-

P
brought to you by . CORE

View metadata, citation and similar papers at core.ac.uk

provided by Crossref

J Mater Sci (2013) 48:6762-6777
DOI 10.1007/s10853-013-7481-8

The microstructure and fracture performance
of styrene-butadiene—methylmethacrylate block

copolymer-modified epoxy polymers

H. M. Chong - A. C. Taylor

Received: 4 April 2013/ Accepted: 25 May 2013 /Published online: 11 June 2013
© The Author(s) 2013. This article is published with open access at Springerlink.com

Abstract The microstructure and fracture performance of
an anhydride-cured epoxy polymer modified with two
poly(styrene)-b-1,4-poly(butadiene)-b-poly(methyl meth-
acrylate) (SBM) block copolymers were investigated in
bulk form, and when used as the matrix material in carbon
fibre reinforced composites. The ‘E21° SBM block
copolymer has a higher butadiene content and molecular
weight than the ‘E41°. A network of aggregated spherical
micelles was observed for the E21 SBM modified epoxy,
which became increasingly interconnected as the SBM
content was increased. A steady increase in the fracture
energy was measured with increasing E21 content, from 96
to 511 J/m* for 15 wt% of E21. Well-dispersed ‘rasp-
berry’-like SBM particles, with a sphere-on-sphere mor-
phology of a poly(styrene) core covered with
poly(butadiene) particles, in an epoxy matrix were obtained
for loadings up to 7.5 wt% of E41 SBM. This changed to a
partially phase-inverted structure at higher E41 contents,
accompanied by a significant jump in the measured fracture
energy to 1032 J/m? at 15 wt% of E41. The glass transition
temperatures remained unchanged with the addition of
SBM, indicating a complete phase separation. Electron
microscopy and cross polarised transmission optical
microscopy revealed localised shear band yielding, deb-
onding and void growth as the main toughening mecha-
nisms. Significant improvements in fracture energy were
not observed in the fibre composites, indicating poor
toughness transfer from the bulk to the composite. The
fibre bridging observed for the unmodified epoxy matrix
was reduced due to better fibre-matrix adhesion. The size
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of the crack tip deformation zone in the composites was
restricted by the fibres, hence reducing the measured
fracture energy compared to the bulk for the toughest
matrix materials.

Introduction

Epoxies are highly crosslinked, amorphous thermoset
polymers which exhibit very good high-temperature per-
formance, high modulus, high strength and low creep. This
makes them attractive as engineering materials for appli-
cations such as adhesives and fibre composites. However,
the high crosslink density also makes them inherently
brittle materials as they are unable to resist crack initiation
and propagation effectively, i.e. epoxies have low fracture
toughness.

The toughness of epoxies can be improved by intro-
ducing a second phase into the bulk material. The most
commonly used, and successful, method to improve the
fracture toughness of epoxies is to incorporate rubbery
particles. These can be pre-formed, such as core—shell
rubber (CSR) particles [1, 2], or can form by phase-sepa-
ration of an initially-soluble rubber during curing, for
example, carboxyl-terminated butadiene-acrylonitrile ran-
dom copolymer (CTBN) [3, 4]. Similarly, thermoplastic-
modification may be used, either with pre-formed particles
[5, 6] or through phase-separation [7, 8]. Other methods
include the addition of rigid particles such as silica nano-
particles [9, 10], glass microparticles [11, 12] or carbon
nanotubes [13, 14]. Hollow particles have also been used,
either glass particles [15] or microcapsules containing a
healing agent [16]. Hybrid materials, containing more than
one type of particle, have also been used. Examples include
rubber and solid glass microparticles [17], rubber and silica
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nanoparticles [18] or carbon nanotubes and silica nano-
particles [19]. Some of these tougheners are known to have
significant adverse effects on the viscosity of the resin,
when used at concentrations sufficient to achieve a rea-
sonably high toughness. This poses a problem as fibre
composite manufacturers are increasingly moving towards
infusion processes to reduce costs, and hence a low resin
viscosity is required. Even if the toughness of the epoxy is
increased in the bulk, this toughness does not necessarily
transfer to high composite toughness due to the fibres
restricting the crack tip deformation zone [20]. The issues
of reduced modulus and agglomeration with certain mod-
ifiers are also a concern.

Recently, block copolymers (BCPs) have been shown to
increase the fracture toughness through generating com-
plex nanostructures by self-assembly within the epoxy
network [21-25]. Strong repulsions between the epoxy
miscible and immiscible blocks in an amphiphilic BCP
induce nanostructuration to form morphologies such as
spherical micelles, worm-like micelles, vesicles [22],
‘spheres on spheres’ and core—shell structures [26]. These
ordered nanostructures are then fixed by the curing process
of the epoxy polymer. In this case, nanostructures are
preferred as they would offer the significant toughening
from rubber particles without imposing a heavy penalty in
processing. Most of the early work on block copolymer
modification of epoxy polymers has focused on the mor-
phologies and mechanical properties, with less emphasis on
the toughening mechanisms brought about by the respec-
tive morphologies [27-31]. The most commonly quoted
toughening mechanisms observed were rubbery phase
cavitation, debonding, plastic void growth and shear
yielding with large damage zones [22, 24, 25].

