 SEM micrographs for the PES20 material in fatigue fracture: 

(a) KinsoF=0.45MPam^^, (b) Kmax=l. OMPam^^ 

- 230 -



Chapter Eight: Fatigue Behaviour of Thermoplastic Modified Epoxies 

The above SEM resiilts 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 fetigue crack propagation, the SEM micrographs also suggest that the 

PES20 material should indeed have a better feitigue resistance than the PESO and 

PES 10 materials. 

8.2.3 Phase-inverted nucrostructure 

The PES25 material possesses a phase-inverted microstructure, i.e. the 

epoxy-rich particles are dispersed in the thermoplastic-rich matrix. The fiatigue 

crack growth rates of the PESO (unmodified epô g/̂ ), 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 0.49MPami^2 Thig implies that the phase-

inverted microstructure is more effective for the improvement of the feitigue 

resistance than the co-continuous microstructure. 
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Mg. 8.5 Fatigue crack growth rates for the PESO, PES20 and PES25 materials 
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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 

epo3Q -̂rich phase is likely to be less tough than the thermoplastic-rich phase. 

Hence, the feitigue 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 

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

As shown in Table 4.3 in section 4.3.2, the glass transition temperature, Tg, 

of the thermoplastic-rich phase in the PES25 material is 191.6°C, which is higher 

than the Tg value (187.6°C) of the PES20 material. This imphes 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 in section 8.2.2, the dissolution of 

the epoxy resin into the thermoplastic wuld 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 l|am 

(which should be epoxy-rich particles) are embedded in the thermoplastic-rich 

matrix. It is also observed that the feitigue crack has propagated through the 

thermoplastic-rich matrix, as for the thermoplastic-rich domain in the PES20 

material. 
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Fig.8.6 SEM micrographs for the PES25 material in fatigue G-acture: 

(a)Kmax=0.5MPam^2, (b)Kmax=l.lMPam^ 

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 hkely 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. 

o ° o ° o o ° o o ° o | , ° ' ' 

o o _ o O n o o 
O n O 

n 

particles (hard) 

,crack path 

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=l. IMPami/^, the latter seems to be rougher than the former. This implies 

that more surface is created at Kmax=l.lMPam^2 than at Kmax=0.5MPam^2^ during 

the fatigue crack propagation. Hence, as expected, more energy is dissipated 

during crack propagation at Kmax=l. IMPam^/^ than at Kmax=0.5MPamî 2 

8.2.4 Summary of the effect ofmicrostructure 

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 

3 

phaae-inveited 

particulate 

unmodified 

Kmax 

Fig.8.8 Schematic graph of the fatigue crack growth rates for the FES copolymer 

modi&ed epoxies 

When the microstructure is co-continuous or phase-inverted, the feitigue 

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 domain 
epoxy-rich phase 

o 

o o o o 

o 

O O P o . o O o O o 

OO^OOnO.^O O 

o 

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. 
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co-continuous 

^^/phase-iaverted 

particulate 

unmodified 

more epoxy-rich domain less epoxy-rich domain 

Fig.8.10 Influence of the epoxy-rich domain in the fatigue resistance of the 

material with the co-continuous microstmcture 

8.3 Thermoplastic mndified epoxies and rubber mndified 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 16phrRME120 materials (i.e. both rubber modified epoxies) 

plotted against the I^ax values. The fatigue resistance of the PES25 material is 

better than that of the 15phrRME160 and 15phrRME120 materials when the 

appHed Kmax value is relatively low. On the other hand, in the higher K̂ nax region, 

the 15phrKME160 and 15phrRME120 materials have a better fatigue resistance 

than the PES25 material. 
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15phrRME120 
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Fig.8.11 Fatigue crack growth rate for 15phrRME160, 15phrKME120 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 

apphed 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 jfracture toughness, Kic, is 

0.81MPamî 2 for UME120, 1.20MPami^ for UME160 and l.lGMPami^ 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 15phrRMEl60 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 fetigue resistance than the 15phrRME160 and 

15phrRME120 materials, when the appHed Kmax value is relatively low. 

When the appHed Knax value is relatively high, the toughening 

mechanisms which involve plastic deformation of the matrix epoxy become active 

and substantial energy is dissipated during fetigue 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 

epo]Qr-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 Knax 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 IQnax region. If the fatigue resistance in a low K̂ nax 

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 Knax region is important. 

The fatigue crack growth rates plotted against the normahsed Kmax value, 

Kmax/Kic, for the 15phrRME160, 15phrKME120 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 fetigue 

curves of the 15phrRME160 and 15phrRME120 materials are shifted to the low 

Î nax/Kic region compared with those of the UME160 and UME120 materials. On 

the other hand, for the PES25 material, the feitigue curve is still located in a 
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relatively high Knax/Kic region, as is also seen for the PESO material. 

iSphtRMElSO 

15phrRME120 

rES25 

« l o r . 

