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ABSTRACT

The highly cross-linked thermosetting polymers used as adhesives and as the

matrices of fibre composites for the construction of lightweight vehicles are very

brittle, and finding effective toughening solutions for such engineering appli-

cations is a long-standing problem. An anhydride-cured thermosetting epoxy

polymer has been modified by the addition of different wt% of silica

nanoparticles, core–shell rubber particles and hybrids with equal wt% of both.

The fracture energy was measured at ambient and low temperature (- 40 �C

and - 80 �C) to understand the brittle fracture behaviour. The fracture and

toughening mechanisms were identified by scanning electron microscopy of the

fracture surfaces. Analytical models were used to predict the modulus and

fracture energy; the predictions agreed very well with the measured values.

Toughening using silica nanoparticles is especially efficient at low particle

contents. This shows how epoxies can be toughened successfully for use in

industrial and transport applications.

Introduction

Epoxies are thermosetting polymers which are used

as adhesives, coatings and matrices of fibre-rein-

forced composites. They exhibit many useful prop-

erties such as a high modulus, high service

temperature and no creep due to their highly cross-

linked structure. However, this microstructure makes

epoxies extremely brittle, and they have a poor

resistance to the initiation and propagation of cracks

from the defects which are naturally present. In ser-

vice, the epoxy will experience static, cyclic or impact

loading. Due to this brittle nature, the resultant

stresses will cause further damage or propagation of

existing cracks, which will greatly affect the lifetime

of the component and may lead to catastrophic fail-

ure [1–3]. It is difficult to detect cracks in adhesively-

bonded and fibre-composite structures, as the critical

flaw size is very small due to their brittle nature, so

the epoxies must be modified to prevent premature

failure [1–3]. They are used in safety-critical struc-

tural applications, as they enable lightweight con-

struction and promote fuel efficiency, for example in
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the construction of aircraft, cars and ships [4, 5]. It is

thus essential to increase the toughness of epoxies.

The addition of a rubber [6–8], thermoplastic [9, 10]

or block copolymer phase [11] which is soluble in the

resin but phase-separates during curing of the epoxy

is commonly used to toughen epoxy polymers.

Among these, a very successful approach has been

the addition of carboxyl-terminated butadiene acry-

lonitrile (CTBN) rubber which phase-separates into

micron-sized particles during curing [12]. Thermo-

plastics such as polyethersulfone and polyetherimide

have also been used [13–15]. Recently, different forms

of rubber modifiers such as block copolymers have

been used, and these can form complex microstruc-

tures [16]. The microstructure produced is dependent

on the concentration used and the curing conditions

(e.g. temperature, time, rate). Such modifications

initiate multiple toughening mechanisms which

absorb energy and increase toughness. These modi-

fications can be very effective, resulting in tough

thermoset materials, but they can lower significantly

the glass transition temperature, Tg, and degrade the

other properties if there is not complete phase sepa-

ration [14, 15]. They also greatly increase the viscosity

of the epoxy resin, which makes processing and

manufacturing using the modified materials much

more difficult and expensive.

An effective alternative to these phase-separating

modifiers is to use pre-formed particles such as rub-

ber [8], thermoplastic [14] or ceramic [17] particles

which will increase the toughness without reducing

the Tg of the epoxy polymer. Such rubber particles

are generally core–shell particles, with a soft rubbery

core surrounded by a harder shell of polymethyl-

methacrylate [18]. The toughening mechanisms have

been identified as shear band yielding and plastic

void growth after cavitation of the rubbery cores of

the particles [16]. However, at low temperatures the

rubber particles become much harder to cavitate due

to their increased modulus, and so any toughening

effect may be lost. Pre-formed thermoplastic particles

such as polyamide [19, 20] can be used in toughening

of epoxy. Ceramic particles such as boron nitride and

silicon nitride can increase the toughness of epoxy

polymers while also increasing the modulus [17]. The

toughening mechanisms have been identified as

shear band yielding and plastic void growth after

debonding of the ceramic particles. Although these

mechanisms absorb energy and increase toughness,

the toughening effect is generally less than that of

pre-formed rubber particles [16]. Although the

toughening effects of these particles have been stud-

ied, most of the work only covers a few selected

weight percentages, so can only assume there is a

linear increase in toughness for the weight percent-

ages that are not covered [1, 21, 22]. At low concen-

trations, the toughness can increase rapidly as there is

a large volume of matrix able to undergo the tough-

ening mechanisms, so it may be more cost-effective to

use small concentrations of such particles.

Moreover, combining small concentrations of par-

ticles may be more effective than using a large con-

centration of a single particle type, as a synergy may

be observed between soft and hard particles, espe-

cially when combining relatively small and large

particles (e.g. silica nanoparticles and micron-sized

rubber particles) [23]. This is because the toughening

mechanisms activated by large (micron size) and

small (nanometre size) particles are different. For

larger particles, the main toughening mechanisms are

crack pinning, deflection and debonding (for hard

particles) or cavitation (for soft particles) with void

growth and shear yielding [24]. Crack pinning and

deflection would not occur for very small particles, as

these mechanisms require that the diameter of par-

ticle is larger than the crack opening displacement at

the crack tip [24, 25]. Therefore, the toughening

mechanisms found when using nanoparticles are

debonding followed by void growth and shear

yielding [21, 26].

The properties and toughness of epoxy polymers

are known to be affected by temperature, especially

at low temperatures, which they can experience in

automotive, aerospace and cryogenic applications

[27, 28]. Therefore, it is necessary to test epoxy

polymers at both ambient and low temperature, and

to understand their fracture behaviour under these

different conditions. There is more concern about low

temperature performance than elevated temperature,

as the epoxy is further from its glass transition tem-

perature. Further, when particulate tougheners are

added, it is essential to know whether the toughening

mechanisms which are observed at ambient temper-

ature are still operative and are as effective, at low

temperatures.

It is expected that more brittle failure will occur

when epoxy is tested at low temperatures [27], but no

major changes are reported on the fracture surfaces

and with the toughening mechanisms [28]. Mechan-

ical testing at low temperature is not commonly
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performed for particle-modified epoxy polymers, but

is more common for particle-modified epoxy com-

posite laminates [29]. The addition of particles

increases the fracture energy of the material, but the

effect at low temperature is not always clear [28, 29].

This can be due to the different mechanisms which

occur in the composite, such as variations in the fibre

to matrix adhesion, in addition to the fracture in the

matrix [28, 30, 31]. Testing the epoxy polymer allows

characterisation without the influences from fibre

interactions, confirming the effectiveness of the par-

ticle-reinforced epoxy at low temperature.