The current study investigates how the modification of
an anhydride-cured epoxy polymer using two different
poly(styrene)-b-1,4-poly(butadiene)-b-poly(methyl meth-
acrylate) (SBM) BCP affects the microstructure and
mechanical properties. Tensile, compression and fracture
tests were undertaken to characterise the properties of the
modified epoxy polymers, and microscopy was used to
identify the toughening mechanisms involved. The modi-
fied epoxies were also used as the matrix material in carbon
fibre reinforced polymer (CFRP) composites to investigate
how effectively the fracture properties were transferred
from the bulk to the composite material.

Experimental

Materials

An anhydride-cured epoxy was used in this study. The
epoxy resin used was a standard diglycidyl ether of

bisphenol A (DGEBA) with an epoxide equivalent weight
(EEW) of 185 g/eq, ‘Araldite LY556° supplied by Hunts-
man, UK. The curing agent was an accelerated meth-
ylhexahydrophtalic acid anhydride with an anhydride
equivalent weight (AEW) of 170 g/eq, ‘Albidur HE600’
supplied by Evonik Hanse, Germany, and a stoichiometric
amount of curing agent was used. The modifier used was a
triblock copolymer of poly(styrene)-b-1,4-poly(butadiene)-
b-poly(methyl methacrylate), i.e. SBM, supplied by Ark-
ema, France, under the trade name Nanostrength. The two
different grades of SBM used were ‘E21’ and ‘E41°, which
were supplied in powder form. Both SBM BCPs have low
polarity, but E21 has a higher butadiene content and
molecular weight than E41, which makes it softer [32].

For the carbon fibre composites, a +45° biaxial stitched
non-crimp carbon fabric, ‘XC305/1270" supplied by Gurit,
UK, was used. The fabric has an areal weight of 302 g/m?,
and 1.96 stitches per centimetre [33].

Bulk material

To prepare the bulk material, measured amounts of epoxy
resin and BCP were first gently mixed together at room
temperature by hand to avoid agglomeration. The mixture
was then heated in an oven to 120 °C and stirred at a rate of
90 rpm with a mechanical stirrer for about 4 h until all of
the powder has fully dissolved in the resin. The mixture
was degassed overnight in a vacuum oven at 60 °C to
remove the air bubbles trapped during stirring. The curing
agent was added, and stirred thoroughly at 60 °C for
15 min at 200 rpm using a mechanical stirrer. The mixture
was then degassed again at 70 °C in the vacuum oven. The
resin mixture was poured into pre-heated release agent
coated (Frekote 55NC, Henkel, UK) steel moulds to pro-
duce bulk polymer plates which were 3 or 6 mm thick. The
steel moulds were then placed in a fan oven, and the epoxy
was cured at 90 °C for 60 min, followed by a post-cure at
160 °C for 120 min.

CFRP composites

Quasi-isotropic (QI) CFRP panels with unmodified and
modified matrices were manufactured using the resin
infusion under flexible tooling (RIFT) method. The biaxial
stitched non-crimp carbon fabric was used to produce 16
ply composite panels, to give a final thickness of about
5 mm. An insert film of poly(tetrafluoroethylene) (PTFE),
about 15-pm thick, was placed in the mid-plane during the
lay-up process to initiate the starter crack during the frac-
ture tests. The composite panels were then cured under the
same cure conditions as the bulk material. The heat was
provided by a hot plate (HP1836URS, Wenesco, USA)
from the bottom. Insulation material was used to cover the
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top to prevent heat loss. The cured composite panels were
inspected by ultrasonic C-Scan to ensure that the laminates
were free from defects. The fibre volume fraction of the
CFRP laminates was measured from the area fraction of the
fibres from micrographs of several polished cross-sections.
The average fibre volume fraction was calculated to be
56.9 £ 2.7 %, which is identical to the previous results
using the same fibres and lay-up [34].

Rheology

Rheological tests were conducted to measure the change in
viscosity of the unmodified and modified epoxy resins with
temperature. Test samples obtained from mixed and
degassed bulk material were tested using a TA Instruments
AR2000EX rheometer. The tests were conducted using
25-mm diameter disposable aluminium parallel-plates at a
constant shear rate of 0.25/s and a gap of 1000 um. A
temperature ramp from 25 to 120 °C in 30 min was chosen
to allow enough time for the polymer to respond to the
changes in temperature.

Microstructure and thermal studies

Atomic force microscopy (AFM) was employed to deter-
mine the morphology of the bulk material. A MultiMode
scanning probe microscope controlled with a NanoScope
IV controller and an ‘E’ scanner from Veeco, USA, was
used. The very smooth surface required for scanning was
prepared by planing the samples using a PowerTome XL
cryo-microtome from RMC Products, USA, at room tem-
perature. The surface was scanned using a silicon probe
with a 5-nm tip at a scan rate of 1 Hz, and height and phase
images were obtained.