0.090.1 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

K /K 
max Ic 

Fig.8.12 Fatigue crack growth rate for 15phrKME160, 15phrEME120 and PES25 
plotted against Kma/Kic 

o UME160 

• UME120 

PESO 

g 10-g 
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K /K 
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Fig.8.13 Fatigue crack growth rate for UME160, UME120 and PESO plotted 
against Kma^/Kic 
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The toughening mechanisms arising from the presence of the rubber 

particles clearly improve the Kic value, but not the threshold value, Kth. 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 Kth and Kic values are increased 

compared with the values of the PESO material. Hence, only a small shifb of the 

fatigue curve for the PES25 material is observed, since the Kth/Kic value of the 

PES25 material is not significantly different compared with that of the PESO 

material. (The Kth/Kic value is 0.43 for PES25 and 0.56 for PESO.) This is why the 

feitigue curve of the PES25 material is still located in a relatively high Knax/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 fractxire 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 fetigue firacture 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 fetigue behaviour of the rubber modified epoxies was studied fi-om a 

relatively low K region, i.e. near the threshold region, to a relatively high K region, 

near the Kic 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. fi-om the threshold region to the near Kic value. The AK* values (i.e. the 

AK values at which the material possesses a fatigue crack growth rate of 7.5xl(H 

mm/cycle) show an approximately linear relationship to the square root values of 

Mc, 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 ductihty, 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 fetigue 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 appHed K value is relatively small, including the threshold region. In 

other words, the rubber modified epoxy has a better fatigue resistance than the 

unmodified epo^g 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 fetigue 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 

fetigue 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 fetigue 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 fetigue crack growth rate at a given appHed 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 sur&ces 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 appUed 

K value is below the K-transition value, there is Httle evidence of the toughening 

mechanisms which involve plastic deformation, i.e. shear yielding and plastic void 

growth. When the apphed 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 fetigue 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 apphed K value increases. The contribution of shear 

yielding and void growth mechanisms to the total energy dissipation is not 

significant when the apphed 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 apphed 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 foxmd 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 fetigue 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 fetigue 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 sohd 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 epo3Q̂  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 feitigue 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 lOOg. 

For UME120 material, DGEBA epoxy (epoxy equivalent weight 190g/mol) 

lOOg 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 (A.1) 

For UME120+BPA material, epoxy lOOg, piperidine 5g and BPA (228g/mol) 24g 

are used. This corresponds to epoxy 0.526mol, piperidine 0.0588mol and BPA 

O.lOSmol. If whole BPA molecules become a part of epoxy matrix, the ratio of epoxy 

and piperidine is as foUows: 

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: 

Nc,uMBi20fBPA / NC,UMEI2O = 10.73 / 8.95 = 1.20 (A. 3) 

where Nc,uMEi20fBPA is the number of epoxy molecules between crosslinks of 

UME120+BPA, and NC,UMEI2O is that of UME120. Meanwhile, the epoxy equivalent 
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weight of the mixture of DGEBA lOOg and BPA 24g is: 

(100g+24g) / (0.526mol+0. lOSmol) = 196.5g/mol (A.4) 

Therefore, the ratio of Mc, average molecular weight between crosslinks, is 

ejq^ected as foUows: 

Mc, UMB12D+-BPA / Mc, UME120 = 1.20 X 196.5 / 190 = 1.24 (A.5) 

where Mc, UMEIMBPA is Mc of UME120+BPA, and Mc, UMEI20+-BPA is MC of UME120 . 

This calculation implies that the addition of 24phr BPA causes an increase of Mc 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.l, the energy dissipated in the whole plastic zone, W, is calculated by the 

following equation: 

W = jju(x,: y) Bdxdy (B.l) 

where U(x,y) is dissipated energy density and B is the thickness. 

crack surface 

boundaiy of plastic zone 

- • X 
crack surface 

Aa 

boundary of plastic zone 

Fig. B.l 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: 

rAa rry 
AW = 2 I I U(x,y)Bdxdy 

0 0 
(B.2) 

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(r). In the area of the integration, r is virtually equal to y. Therefore, 

equation B.2 can be modified as foUows; 
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rAa rry nry 

AW = 2 I I U(y) B dx dy = 2 BAa I U(y) dy (B.3) 
13 t) t) 

The fractvire energy, G, is defined as the energy change when a unit new sur&ce is 

created. Thus, 

ĵ y p̂ y 
G = AW/ BAa = 2 I U(y) dy = 2 I U(r) dr (B.4) 

•b "b 
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