A typical epoxy polymer is considered in the pre-

sent work. The effect on the fracture energy of the

addition of silica and core–shell rubber (CSR) parti-

cles, both individually and when combined to form a

hybrid, especially at low wt%, is studied. The room

temperature results are compared with tests per-

formed at low temperature. The toughening mecha-

nisms are identified using scanning electron

microscopy, and their relative contributions pre-

dicted using an analytical model. Understanding the

failure mechanisms of these particle-modified epox-

ies helps in designing the best formulation for the

conditions of application to prevent failure. This will

enable lightweight, fuel-efficient and safer structures

to be produced for transport applications.

Materials

Epoxy polymer

An anhydride-cured epoxy polymer was used. The

epoxy resin was Araldite LY 556 (Huntsman

Advanced Materials, Belgium), which is a diglycidyl

ether of bisphenol A (DGEBA) with an epoxy

equivalent weight (EEW) of 185 g/mol and a density

of 1.175 g/ml. The hardener was Albidur HE-600

(Evonik, Germany), which is an accelerated methyl-

hexahydrophthalic acid anhydride with an anhy-

dride equivalent weight (AEW) of 170 g/mol and a

density of 1.08 g/ml. These were used at a stoichio-

metric ratio of 1:1.09 of resin/hardener by weight.

When cured at 165 �C, the epoxy polymer has a glass

transition temperature, Tg, of 143 �C, as measured

using differential scanning calorimetry (DSC) [26].

Silica nanoparticles

The silica nanoparticles used were Nanopox F400

(Evonik, Germany), which is a masterbatch of 40 wt%

of silica nanoparticles in DGEBA and has a density of

1.4 g/ml [32]. The silica nanoparticles have a mean

diameter of 20 nm [32]. The concentrations of silica

nanoparticles used were chosen to be between

0.5 wt% and the maximum possible concentration of

25.4 wt% that can be used while maintaining the

same stoichiometry (Table 1).

Core–shell rubber particles

The core–shell rubber (CSR) particles used were

Paraloid EXL-2300G (Rohm and Haas, UK). These are

an all-acrylic core–shell impact modifier based on

butyl acrylate rubber [33], which are intended to

improve the toughness, elongation at break and

fatigue resistance of epoxy resins [34]. The particles

were supplied in powder form with a density of

1.1 g/ml. They were sieved into three sizes:[ 106

lm, between 106 lm and 38 lm, and\ 38 lm. The

intermediate fraction of between 106 lm and 38 lm

was used in this work. These particles were found to

be not individual particles but agglomerates of

smaller particles, as will be discussed later on. Spec-

imens containing between 0.5 wt% and the maximum

concentration of 10 wt% of CSR were produced

(Table 1), as 10 wt% was the highest possible content

which was suitable for mixing the CSR particles into

the epoxy, due to the increased viscosity.

Core–shell rubber/silica hybrid

The hybrid formulations used equal contents of silica

nanoparticles and core–shell rubber particles mixed

into the epoxy, for example the 1 wt% hybrid con-

tains 1 wt% of silica and 1 wt% of CSR (Table 1). A

maximum hybrid concentration of 10 wt% CSR and

10 wt% of silica was used, as this was the highest

possible wt% from which plates could be cast due to

the high viscosity of the hybrid-modified resin.

13940 J Mater Sci (2019) 54:13938–13958



Experimental procedure

Epoxy plate preparation

Plates of epoxy were cast in release-coated metal

moulds. Single-edge notch bending (SENB) speci-

mens were machined from 6-mm-thick cast plates,

and tensile specimens were machined from 3-mm-

thick plates.

To manufacture the plates, all parts of the metal

moulds were cleaned using acetone and then coated

with release agent (Frekote 700-NC from Loctite, UK).

The moulds were clamped firmly and preheated to

60 �C in a fan oven. The epoxy resin, modifiers and

hardener were stirred using an RZR overhead mixer

(Heidolph, Germany) at 90 rpm for 15 min. The

mixture was degassed at 60 �C in a vacuum oven

until the air bubbles were drawn out, and then

poured into the preheated moulds. The moulds were

placed into the fan oven, and the temperature was

ramped at 1 �C/min to 95 �C, held for 1 h, then

ramped at 1 �C/min to 165 �C, and held for 2 h. The

moulds were allowed to cool in the oven, and the cast

plates removed.

Tensile test procedure

Dumbbell geometry specimens, of type 1BA accord-

ing to the ISO 527 standard [35], were machined from

the 3-mm-thick cast plates using a table-mounted

router (Festool OF200 EB).

The tests were performed in tension at room tem-

perature and at a displacement rate of 1 mm/min

using a universal testing machine (3369 from Instron,

UK). The strain in the gauge length was measured

using a clip-on extensometer, model 2620-601 (In-

stron, UK). The Young’s modulus, E, was calculated

from the slope of the stress versus strain curve. The

modulus was calculated by using linear regression of

the experimental data over an interval from a strain

of 0.025% to 0.075% as recommended by the Standard

[35].

Room-temperature fracture test procedure

Single-edge notch bending (SENB) samples were

machined from the cast plates. The samples were

6 mm in thickness, 12 mm in width and 60 mm in

length according to the ISO 13586 standard [36]. Six

specimens were prepared for each formulation. For

each specimen, a 4-mm-deep notch was machined

and a natural crack was made by tapping a liquid

nitrogen-chilled razor blade into the notch. Test

specimens would be rejected if the cracks produced

were not at least four times the length of the notch tip

radius or if the crack length was 10% more than

6 mm [36].

The SENB tests were performed at a constant dis-

placement rate of 10 mm/min using an Instron 3369

universal testing machine. The maximum load was

recorded, and the linear elastic fracture mechanics

(LEFM) method was used to calculate the fracture

energy.

The fracture toughness, Kc, can be calculated using

[36]:

Table 1 Particle contents used in the present work, for single and hybrid particle modifiers

Silica-modified epoxy CSR-modified epoxy Hybrid-modified epoxy (x wt% silica ? x wt% CSR)

Silica content (wt%) CSR content (wt%) Silica content (wt%) CSR content (wt%)

0 0 0 0

0.5 0.5 0.5 0.5

1 1 1 1

2 2 2 2

3 3 3 3

5 5 5 5

10 10 10 10

15 – – –

20 – – –

25.4 – – –
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Kc ¼
Pc

B
p
W

f xð Þ
� �

ð1Þ

where Pc is the load at crack growth initiation, B is

the specimen thickness, W is the specimen width and

f xð Þ ¼ 6
ffiffiffi

x
p 1:99� x 1� xð Þ 2:15� 3:93xþ 2:7x2

� �

1þ 2xð Þ 1� xð Þ32
ð2Þ

where x = a/W, and where a is the crack length.