The glass transition temperature (T,,) of each of the bulk
samples were measured using dynamic mechanical analy-
sis (DMA), using a Q800 from TA Instruments, UK.
Samples of dimensions 60 x 10 x 3 mm® were tested in
double cantilever mode at 1 Hz. A temperature range of
—100 to 200 °C and a heating rate of 2 °C/min were used.
The storage modulus, loss modulus and tan § were calcu-
lated as a function of temperature, where the T, was
defined as the temperature corresponding to the peak tan
value.

Basic mechanical studies

Uniaxial tensile tests were performed to obtain the Young’s
modulus and tensile yield stress according to the BS ISO
527 [35] test standard. The tests were performed with
dumb-bell shaped test specimens of type 1BA, machined
from the bulk plates. A gauge length of 25 mm and a
displacement rate of 1 mm/min were used. The tests were
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performed using an Instron 5584 universal testing machine,
and the strain in the gauge length was measured using an
Instron 2620-601 dynamic extensometer attached to the
sample. The maximum tensile stress and Young’s modulus
were calculated in accordance with the test standard. At
least five samples were tested for each formulation.

Plane strain compression (PSC) tests were conducted to
determine the compressive yield stress and failure strain, as
described by Williams and Ford [36]. Polished test speci-
mens of size 40 x 40 x 3 mm®> were loaded in compres-
sion between two parallel dies of 12-mm width at a
displacement rate of 0.1 mm/min using an Instron 5585H
testing machine. The results were then corrected for
machine and test rig compliance. At least two samples
were tested for each formulation. The true stress, ., was
calculated using:

O = (\/7§>O'E (1)

where g is the engineering stress. The true strain, &., was
calculated using:

(3

where B, is the compressed thickness and B is the initial
thickness. The von Mises equivalent true yield stress and
the fracture strain were then calculated.

The flexural modulus of the CFRP composites was
measured using a three point bend method in accordance
with  ISO 14125 [37]. Composite beams of
300 x 15 x 5 mm® machined from the composite plates
were tested at a rate of 1 mm/min at a span of 240 mm,
using an Instron 5584 universal testing machine. The
modulus was calculated as per the standard.

Short beam shear tests were conducted to determine the
interlaminar shear strength of the CFRP composites in
accordance with ISO 14130 [38]. The test specimens were
machined to a size of 50 x 25 x 5 mm®. These dimen-
sions ensured that the failure mode was by interlaminar
shear. The samples were tested at a rate of 1 mm/min and a
span of 25 mm, using an Instron 5584 testing machine.

Fracture tests

Single edge notched bending (SENB) tests were conducted
to determine the plane-strain fracture toughness (Kic) and
fracture energy (Gyc) of the bulk materials in accordance
with ASTM D5045 [39]. Test specimens with a size of
60 x 12 x 6 mm® were machined from the bulk plates,
and notched. A liquid nitrogen chilled razor blade was
placed in the notch and tapped to generate a sharp crack of
length a/w =~ 0.5. The tests were performed using an
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Instron 5584 universal testing machine at a constant dis-
placement rate of 1 mm/min. At least six samples were
tested for each formulation. The energy method was used
to calculate the fracture energy, and the fracture toughness
was calculated using the fracture load [39].

Double cantilever beam (DCB) tests were used to
measure the composite mode I fracture energy, Gic(com-
posite), in accordance with BS 7991 [40]. Test specimens
of 150 x 20 x 5 mm® were machined from the composite
panels. Aluminium-alloy load blocks were bonded onto the
grit-blasted and degreased CFRP specimens using Araldite
2014 adhesive supplied by Huntsman, UK. The tests were
performed using an Instron 5584 universal testing machine
at a displacement rate of 1 mm/min. At least six specimens
were tested for each formulation. The composite fracture
energy was calculated using the corrected beam theory
method.

Fractographic studies

A Carl Zeiss Leo 1525 field-emission gun scanning elec-
tron microscope (FEGSEM) was used to obtain high-res-
olution images of the fracture surfaces. The samples were
first cut shorter using a Struers Accutom-5 precision cutter
equipped with a saw blade. The samples were then sputter-
coated with an approximately 5-nm thick layer of chro-
mium to prevent charging. An accelerating voltage of 5 kV
was used for the microscopic observation.

A sample of each formulation was loaded as far as the
strain softening region in the PSC tests. A cross-section
was examined using cross polarised transmission optical
microscopy (TOM). The tested samples were first cut using
an Accutom-5 precision cutter from Struers, UK, fitted with
a diamond-coated blade. Each sample was polished and
mounted to a glass microscopy slide using an optically
transparent adhesive (Araldite 2020, Huntsman, UK). The
samples were then ground down to a thickness of 100 pm,
and polished prior to examination.

Results
Overview

The bulk materials are discussed first, considering the
rheology of the resins, then the morphology and thermo-
mechanical properties of the epoxy polymers. The tensile,
compressive and fracture results are presented, and the
toughening mechanisms of the modified epoxies are iden-
tified using microscopy techniques. The fibre composites
are then discussed, considering the morphology and the
mechanical properties. Finally, the fracture energies and
the toughening mechanisms are presented.

Bulk material
Rheology

The changes in viscosity of the unmodified and modified
epoxy resins with temperature are shown in Fig. 1. A
general trend of decreasing viscosity with temperature was
observed with a logarithmic trend for all the formulations.
The viscosity also increases with the increasing block
copolymer content. The viscosities of the E41 modified
epoxies were found to be lower than the E21 modified
epoxies. For example, the addition of 10 wt% of E41
increases the viscosity by almost an order of magnitude,
but 10 wt% of E21 increases the viscosity by about a factor
of 50. Although, the viscosity is increased by the addition
of the BCPs, it is still low enough that the composite panels
can be readily manufactured using RIFT. The results of the
rheological tests were used to identify the optimum infu-
sion temperatures for manufacture of the CFRP.

Morphology

The AFM phase images show the differences in stiffness on
the scanned surface which provide the information about
the morphology. Selected images are shown in Fig. 2. The
unmodified epoxy appears flat and featureless, as expected
for a homogeneous thermoset.

The E21 SBM modified epoxy polymers were optically
translucent. The E21 SBM phase separated as a network of
aggregated spherical micelles [25], see Fig. 2b. As the
amount of E21 is increased, the spherical micelles become
increasingly interconnected, see Fig. 2c. Various authors,
e.g. [41-43], have observed changes in morphology, into a
co-continuous phase, for higher concentrations of thermo-
plastics in epoxy. As the amount of modifier is increased,
the viscosity increases and the rate of phase separation
reduces. This lack of mobility prevents the secondary phase
separating into individual particles before gelation occurs.
The presence of light and dark areas within the second
phase suggests that the PS and PB have phase separated to
form the spherical micellar structure [25]. The width of the
interconnecting sections can be as narrow as 130 nm to as
wide as 1 pm, as measured from Fig. 2c.

The AFM phase images of the E41 modified epoxy
show well-dispersed SBM particles phase separated with a
‘raspberry’-like microstructure [21], see Fig. 2d. This
‘sphere-on-sphere’” morphology has a polystyrene (PS) core
with polybutadiene (PB) particles on the surface which
appear as the dark spots (as they are the softer phase, they
appear dark in the AFM phase images). All the formula-
tions of E41 were opaque. The mean particle diameter
increased linearly from 433 nm for 2.5 wt% of E41, to
1.04 pm for the formulation containing 7.5 wt% of E41.
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Fig. 1 Viscosity versus temperature plots for (a) E21 and (b) E41 modified epoxies
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Fig. 2 AFM phase images of (a) unmodified, (b) 5 wt% E21, (c) 10 wt% E21, (d) 5 wt% E41 and (e) 10 wt% E41 modified epoxy polymer

The use of 10 wt% of E41, and higher concentrations,
produced a partially phase-inverted microstructure of
epoxy-rich regions with ‘raspberry’-like SBM particles,
and SBM rich regions with epoxy particles. Figure 2e
shows a phase-inverted area with the epoxy particles
(lighter areas) within the SBM matrix (darker areas).

@ Springer

Thermomechanical properties

The values of the glass transition temperature, Ty, for the
E21 and E41 modified epoxies are summarised in Tables 1
and 2 respectively. The unmodified epoxy has a T, of
157 °C, in agreement with the literature [34], and the
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Table 1 Glass transition temperature, Young’s modulus, fracture
toughness and fracture energy for E21 modified epoxy

E21 T, °C)  E, (GPa) Kic MPam'?)  Gic (J/m?)
Unmodified 157 £0 2.88 +£0.06 0.64 £ 0.03 96 + 9
2.5 wt% 157 £1 277 £0.05 0.79 & 0.03 167 + 2
5 wt% 158 £0 263 +0.07 098+ 0.04 290 =+ 21
7.5 wt% 158 £0 250+ 0.01 1.08 & 0.05 372 + 33
10 wt% 157 £1 241 +0.07 1.16 £ 0.03 418 + 18
15 wt% 160 £1 204 +£0.02 1.16 =+ 0.02 511 + 38

Table 2 Glass transition temperature, Young’s modulus, fracture
toughness and fracture energy for E41 modified epoxy

E41 T, (°C)  E, (GPa) Kic MPa m'?)  Gic (J/m?)
Unmodified 157 +£0 2.88 & 0.06 0.64 + 0.03 96 + 9

2.5 wt% 156+ 1 292 +0.06 0.87 +0.07 182 + 22
5 wt% 157 +0 2.87 £0.07 0.83 +0.05 174 £+ 13
7.5 wt% 159+ 1 2.82+0.03 0.89 £ 0.04 219 + 25
10 wt% 158+ 1 2.62+007 166003 637 + 58
15 wt% 157 £ 1 266 +0.04 167 +0.10 1032 + 27

addition of E21 or E41 does not have a significant effect on
the T,. The position of the peak in tan ¢ at 157 °C remains
unchanged, indicating that complete phase separation
occurred.