The fracture energy can be calculated from the

fracture toughness by the LEFM method [36] using:

Gc ¼
1� v2
� �

K2
c

E
ð3Þ

where v is the Poisson’s ratio and E is the measured

tensile Young’s modulus. For epoxies, the value of

Poisson’s ratio is commonly taken as v = 0.35 [21, 37].

Low-temperature fracture test procedure

Low-temperature fracture tests were performed at

- 40 �C and - 80 �C. The SENB test setup was

placed in a temperature chamber which was cooled

by injecting controlled quantities of cold nitrogen gas,

from a supply of liquid nitrogen, into the chamber.

The SENB specimens were placed inside the chamber

for 5 min to reach the same temperature as the

environment before testing. Tests were performed at

the quasi-static rate of 10 mm/min, as used for the

ambient temperature tests. After one test had fin-

ished, the next test was performed only after the

chamber temperature had returned to the set level, to

ensure that all the tests were performed under the

same conditions.

The fracture toughness was calculated using the

same method as at room temperature. The values

were converted to the fracture energy using the ten-

sile modulus measured at room temperature, as the

variation in modulus with temperature over this

range is known to be relatively small [36].

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to

investigate the fracture surfaces of the SENB speci-

mens after testing. This allowed the microstructure

and the dispersion of particles to be identified, as

well as the toughening mechanisms that they

initiated.

The broken SENB samples were cut to a thickness

of about 2 mm and attached to a sample holder using

conductive tape. Electrical conductivity of the speci-

mens was ensured by applying a line of silver paint

on the side of the specimens, to provide conductivity

between the fracture surface and the sample holder.

For the high-magnification images, a conductive

coating was sputtered onto the surface of the speci-

mens to prevent charging using an EMI TECH K575X

coater at 120 mA for 1 min. Field emission gun

scanning electron microscopy (FEG-SEM) was per-

formed using a LEO Gemini 125 (Carl Zeiss, Ger-

many). An accelerating voltage of 5 kV was used for

imaging. For the low-magnification images, gold was

sputtered onto the surfaces using an Agar Automatic

Sputter Coater. Scanning electron microscopy was

performed using an S-3400 N microscope (Hitachi

High Technologies, UK), using an accelerating volt-

age of 10 kV.

Results

Introduction

The results from tensile testing will be discussed first,

as the tensile modulus is also required for the LEFM

method used to calculate the fracture energy from the

measured data for the SENB tests. The results from

the room-temperature and the low-temperature

SENB tests are then presented. In all cases, the values

from the unmodified epoxy, silica-modified, CSR-

modified and hybrid-modified (silica plus CSR) for-

mulations are presented. Finally, representative

scanning electron microscopy (SEM) images of the

SENB fracture surfaces of the epoxy modified with

each particle type (silica, CSR and hybrid) are shown,

and the fracture behaviour of the materials and the

toughening mechanisms are discussed.

Tensile tests

Unmodified epoxy

A Young’s modulus of 3.14 GPa was measured for

the control epoxy (Table 2), which is identical to the

value reported by Masania et al. [38] for this epoxy

polymer.
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Silica-modified epoxy

When silica nanoparticles were added to the epoxy,

the modulus generally increased with the increased

amount of particles added in (Table 2). This is as

expected because silica has a much higher modulus,

of 70 GPa [39], compared to that of the epoxy (3.14

GPa). The significance of the increases in modulus

will be discussed with the results of the analytical

modelling in the ‘‘Tensile modulus prediction’’ sec-

tion. Tensile strength information is given in Table 3,

and shows that the tensile strength is independent of

the silica nanoparticle wt%, as expected due to the

small size of the particles.

Core–shell rubber-modified epoxy

The addition of CSR particles increased the Young’s

modulus of the epoxy up to 5 wt%, where a value of

3.90 GPa was measured (Table 2). It may be expected

that the addition of the CSR particles would reduce

the Young’s modulus of the specimens, because the

rubber core will have a much lower modulus than

that of the epoxy. However, the small increases in the

modulus values indicate that the PMMA shell has a

higher modulus compared to the epoxy and this

causes the overall increase.

There was a significant reduction in the modulus

value when the concentration of CSR was increased

from 5 wt% to 10 wt%. This is due to agglomeration

of the CSR particles, as could be seen on the fracture

surfaces, which had a different appearance compared

to the other wt% of CSR, and as will be discussed

below with the results from the SEM imaging (‘‘Core–

shell rubber-modified epoxy’’ section). This indicates

that the optimum concentration of CSR particles is

below 10 wt%. The tensile strength (Table 3) reduces

with increasing wt% of CSR due to the relatively

large size of the particles, which act as defects and

cause premature failure of the epoxy.

Silica/core–shell rubber-modified epoxy

The hybrids containing equal wt% of silica and core–

shell rubber particles did not show significant chan-

ges in their tensile properties compared to the addi-

tion of silica only (Table 2). The increases were within

the experimental error, confirming that the addition

of CSR only gives a relatively small increase in

modulus due to the presence of the PMMA shells.

The use of 10 wt% of CSR in the hybrid gave a

decrease in the modulus, which is likely to be due to

agglomeration as for the epoxy with 10 wt% of CSR

only.

Room-temperature fracture tests

Unmodified epoxy

For the control epoxy, a fracture energy of Gc = 68 J/

m2 was measured using SENB tests at room tem-

perature (Table 4). This agrees within experimental

error with the value of 77 J/m2 quoted in the litera-

ture for this epoxy by Hsieh et al. [21]. This confirms

that the unmodified epoxy is very brittle.

Table 2 Tensile modulus results of nanoparticle-modified epoxy

Particle content (wt%) Silica Young’s modulus (GPa) Core–shell rubber Young’s modulus (GPa) Hybrid Young’s modulus (GPa)

Mean SD Mean SD Mean SD

0 3.14 0.10 3.14 0.10 3.14 0.10

0.5 3.38 0.05 3.15 0.07 3.60 0.14

1 3.21 0.04 3.20 0.00 3.43 0.31

2 3.89 0.01 3.23 0.14 3.50 0.28

3 3.74 0.36 3.43 0.29 3.75 0.07

5 3.74 0.10 3.90 0.08 3.80 0.00

10 3.88 0.24 2.95 0.07 3.53 0.06

15 3.83 0.11 – – – –

20 4.31 0.62 – – – –

25.4 4.47 0.21 – – – –
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Silica-modified epoxy

When the 20-nm silica nanoparticles were added to

the epoxy, there was an approximately linear increase

in fracture energy as the wt% of silica increases up to

15 wt% (Table 4). However, at low silica contents, the

increase in fracture energy is greater than linear,

indicating that the silica nanoparticles are more

effective at toughening at low contents. The signifi-

cant increase at low silica content is of interest, as this

has not been reported in previous work where the

smallest content of silica nanoparticles used was

4 wt%, e.g. [21, 37, 40], and this will be discussed

further with the results of the predictive modelling.