Figure 3 shows the variation in the storage modulus and
tan 0 values with temperature. A minor peak was present at
—50 °C for all the formulations, and this corresponds to the
beta transition temperature of the epoxy, which is associ-
ated with localised backbone or side chain motions. The
DMA tests also show a very small tan ¢ peak at —90 °C for
the E21 modified epoxies, corresponding to the presence of
phase separated PB at high concentrations of E21 due to
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Fig. 3 DMA results for unmodified, 10 wt% E21 and 10 wt% E41
modified epoxies

the higher PB content in E21 than in E41. This peak may
be present in the E41 modified epoxies, but it is not a clear
peak. The E41 modified epoxies did however have a broad
peak at 75 °C which could indicate the phase separation of
PS. A similar peak can be seen for the E21 modified
epoxies, but it is much smaller due to the relatively lower
content of PS. The storage modulus of the E21 formula-
tions was lower than that of the E41 formulations, high-
lighting the different ratios of the relatively softer PB block
in the SBM BCPs.

Tensile and compressive properties

The tensile Young’s modulus, E;, values for the E21 and
E41 modified epoxies are summarised in Tables 1 and 2,
respectively. The modulus of the unmodified epoxy was
measured to be 2.88 GPa, in agreement with the literature
[34]. The addition of the relatively soft SBM decreased the
modulus of the epoxy as expected. The E21 modified
epoxies have a lower modulus than the E41 modified
epoxies due to the higher PB content in the E21 block
copolymer. The modulus for the E21 modified epoxy
decreased linearly with increasing SBM content, to a
minimum of 2.04 GPa for 15 wt% of SBM, see Table 1. In
contrast, the modulus of the E41 modified formulations is
relatively constant at low-BCP concentrations, and there is
only a significant decrease in stiffness above 7.5 wt% of
E41. This drop corresponds to the change in morphology to
a partially phase-inverted microstructure. The presence of
the large, relatively soft continuous phase in the epoxy is
the cause of this sudden drop in stiffness.

The samples containing E21 at concentrations of
7.5 wt% and above, exhibited extensive stress whitening
across their gauge length in the tensile tests, see Fig. 4. The
sample stiffness decreased during this stress whitening
phase, and then increased again after the entire region had
stress whitened. During this stress whitening phase, the
particles debond and form voids, which scatter light and
cause the white appearance. This debonding occurs before
yielding. The stress versus strain trace is non-linear, but the
yield point has not been reached in Fig. 4 when fracture
occurs. The stiffness before whitening is greater than that
after whitening, due to the voids which reduce the stiffness
of the sample. The tensile yield stress can be calculated
from the PSC data, as described below. For the formulation
containing 10 wt% E21, a value of 67 MPa is calculated,
so Fig. 4 shows that fracture occurs well before yield.

The compressive modulus, E., compressive yield stress,
Oyc, true tensile yield stress, oy, compressive yield strain,
&yc, Tailure stress, oy, and failure strain, &, values for the
E21 and E41 modified epoxies are summarised in Tables 3
and 4 respectively. The trends in compressive modulus
were similar to those of the tensile modulus, with the
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Fig. 4 Extensive stress whitening along gauge length of 10 wt% E21
modified epoxy

compressive modulus of the E21 SBM modified epoxy
reducing in a linear manner, while the addition of E41
SBM did not significantly affect the compressive modulus.
The absolute values of E, were typically lower than E; due
to the compliance corrections and frictional effects from
the PSC test [36].

The tensile yield stress could not be measured from
uniaxial tensile tests due to the brittle nature of the epoxies.
However, the constraint in the PSC test and pressure
dependence of yielding allows the material to yield in a
PSC test [34]. The true tensile yield stress can be calculated
from the compressive yield stress obtained from the PSC
tests, using the equation:

(31/2 _ :um)

[ ?)

Oyt = Oyc
where u,, was taken to be 0.2 [44]. The calculated tensile
yield stress decreases with the increasing SBM content.
The rate of decrease is greater for the E21 modified epoxy
than for the E41 modified epoxies, due to the higher PB
content of the former and the network structure of the SBM
in the epoxy.

The true stress versus true strain plots acquired from the
PSC tests show three distinct stages of deformation (see

Fig. 5). There is an initial approximately linear elastic
region, similar to that from the uniaxial tensile tests, until
the yield point. This is followed by a strain softening
region where the stress decreases with the increasing strain.
It is known that strain softening is a necessary process for
localised shear bands to occur [45]. Increasing the strain
further results in a strain hardening region where the stress
increases more rapidly with strain until the material finally
fractures.

Figure 5 shows that the E21 SBM modification sup-
presses strain softening compared to the unmodified epoxy.
This suggests that there is less shear yielding. Figure 6
shows the samples that were loaded to their strain softening
limit (i.e. minimum point or positive change in slope after
yielding), sectioned, placed between crossed polarisers and
examined using transmitted light. The unmodified sample
shown in Fig. 6a confirms the evidence of shear band
yielding in the compressed region. Highly focused shear
bands are clearly visible in the deformed region. As the
amount of E21 is increased, the compressed region appears
more diffuse, seen as a decrease in the intensity of the shear
bands (see Fig. 6b, c¢). The more diffuse nature could be
explained by an increase in the localised shear banding,
initiating and terminating at adjacent SBM particles. At
10 wt% E21, the entire compressed region shows diffused
shear banding, i.e. more localised shear banding. The E41
modified epoxies show a slight reduction of strain softening
and shear yielding behaviour, as shown in Figs. 5 and 6d,
e. Figure 6d shows a cross section that is similar to the
unmodified epoxy, with a distinct lack of diffuse shear
bands. The lack of localised shear banding with the E41
modified epoxies, although not the only toughening
mechanism, was consistent with the relatively low fracture
energies.