At 15 wt% of silica and above, the fracture energy

values reach a plateau at approximately 220 J/m2

(Fig. 1). These values agree well with those quoted in

the literature [21, 37].

Core–shell rubber-modified epoxy

The addition of CSR particles to the epoxy gives a

small increase in fracture energy to 96 J/m2 (Table 4).

However, there is a notable plateau as the fracture

energy barely increases when the wt% of CSR parti-

cles is increased, and a maximum fracture energy of

108 J/m2 was measured using 10 wt% of CSR

(Fig. 2). Thus, the increases in fracture energy values

for the intermediate wt% of CSR were not significant.

Some agglomeration of the CSR particles occurs,

which may reduce the toughening effect.

Table 3 Tensile strength of nanoparticle-modified epoxy at room temperature

Particle content (wt%) Hybrid-modified epoxy tensile

strength (MPa)

CSR-modified epoxy tensile

strength (MPa)

Silica–CSR-modified epoxy tensile

strength (MPa)

Mean SD Strain to failure (%) Mean SD Strain to failure (%) Mean SD Strain to failure (%)

0 60 13 1.8 60 13 1.8 60 13 1.8

0.5 64 14 1.9 65 6 2.2 51 13 1.0

1 61 11 2.3 57 10 2.3 66 4 2.3

2 63 8 2.2 53 4 1.9 56 12 1.7

3 67 14 3.0 50 2 1.7 51 4 1.3

5 77 5 2.5 50 3 1.4 59 6 2.0

10 86 4 3.3 51 2 3.5 56 2 2.6

15 69 12 3.1 – – – –

20 62 31 4.1 – – – –

25.4 69 8 1.9 – – – –

Table 4 Fracture energy of nanoparticle-modified epoxy at room temperature

Particle content (wt%) Silica-modified epoxy fracture

energy (J/m2)

CSR-modified epoxy fracture

energy (J/m2)

Hybrid-modified epoxy fracture

energy (J/m2)

Mean SD Mean SD Mean SD

0 68 21 68 21 68 21

0.5 83 46 96 1 62 4

1 99 73 96 34 72 44

2 117 35 93 9 80 14

3 125 40 92 36 89 11

5 131 28 91 41 97 19

10 169 54 108 40 166 49

15 220 47 – – – –

20 211 73 – – – –

25.4 223 67 – – – –
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The CSR particles are not individual particles but

are aggregates of much smaller particles (of about

300 nm in diameter). As these particles are relatively

small, they will be relatively difficult to cavitate [41].

If they are poorly bonded to other particles in the

aggregate, then the triaxial stresses within the plastic

zone may be insufficient to cause cavitation and

hence some of the potential toughening mechanisms

are not activated. The small particles are not sur-

rounded by epoxy, so the toughening mechanisms

which rely on deformation of the epoxy can be

expected to not be fully operative. Thus, the

toughening effect is smaller than might be expected

for core–shell rubber particles.

Silica/core–shell rubber-modified epoxy

There was a steady increase in fracture energy when

the wt% of silica/CSR particles added into the epoxy

increases (Fig. 3). The hybrid with 10 wt% of silica

and CSR particles showed the largest improvement

in fracture energy, but no synergy was found, i.e.

there was no extra increase due to the addition of

both types of particles. The agglomeration observed

for the CSR-modified epoxies was also seen for the

silica/CSR hybrid specimens, and this could explain

why no synergy occurs. Indeed, the hybrids show

similar fracture properties as when using one type of

particle and this suggests that this combination of

particles does not have a significant effect in

improving the fracture energy of the epoxy.

Low-temperature fracture tests

Unmodified epoxy

The low-temperature SENB tests gave higher fracture

energy values than at room temperature for the

unmodified epoxy, and the values were higher when

the temperature was lower; see Figs. 1, 2 and 3. At

room temperature, an average fracture energy of

68 J/m2 was measured, increasing to 93 J/m2 at

- 40 �C and 126 J/m2 at - 80 �C.

Figure 2 Fracture energy of CSR-modified epoxy from SENB

tests at ambient and low temperature.

Figure 3 Fracture energy of silica/CSR hybrid-modified epoxy

from SENB tests at ambient and low temperature.

Figure 1 Fracture energy of silica-modified epoxy from SENB

tests at ambient and low temperature.
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Silica-modified epoxy

For the silica-modified epoxy, the results of the low-

temperature SENB tests are shown in Fig. 1. There

was a significant increase in the measured fracture

energy at all wt% of silica when tested at - 80 �C

compared to the room-temperature tests. The

increase was more significant with a high wt% of

silica nanoparticles, as a nearly 50% increase in frac-

ture energy was measured (e.g. for 25.4 wt% of silica

the room-temperature fracture energy is 223 J/m2,

compared with 349 J/m2 at - 80 �C). At - 40 �C,

there was no significant difference in the fracture

energies compared to the room-temperature values

(Fig. 1) as the standard deviations overlap.

Core–shell rubber-modified epoxy

The results of the low-temperature SENB tests of the

CSR-modified epoxy are shown in Fig. 2. The fracture

energy is approximately doubled for most of the

specimens tested at - 80 �C when compared to the

room-temperature tests. There was an increasing

trend in fracture energy when the wt% of particles

increased. This trend was also seen for the tests

performed at - 40 �C, but the fracture energy values

were very similar to the room-temperature results for

all wt%. There was a plateau when the wt% of CSR

particles added in was high (at 10 wt%). This sug-

gests that the high wt% use of CSR is not the opti-

mum for toughening and that using a medium-to-

lower wt% (2–5 wt%) would be most appropriate, as

increasing the wt% further has no additional tough-

ening effect. This indicates that the agglomeration

which occurs at 10 wt% also influences the Gc value.

Silica/core–shell rubber-modified epoxy

The trend for an increase in fracture energy with

increase in wt% of particles used was notable in the

hybrid silica/CSR specimens for all temperature

conditions (Fig. 3). However, the magnitude of the

increase in fracture energy for the low-temperature

tests was not as significant as with the use of only one

type of particle. The fracture energy values were

similar to those using CSR only, which were smaller

than the silica results. The optimum amount of

hybrid particles at low temperature is 10 wt% (i.e.

10 wt% of CSR plus 10 wt% of silica), as this con-

centration gave the highest fracture energy.

Summary

At room temperature, the fracture energy increases

with the increase in wt% of particles, and no synergy

was found with the use of hybrid silica/CSR

particles.

At low temperature, the lower temperature

(- 80 �C) gave higher fracture energy values for most

specimens. This trend of increasing fracture energy

with increasing wt% of particles is clearer and more

significant when compared to room-temperature

results. This showed that the effect of toughening was

more significant when the materials experienced

more brittle failure at lower temperatures [31, 42, 43].

The measured fracture energies are compared with

analytical modelling predictions [21, 37, 44] in the

‘‘Analytical modelling’’ section.

Fractography

Unmodified epoxy

The fracture surfaces of the SENB unmodified epoxy

specimens tested at room temperature were com-

pared with the low-temperature fracture surfaces,

and no significant differences were found between

the different conditions. The surfaces were relatively

smooth, with river lines parallel to the direction of

local crack propagation, indicating that little energy is

absorbed during fracture. A scanning electron

microscope image of the fracture surface of the

unmodified epoxy at room temperature is shown in

Fig. 4.

Silica-modified epoxy

SEM images of the fracture surfaces of the silica-

modified epoxy are shown in Fig. 5. Individual silica

nanoparticles can be seen, and some possible voids

can also be found in some images; see Fig. 5c for

example. With silica particles of 20 nm in diameter,

the voids formed by debonding of the epoxy from the

silica followed by plastic void growth would be

expected to be about 35 nm in diameter. This is

because the void will grow until the circumferential

strain is equal to the strain to failure measures from

plane strain compression tests. Thus, the void grows

until the void diameter = particle diameter x

(1 ? strain to failure), where the strain to failure

measured in plane strain compression is 0.75 [21].
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The smallest voids found in Fig. 4a were 33 nm in

diameter, indicating that the observed voids were

formed by debonding and void growth.

Similar results were found for the samples con-

taining 5, 10, 15 and 25.4 wt% of silica nanoparticles.

Some particles can be seen on the fracture surfaces,

with some debonding and void growth of particles

(Fig. 5a–c). When the wt% of particles was low, the

surfaces appear relatively brittle and smooth as

expected due to the low toughness. When the wt% of

particles used was high, more particles can be seen

on the fracture surfaces. The particles initiate tough-

ening mechanisms and hence increase the roughness

of the surface, so at high wt% the surfaces become

very rough.

Core–shell rubber-modified epoxy

SEM images of the fracture surfaces of the CSR-

modified epoxies are shown in Fig. 6. The CSR par-

ticles were distinct from the epoxy matrix at

low wt%, as the epoxy is smooth and brittle and the

CSR particle aggregates appear as light-coloured

rough patches through which the crack propagates.

At high wt%, the surface becomes much rougher and

it is harder to distinguish the matrix from the CSR

particle aggregates. Some agglomeration of the CSR

particles can be seen on the fracture surfaces; see

Fig. 6b for example.

Figure 4 Fracture surface of unmodified epoxy.

Figure 5 Scanning electron micrographs of fracture surfaces of silica-modified epoxy, a 5 wt% silica (- 40 �C), b 10 wt% silica (20 �C),

c 15 wt% silica (20 �C), and d 25.4 wt% silica (20 �C).
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The CSR particles are aggregates, typically 50 lm

in diameter, of small CSR particles which are about

300 nm in diameter, as shown at higher magnifica-

tion in Fig. 7. These small (primary) CSR particles

cavitated during fracture to leave a void within the

shell, as indicated by the dark circles within the light

rings in Fig. 7b.

The aggregates of CSR particles were not observed

to debond from the epoxy matrix, as no dark ring that

would indicate a cavity formed by debonding was

present around the aggregates; see Figs. 6 and 7a.

Although the aggregates are much larger than the

diameter of the plastic zone, evidence of toughening

mechanisms such as crack pinning or crack deflection

was not observed on the fracture surfaces as the crack

propagated through the aggregates.

Figure 6 Scanning electron micrographs of fracture surfaces of CSR-modified epoxy, a 3 wt% CSR (20 �C), b 5 wt% CSR (- 40 �C),

and c 10 wt% CSR (- 40 �C).

Figure 7 Room-temperature CSR particle morphology showing a aggregated small CSR primary particles, and b fractured primary CSR

particles within CSR aggregate.
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Silica/core–shell rubber hybrid-modified epoxy

SEM images of fracture surfaces of the silica/CSR

hybrid-modified epoxy are shown in Fig. 8, and a

higher-magnification image is shown in Fig. 9. The

agglomerates of CSR particles can be readily identi-

fied in the silica/CSR hybrid-modified epoxy images,

but it is much harder to identify the silica

nanoparticles due to their small size and the rough-

ness of the fracture surfaces. River lines are present

on the surfaces (see Fig. 8b for example) which are

typical for crack propagation in brittle polymers due

to the crack being slowed when it propagates through

an aggregate of CSR particles.

Fractography summary

The main toughening mechanisms identified using

SEM in the silica-modified epoxy were debonding of

the silica nanoparticles and subsequent void growth

of the epoxy polymer. For the CSR-modified epoxy,

particle cavitation was the main toughening mecha-

nism, followed by void growth of the epoxy. A syn-

ergy effect was not found with the addition of silica/

CSR hybrid particles, but the toughening mecha-

nisms identified for the single particle-modified

epoxies were also observed for the hybrids. Shear

band yielding has been observed extensively in pre-

vious studies [21, 38, 45] using this epoxy and with

the addition of the same silica nanoparticles, so it can

Figure 8 Scanning electron micrographs of fracture surfaces of silica/CSR hybrid-modified epoxy, a 1 wt% silica/CSR hybrid (- 40 �C),

b 5 wt% silica/CSR hybrid (20 �C), and c 10 wt% silica/CSR hybrid (20 �C).

Figure 9 Room-temperature silica/CSR hybrid-modified epoxy

morphology showing river lines from primary particles.
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be readily concluded that shear band yielding will

also occur in the present work.

Analytical modelling

Introduction

Analytical models were used to predict the modulus

and fracture energy of the modified epoxies. This

method also identifies the effect of relative contribu-

tions of the different particles in hybrid systems, as

well as the presence of any synergistic effect. The

Halpin–Tsai model [21, 26, 37] was used to predict

the tensile modulus of the materials, and the Huang

and Kinloch model [21, 26, 37] was used to predict

the fracture energy increase from the observed

toughening mechanisms.