The fracture stress and strain showed no clear trends
with increasing SBM content or change in morphology
because they are highly sensitive to defects both within and
on the surfaces of the sample. Figure 5 shows that cracks
form in the samples prior to failure, causing the stress to
drop and leading to variability in the measured fracture
stress and strain.

Table 3 Compressive modulus, compressive yield stress, calculated tensile yield stress, compressive yield strain, failure stress and failure strain

for E21 modified epoxy

E21 E. (GPa) ay. (MPa) gy (MPa) &ye (Mm/mm) ¢ (MPa) & (mm/mm)
Unmodified 1.81 £ 0.15 107 £ 3 85 0.10 £ 0.01 216 0.91
2.5 wt% 1.67 £ 0.02 103+ 0 82 0.10 £ 0.00 180 0.78
5 wt% 1.63 + 0.03 97 £ 0 77 0.09 £ 0.00 216 0.88
7.5 wt% 1.54 + 0.00 91+0 72 0.10 £ 0.00 189 0.90
10 wt% 1.27 £ 0.07 85+ 2 67 0.12 £ 0.00 224 0.98
15 wt% 1.09 + 0.05 77+ 0 61 0.14 £ 0.01 183 0.88
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Table 4 Compressive modulus, compressive yield stress, calculated tensile yield stress, compressive yield strain, failure stress and failure strain
for E41 modified epoxy

E41 E. (GPa) ay. (MPa) gy (MPa) Oy (mm/mm) ¢ (MPa) o¢ (mm/mm)
Unmodified 1.81 £ 0.15 107 £ 3 85 0.10 = 0.01 216 0.91
2.5 wt% 1.65 + 0.32 105 £ 1 84 0.11 £ 0.02 159 0.87
5 wt% 1.75 £+ 0.02 103 +£0 81 0.10 £ 0.00 225 0.88
7.5 wt% 1.55 + 0.05 100 £ 0 79 0.11 &+ 0.00 189 0.88
10 wt% 1.61 £ 0.06 94 £+ 2 75 0.11 & 0.00 195 0.91
15 wt% 1.76 + 0.01 93 £1 74 0.11 & 0.00 174 0.88
(8) 250 ¥ T ¥ T ¥ T : T X (b) 250 ¥ T T T T T . T
- Unmodified | Unmodified
1 —— 2.5 wi%h E21 1 —— 2.5 wi% E41
—— 5 wi% E21 —— 5 wi% E41
200 A — 7.5 wt% E21 = 200 A —— 7.5 W% E41
—— 10 wi% E21 —— 10 wi% E41
—— 15 wi% E21 ] ] —— 15 wi% E41
w w
% 150 4 Strain Softening Region % 150 4 E
< : = Strain Softening Region
2 ] i @ \ %
£ ! LY 5 \ \
@ 100 4 1004 i
Strain Hardening Region T 4 :
Z 2 Strain Hardening Region
50 4 50 4
0 . T ¥ T T T " T v 0 v T T T T T . T T
0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
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Fig. 5 True stress versus true strain plots for (a) E21 and (b) E41 modified epoxies

Fig. 6 Cross polarised images of cross section of PSC test samples of (a) Unmodified, (b) 5 % E21, (¢) 15 % E21, (d) 5 % E41 and (e) 15 %
E41 modified epoxies
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Fracture toughness

The fracture toughness, Kjc, and fracture energy, Gic, of
the E21 and E41 modified epoxies are summarised in
Tables 1 and 2 respectively. The Kjc and Gic for the
unmodified epoxy were measured as 0.64 MPa m"? and
106 J/m? respectively, in agreement with the literature
[34]. The E21 SBM modified epoxies show a linear
increase in Kjc and Gic to a maximum of 1.16 MPa m'?
and 505 J/m” respectively at a loading of 15 wt% (see
Fig. 7). This corresponds to an increase of 81 and 376 % in
Kic and Gjc respectively, which is of the same order as a
PB CSR particle modified epoxy [1], see Table 5. The Gic
increases as the SBM content is increased from 10 to
15 wt%, whereas Kjc does not. This is because the
Young’s modulus decreases at a higher rate at the higher
concentration. While the fracture toughness is slightly
below that of a CTBN rubber particle modified epoxy [34],
see Table 5, it should be noted that this toughness was
achieved without affecting the thermomechanical proper-
ties, which was not the case for a CTBN modified epoxy. It
is also significantly more effective at toughening epoxy
than 20 nm silica nanoparticles [34]. A comparison of the
mechanical properties of epoxy modified by various mod-
ifiers is shown in Table 5.