Tensile modulus prediction

The Halpin–Tsai model

The Halpin–Tsai model predicts the modulus, E, of a

particle-modified material using [46]:

E ¼ 1þ ngmf

1� gmf
Eu ð4Þ

where Eu is the Young’s modulus of the matrix, vf is

the volume fraction of particles, f is the Halpin–Tsai

geometry factor, which is equal to 2 for spherical

particles [21, 26, 37], and g can be written as:

g ¼ Ep

Eu

� 1

� �

=
Ep

Eu

þ n

� �

ð5Þ

where Ep is the modulus of the particles (70 GPa for

the silica nanoparticles) and Eu is the modulus of the

unmodified epoxy (3.14 GPa, as measured in the

present work). The hybrid-modified epoxy predic-

tions assume that the modulus for the hybrid-modi-

fied epoxy is equal to the sum of the increases due to

the addition of each particle type.

Silica-modified epoxy modulus

The predicted modulus values of the silica-modified

epoxies are shown in Fig. 10. Most of the predicted

modulus values agree very closely to the measured

values. There was a linear increase in modulus in the

predictions when the wt% of silica nanoparticles

increased, and the gradient of the linear increase was

very similar to that measured experimentally. This

shows that the Halpin–Tsai model works well for the

silica-modified epoxy. It also confirms that the

assumption that the modulus of the silica nanopar-

ticles is equal to that of bulk silica (i.e. Ep = 70 GPa)

[39] is reasonable.

Core–shell rubber-modified epoxy modulus

As the effective modulus of the CSR particles is

unknown, this value was back-calculated from fitting

to the experimental results at low CSR contents, and a

value of Ep = 8.0 GPa was obtained. The predicted

Figure 10 Modulus of silica-modified epoxy, experimental

values and predictions from the Halpin–Tsai model.

Figure 11 Modulus of CSR-modified epoxy, experimental values

and predictions from the Halpin–Tsai model.
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modulus values of the CSR-modified epoxy are

shown in Fig. 11. The agreement becomes poor when

the wt% of particles is increased, and there is a

reduction in the measured modulus at 10 wt% of

CSR, which is due to clustering of the particles. (Note

that 10 wt% was the highest possible wt% of CSR

that can be added to the resin as the viscosity became

too high at larger CSR contents.) The predicted value

suggests that a higher modulus could be obtained

with a better distribution of particles at 10 wt% CSR.

Although the rubber core of the CSR particles will

have a low modulus when compared to the epoxy,

the modulus of the CSR-modified epoxy increases

with wt%. This indicates that a stiffer shell is present,

and the PMMA shell of the CSR particles has a

modulus higher than that of the epoxy.

Hybrid-modified epoxy modulus

The predicted modulus values for the silica/CSR

hybrid-modified epoxy are shown in Fig. 12. The

hybrid predictions were made by adding the modu-

lus increase contributed from the predictions for each

of the two particle types. A similar pattern of results

was found in the hybrid-modified epoxy predictions

compared to the individual particles when compared

to the experimental results, with reasonable agree-

ment at low particle contents. There is also a drop in

the modulus for the 10 wt% silica/CSR hybrid spec-

imens, as was observed for the 10 wt% CSR speci-

mens due to the presence of agglomerates.

Summary

The predicted modulus values generally agreed

extremely well with the experimental findings. The

silica-modified epoxy predictions agreed best with

the experimental results. The modulus of the CSR-

modified epoxy was expected to be lower than the

modulus of the unmodified epoxy, because the

modulus of rubber is lower than epoxy. However, the

PMMA shell of the CSR particles increases the

modulus, and hence slightly increased modulus val-

ues were found for the CSR-modified epoxy. This

pattern continues for the silica/CSR hybrid-modified

epoxy. Where a drop in the modulus was measured,

when using 10 wt% of CSR, this was observed to be

due to clustering of the particles.

Fracture energy prediction

The Huang and Kinloch model

The fracture energies of the modified epoxies can be

predicted using the Huang and Kinloch model,

which considers that the contributions from the var-

ious toughening mechanisms can be added to the

fracture energy of the unmodified epoxy. The overall

fracture energy can be written [47] as:

Gc ¼ Gu þW ð6Þ

where Gu is the fracture energy of the unmodified

epoxy and W is the sum of the overall toughening

contributions from the particles.

Considering the toughening mechanisms, shear

band yielding occurs when particles are added to this

epoxy, as shown by Hsieh et al. [21]. This is the case

for both the silica nanoparticles and the core–shell

rubber particles. For rubber-modified epoxies, the

rubber particles may cavitate to create voids, which

then increase in diameter by plastic deformation of

the epoxy [48]. For silica-modified epoxies, the par-

ticles can debond to create voids, which then grow by

plastic deformation of the epoxy [49]. These processes

absorb energy and hence increase the toughness.

Fracture energy representation

There will be a contribution to W from each of the

identified toughening mechanisms. The increase in

fracture energy due to shear banding is DGs, the

contribution from debonding (or cavitation) ofFigure 12 Modulus of silica/CSR hybrid-modified epoxy,

experimental values and predictions from the Halpin–Tsai model.
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particles is DGdb, and that from plastic void growth is

DGv [50]. Hence:

W ¼ DGs þ DGdb þ DGv ð7Þ

Debonding occurs for hard particles, while cavita-

tion occurs for soft particles [37], but both processes

create a void which is then able to grow. However, it

has been shown that debonding or cavitation does

not contribute significantly to the energy absorption

[37] and hence can be ignored, i.e. DGdb = 0 J/m2.

Therefore, Eq. 7 becomes [47]:

W ¼ DGs þ DGv ð8Þ

The contributions of shear band yielding and void

growth can be calculated using the equations [47, 50]

below.

Contribution from shear band yielding

The fracture energy contribution of shear band

yielding, DGs, is given [37, 47] by:

DGs ¼ 0:5vfrycucfuF
0 ry
� �

ð9Þ

where vf is the volume fraction of particles, rycu is the

compressive yield stress, cfu is the compressive fail-

ure strain of the unmodified polymer (measured

from plane strain compression tests) and [47, 50]:

F
0
ry
� �

¼ry
4p

3vf

� �1
3

1� rp
ry

� �3

� 40

35

rp
ry

� 1

� �3
2

"

rp
ry

� �

7

5
� rp
ry

� �

� 2 1� rp
ry

� �2

þ 16

35

# ð10Þ

where rp is the radius of the particles, and the radius

of the plastic zone, ry, is given by:

ry ¼ K2
sp 1þ lmp

3

� �

rpzu ð11Þ

where Ksp is the maximum stress concentration

around a particle, lm = 0.2 is a material constant, and

rpzu is the radius of plastic deformation zone of the

unmodified epoxy, as discussed below. The value of

Ksp is a function of the volume fraction of particles, vf,

and can be expressed [37] as:

Ksp ¼ 0:59vf þ 1:65 ð12Þ

The values of the compressive yield stress, rycu,

and the compressive failure strain, cfu, are taken from

Hsieh et al. [21] (Table 5).