T T T T T T I 800
1.4 ] )
Increasingly more interconnected
— | el " L 700
E 12 o
S 7 8 " lew E
_ 5
£ 10- — i
o 500 (o°
= ] /// >
g 0.8+ _u i =]
g ] i - 400 5
{ =4 i/ =
£ 064 w
- 300
(=] =1
[
o %41 L200 §
3 w
8 02+ L 100
w 4
0.0-

0.0 25 50 75
Formulation (wt%)

100 125 15.0

Fig. 7 Fracture toughness, Kjc, and fracture energy, Gyc, for E21
modified epoxy

Table 5 Comparison between different modifiers in anhydride-cured

The E41 SBM modified epoxies only show a small
increase to Kjc = 0.89 MPa m'? and Gjc = 222 J/m? at
7.5 wt%. However, there is a significant increase to
Kic = 1.66 MPa m'? and Gjc = 635 J/m* at 10 wt%
because of the morphology change to a partially phase-
inverted structure (see Fig. 8). The presence of a large,
relatively soft phase is more susceptible to yield and would
blunt the crack tip, hence, an increase in fracture tough-
ness. The fracture energy increases further at 15 wt% to
Gic = 1022 J/m>.

Hydro and Pearson [25] have reported an increase in Kjc
of up to 500 % with E20 SBM using a piperidine cured
epoxy, which has a lower crosslink density (7, of 103 °C).
They also found that the E40 SBM was less effective at
toughening the epoxy than E20 due to the smaller amount
of rubbery phase present, as was also found in the current
study. E20 has the same chemical composition as E21, but
with a lower molecular weight, while E40 has a higher
molecular weight compared to E41. The toughening of
epoxies is well-known to be dependent on the crosslink
density, as Gerard et al. [24] also demonstrated using BCP
which increased Kjc by about 300 % from 0.76 to
2.96 MPa m'? for an epoxy system with low crosslink
density (T, of 92 °C). In both the cases, similar BCP
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Fig. 8 Fracture toughness, Kjc, and fracture energy, Gic, for E41l
modified epoxy

poly(butylacrylate)-b-poly(methyl methacrylate) BCP (MAM), car-

epoxy, E21 and E41 poly(styrene)-b-1,4-poly(butadiene)-b-poly boxyl-terminated butadiene-acrylonitrile (CTBN), core—shell rubber
(methyl methacrylate) BCP (SBM), poly(methyl methacrylate)-b- (CSR) and silica nanoparticles

Modifier wt% Effect on T, E, (GPa) Kic (MPa m'?) Gic (J/m?)
E21 10 None 241 + 0.07 1.16 £+ 0.03 418 £ 18

E41 10 None 2.62 + 0.07 1.66 £+ 0.03 637 £+ 58

MAM [46] 10 Decrease 1.79 £ 0.03 1.22 £ 0.05 407 £+ 32

CTBN [34] 9 Decrease 2.35 £ 0.06 1.45 £ 0.20 671 + 50

CSR [1] 9 None 2.33 £ 0.04 1.31 £ 0.19 485 + 41

Silica nanoparticle [9] 10 None 3.08 £+ 0.06 0.75 £ 0.02 156 £ 8
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microstructures were observed. Thompson et al. [47]
demonstrated that the increase in fracture toughness of a
poly(ethylene oxide)-b-poly(ethylene alt-propylene) (PEO-
PEP) BCP modified epoxy could be altered from 3 times to
13 times by controlling the molecular weight between
crosslinks of the epoxy. Liu et al. [48] concluded that a
lower crosslink density increases the capability of an epoxy
to be toughened by the elastomeric phase of a BCP. The
use of an intermediate crosslink density epoxy system in
the current study is the reason for the limited toughness
improvement when compared with other studies.

A previous study by Chen and Taylor [46] also showed
an increase in fracture toughness when phase inversion was
observed in poly(methyl methacrylate)-b-poly(butylacry-
late)-b-poly(methyl methacrylate) (MAM) modified epoxy.
In the current study, the amount of E41 added was not
enough to cause complete phase inversion. Chen and
Taylor showed that when complete phase inversion occurs,
the fracture toughness would decrease as the BCP’s lack of
strength causes premature failure.

Fractographic studies

The fracture surfaces of the unmodified epoxy (see Fig. 9a)
appear smooth, and feature only line marks that represent
step changes in height as the crack propagates. Crack
forking and the multi-planar nature of the surface observed
here are the main mechanisms to absorb the excess energy
in such brittle materials [49].

The addition of E21 SBM caused the fracture surfaces to
appear very rough, with more step changes in the crack
plane (see Fig. 9b), indicating more plastic deformation.
This behaviour correlates well with the mechanical prop-
erties as the yield stress was shown to decrease. The
fracture surfaces showed debonded SBM particles, which
initiated the void growth around these particles. As the
voids in the 5 wt % E21 formulation grew, PB fibrils were
formed, which connected the stiffer PS core to the epoxy
matrix (see Fig. 9c). It was observed using the FEGSEM
that almost all the visible particles exhibited this behaviour.
Dean et al. [22] have shown that the formation of drawn
fibrils only results from a strong interfacial adhesion by the
use of reactive functionalities. The use of nonreactive BCP
resulted in a weaker interfacial adhesion and thus would
not produce a fibrillar structure. In the current study, as the
BCPs have covalent bonding between the blocks, and PB is
the central block, fibrils would be expected.