Contribution from plastic void growth

The fracture energy contribution from plastic void

growth, DGv, is given [37, 47] by:

DGv ¼
1� l2m

3

� �

vfv � vfð ÞrycurpzuK2
v ð13Þ

where vfv is the volume fraction of voids, vf is the

volume fraction of particles, lm is a material constant,

rycu is the compressive yield stress of the unmodified

polymer and rpzu is the radius of plastic zone at

fracture. The stress concentration factor for voids, Kv,

depends on the volume fraction of particles, vf, and

can be expressed [37] as:

Kv ¼ 0:918vf þ 2:11 ð14Þ

The values required for the modelling are quoted

in Table 5.

It has been reported that generally 100% of the

rubber particles cavitate, but cavitation is easier for

soft and large particles, so small particles or those

with a stiffer rubber core may not cavitate [24].

For silica-modified epoxies, previous work has

shown that if debonding does occur, not all of the

silica nanoparticles will undergo debonding. Experi-

mental measurements have shown that between 10

and 15% of the silica nanoparticles debond [21, 51].

This has been confirmed by theoretical work by Bray

et al. [51] which showed that debonding is highly

affected by the distances between particles. This work

showed that once a silica particle debonds then its

nearest neighbours can no longer debond due to the

changes in the stress state around the particles. The

theoretical prediction is that only 1/7 of the ran-

domly dispersed nanoparticles would be able to

debond [21, 51]. Thus, only 14.3% of the silica

nanoparticles will be able to undergo debonding and

subsequent void growth.

Three different cases are therefore modelled in the

present work:

1. 100% of particles show plastic void growth

2. 14.3% of particles show plastic void growth

3. Shear band yielding only

For the silica-modified epoxy in the present work,

the toughening mechanisms of shear band yielding

and plastic void growth of the epoxy polymer after

particle debonding are expected to result [52].

It is very difficult to measure the volume fraction of

voids from SEM of the fracture surfaces, especially
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for the silica nanoparticles, due to the small diameter

of the particles. However, it is possible to predict the

void diameter, and hence the volume fraction of

voids, vfv, can be calculated by assuming that a void

will grow until the circumferential strain equals the

failure strain measured from plane strain compres-

sion tests of the unmodified epoxy. The predicted

radius of a void is given by [51]:

rv ¼ 1þ cfuð Þrp ð15Þ

where cfu is the failure strain measured in the plane

strain compression test and rp is the particle radius.

This makes the analytical modelling truly predictive.

If the volume fraction of voids was measured from

the fracture surfaces, then the fracture tests would

need to be performed before the modelling can be

done, so the results are not properly predictive.

Plastic zone size

Localised plastic deformation is often the main

energy dissipation mechanism in brittle materials.

With the use of linear elastic fracture mechanics

(LEFM), the radius of the plane strain plastic defor-

mation zone is required for the prediction of the

fracture energy using the equations above and can be

found from the equations below [53, 54].

For the unmodified epoxy, the radius of the plane

strain plastic deformation zone, rpzu, is given by:

rpzu ¼
1

6p

EuGcu

1� v2ð Þr2ytu
ð16Þ

where Eu is the modulus, Gcu is the fracture energy,

v is the Poisson’s ratio and rytu is the tensile yield

stress of the unmodified epoxy.

For the nanoparticle-modified epoxy, the radius of

the zone is given by:

ry ¼ K2
vm 1þ lm

31=2

� �2

rpzu ð17Þ

where lm is the coefficient of increase in shear yield

stress with hydrostatic pressure, which for epoxy is

between 0.175 and 0.225. The value of Kvm depends

on the volume fraction of particles, vf, and can be

expressed as [55]:

Kvm ¼ 3:9337vf þ 2:1126 ð18Þ

The parameters used in the equations are listed in

Table 5.

Silica-modified epoxy fracture energy

The fracture energy predictions for the silica-modi-

fied epoxy are compared with the measured values in

Fig. 13. The 14.3% of void growth with shear pre-

dictions agree best with the experimental results

when compared with the other assumptions used,

Table 5 Values of parameters

used for toughening

predictions, from the present

study and from Hsieh et al.

[37]

Parameter Symbol Value Unit Source

Fracture energy of unmodified epoxy GCU 68 J/m2 Present work

Compressive yield stress of unmodified epoxy rycu 120 MPa Hsieh et al.

Tensile yield stress of unmodified epoxy rytu 88 MPa Hsieh et al.

Young’s modulus of unmodified epoxy Eu 3.14 GPa Present work

Compressive failure strain of unmodified epoxy cfu 0.75 – Hsieh et al.

Poisson’s ratio of unmodified epoxy m 0.35 – Hsieh et al.

Maximum stress concentration around a particle Ksp 1.65–1.709 – Present work

Maximum stress concentration around a void Kv 2.12 – Present work

Volume fraction of particles vf 0–0.22 – Present work

Figure 13 Fracture energy of silica-modified epoxy, experimental

values and predictions from the Huang–Kinloch model.
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which confirms that shear band yielding does occur

although it cannot be observed using the scanning

electron microscope. Note that the 100% void growth

predictions are not shown in Fig. 13 as they greatly

overestimate the fracture energy, as expected. The

measured values agree very well with those by Hsieh

et al. [37]. The predictions from the present work are

slightly lower than those from Hsieh et al. due to the

lower measured fracture energy of the unmodified

epoxy.

The measured increase in fracture energy per wt%

of silica added is the greatest at low silica contents,

indicating that the silica nanoparticles are most

effective at toughening when the well-dispersed

particles are surrounded by a significant volume of

epoxy which is able to deform plastically and absorb

energy. The significant increase at low silica content

is of interest, as this has not been reported in previous

work where the smallest content of silica nanoparti-

cles used was 4 wt%, e.g. [21, 37, 40]. Fractography

has identified the toughening mechanisms for silica-

modified epoxy as shear band yielding plus

debonding and void growth, supported by finite

element modelling which has shown that only 1 in 7

(i.e. 14.3%) of the silica nanoparticles will debond

[51]. However, the experimental data lie above the

predictions for 14.3% of void growth with shear

(Fig. 13), suggesting that when the silica nanoparti-

cles are widely spaced, more than 14.3% may

undergo debonding and void growth. Bray et al. [51]

calculated that 14.3% of the particles would be

expected to undergo debonding when the silica

content was high, using 20 wt% of silica for their

modelling work. They showed that once one particle

debonds, the particles close to the void created would

not debond, but that when the particles are well

separated debonding will occur, which implies that

at low silica contents more (or all) of the silica par-

ticles would be expected to debond. Inspection of the

relative energies quoted [51] shows that when the

epoxy contains 2.5 wt% of silica nanoparticles, the

energy required to debond a particle is unaffected by

whether other particles have debonded or not. It

would therefore be expected that the experimental

data for 1 wt% and 2 wt% of silica nanoparticles

would agree well with predictions assuming shear

band yielding plus debonding and void growth of

100% of the particles. These predictions are shown in

Fig. 13, and the agreement is very good. This con-

firms that at low silica contents all of the particles

undergo debonding and void growth, and hence the

toughening effect is much more pronounced.

Core–shell rubber-modified epoxy fracture energy

The CSR particles were identified to be composed of

aggregates of smaller CSR particles (Fig. 7a), as dis-

cussed above. The large aggregates of CSR were not

observed to debond from the epoxy matrix, as no

dark ring that would indicate a cavity formed by

debonding was present around the aggregates; see

Figs. 6 and 7a. Indeed, as the large aggregates are

approximately 50 lm in diameter they are much

larger than the diameter of the plastic zone (which is

5.2 lm for the unmodified epoxy, as calculated using

Eq. 16). However, the small CSR particles were

observed to undergo cavitation, as shown by the

holes within the particle shells on the SEM images of

the fracture surfaces. Although void growth may

occur, the energy dissipated is relatively low, because

the individual CSR primary particles are not sur-

rounded by epoxy polymer and hence the energy

dissipated by plastic void growth is much smaller

than for well-dispersed particles, e.g. Gian-

nakopoulos et al. [47].

The experimental results show a steep increase in

fracture energy when using a small CSR content, and

the toughness then remains approximately constant

within the experimental error with increasing wt% of

CSR. At the higher CSR contents used, the experi-

mental data lie between the predictions for shear
Figure 14 Fracture energy of CSR-modified epoxy, experimental

values and predictions from the Huang–Kinloch model.
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band yielding only and those for 14.3% of void

growth with shear (Fig. 14). Note that the 100% void

growth predictions are not shown in the graph as

they are significantly higher than the experimental

results. This indicates that the CSR particles are rel-

atively ineffective at toughening, but that some

energy is dissipated via the void growth mechanism.

Silica/CSR hybrid-modified epoxy fracture energy

The fracture energy predictions for the silica/CSR

hybrid-modified epoxy are shown in Fig. 15. The

fracture energy values for the hybrids of silica and

CSR were calculated using the sum of the increases in

the results of the two particles used, as there was

equal wt% of each particle type used in the epoxy.

Note that the 100% void growth predictions are not

shown in the graph as they are significantly higher

than the experimental results. The measured fracture

energies are lower than those for the silica-modified

epoxy and lie between the predictions for shear band

yielding only and those for 14.3% of void growth

only (Fig. 15). This indicates that there is no synergy

between the particle types for the silica/CSR hybrid-

modified epoxy. Indeed, the addition of the CSR

particles to the silica-modified epoxy reduces the

fracture energy values rather than increasing them.

Thus, it can be concluded that the size ratio between

the agglomerates of CSR particles and the silica

nanoparticles is too large for a synergistic effect,

which is seen when micron-sized CTBN particles are

used with the silica nanoparticles, as shown in Hsieh

et al. [37] and Kinloch et al. [40].

Summary

The fracture energy predictions from the Huang and

Kinloch model, based on the identified toughening

mechanisms, agree well with the experimental

results. For the silica-modified epoxy, the predictions

for 14.3% of void growth with shear yielding fit best

with the experimental results and concur with the

previous studies, e.g. [37]. The experimental data for

the CSR-modified epoxy were found to lie between

the predictions for shear band yielding only and

those for 14.3% of void growth with shear, showing

that the CSR particles were relatively ineffective.

Further, there is no synergy between the particle

types for the silica/CSR hybrid-modified epoxy as

the size ratio between the agglomerates of CSR par-

ticles and the silica nanoparticles appears to be too

large for a synergistic effect. For the silica-modified

epoxy, the increase in fracture energy per wt% of

silica added is the greatest at low silica contents,

confirming that more than 14.3% of the particles

undergo debonding and void growth at low silica

contents, and hence the toughening effect is much

more pronounced.

Conclusions

An anhydride-cured thermosetting epoxy polymer

was modified by the addition of different wt% of

silica nanoparticles, core–shell rubber particles and

the hybrids of both with equal wt%. The modulus

was measured at room temperature. Their fracture

behaviour was compared at different temperatures

(ambient, - 40 �C and - 80 �C) to investigate the

toughening effect at low temperatures. Scanning

electron microscopy was used to identify the fracture

and toughening mechanisms. Analytical models were

used to predict the modulus and fracture energy, and

these values were compared with the experimental

results.

A modulus of 3.14 GPa was measured for the

unmodified epoxy. The addition of silica nanoparti-

cles increased the modulus of the epoxy. Although

CSR would be expected to reduce the modulus, the

PMMA shell on the CSR particles increases its mod-

ulus; hence, higher modulus values were found in the

Figure 15 Fracture energy of silica/CSR hybrid-modified epoxy,

experimental values and predictions from the Huang–Kinloch

model.
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CSR-modified epoxy. The use of hybrid silica/core–

shell rubber particles only shows a small increase in

the modulus.

Room-temperature SENB provided fracture energy

values without brittle failure problem; toughening

effect is found especially at intermediate wt% of

particles used. Toughening effect is more significant

when specimens are tested at low temperature;

higher fracture energy values are found when the test

temperature is lower. Most of the results under brittle

failure from low-temperature SENB test had higher

standard deviations due to difficulties in performing

tests at specific low-temperature conditions required.

The fracture surfaces from the room-temperature

SENB tests were compared with those from the low-

temperature tests, and no significant differences were

found. Scanning electron microscopy identified

debonding of the silica nanoparticles and cavitation

of the CSR particles, followed by plastic void growth

of the epoxy matrix.

The observed toughening mechanisms were mod-

elled analytically. The measured fracture energies for

the silica-modified epoxy agreed well with the pre-

dictions assuming debonding and void growth for

14.3% of the particles plus shear band yielding. The

agreement between the predictions and the measured

values for the CSR-modified and hybrid-modified

epoxies was less good, as the aggregated nature of

the CSR particles meant that they absorbed less

energy than the dispersed particles. It was shown

that the silica nanoparticles are most efficient at

toughening at low concentrations, when all of the

silica particles can undergo debonding and void

growth. This indicates that is the most efficient for

small particle contents, hence the toughness plateaus

at higher particle volume fractions.
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