At higher loadings of E21 SBM, the particles become
more interconnected to form a network structure (see
Fig. 9d, e). Long thin ligaments of the SBM network can
be seen around the epoxy matrix, which appears flat and
smooth. The fracture surfaces also indicated that at higher
concentrations, the SBM becomes a continuous phase

where particles of epoxy are surrounded by the SBM-rich
phase. The SBM ligaments debonded from the epoxy, and
unlike the 5 wt% E21 formulation, there were no fibrils
connecting the debonded particles to the epoxy. An inter-
connected structure reduces the surface area available to
form voids, when compared with CTBN modification
which forms separate particles, therefore limiting the
potential toughening effect. The deformation of the SBM
ligaments will absorb energy, increasing the fracture
energy with SBM content. However, the toughening effect
levels off at 10 wt% of E21 and above as the network is
fully interconnected.

The fracture surfaces of the E41 modified epoxy with a
loading of up to, and including, 7.5 wt% show that the
particles were well dispersed in the epoxy. The particles
form a ‘raspberry’-like structure with a stiff PS core which
is covered with smaller PB particles, see Fig. 10a, as pre-
viously observed using AFM. The average particle diame-
ters increased with E41 loading, from 0.76 to 1.22 um as
measured from FEGSEM images. These were slightly lar-
ger than the diameters calculated from the AFM phase
images. Although, particle cavitation does not occur, some
internal damage of the particles can be seen in Fig. 10a. The
fracture surfaces also show the debonding of the SBM
particles followed by plastic void growth. Particle deb-
onding together with the internal damage of the SBM par-
ticles relieves the constraint at the crack tip, hence allowing
plastic void growth of the matrix to occur. The difference in
the roughness of the fracture surfaces is indicative of their
relative fracture toughness values. The fracture surfaces of
the E41 modified epoxies appeared much smoother, dem-
onstrating less plastic deformation, and smaller voids were
formed. There were also fewer fibrils connecting the par-
ticle to the epoxy matrix than for the E21 modified epoxies.
This could either be due to the fact that E41 has a lower PB
content, hence fewer fibrils, or that there is weak adhesion at
the interface. The latter is more likely when considering the
relatively low Kjc and Gjc values. Dean et al. [22] postu-
lated that the presence of fibrils depended on the level of
interfacial adhesion, and fibrils appear when the surround-
ing material deforms plastically.

Partially phase-inverted structures were clearly visible
on the fracture surfaces for epoxy samples with 10 wt%
and above of E41 (see Fig. 10b). A close up of a particle
within the epoxy-rich region (see Fig. 10d) shows the same
‘raspberry’-like structure as the lower E41 SBM loadings.
The particles in this region were much smaller than at
lower concentrations (360-nm diameter for 10 wt%, com-
pared to 820-nm diameter for 5 wt%). The epoxy-rich
regions can be viewed as areas with lower loadings of E41,
hence the smaller particles. The size of the epoxy particles
within the SBM rich regions measured from the fracture
surface (740-nm diameter) correlates well with the sizes

@ Springer



J Mater Sci (2013) 48:6762-6777

Fig. 9 Scanning electron micrographs of fracture surfaces of epoxy polymers: (a) unmodified, (b) 5 wt% E21, (c¢) Close up of 5 wt% E21,
(d) 10 wt% E21 and (e) Close up of 10 wt% E21 modified epoxy (Crack propagation direction from right to left)

calculated from the AFM images (712-nm diameter) which
suggest that there was no significant plastic deformation of
the epoxy in the SBM rich region as expected. Both epoxy
and SBM particles were well dispersed within their
respective matrices. In such a partially phase-inverted
structure, the relatively soft SBM phase is able to deform
much more easily than the epoxy phase and the plastic
deformation provides the toughness. The boundary
between the SBM rich regions and epoxy-rich regions
showed complete debonding at the interface, which

@ Springer

suggests weak adhesion between the two phases. Weak
adhesion was observed in the lower loadings as well and
explains the limited toughening effect as the transfer of
stress through the structure would be less.

Carbon fibre composites
As the bulk E41 modified epoxies did not demonstrate

much toughening effect, only the E21 SBM was used as the
epoxy matrix modifier for the fibre composites.
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Fig. 10 Scanning electron micrographs of fracture surfaces of epoxy polymers: (a) 5 wt% E41, (b) 10 wt% E41, (c¢) Close up of 10 wt% E41 in
SBM rich region and (d) Close up of 10 wt% E41 in epoxy-rich region, modified epoxy (Crack propagation direction from right to left)

Morphology

Selected backscattered electron micrographs are shown in
Fig. 11 to show the morphologies of the composites. Each
fibre appears to be well wetted by the matrix, and the fibres
are well dispersed. Apart from some defects at the interface
between the fibre and matrix due to the fibre damage from
polishing, there were no visible voids on the polished
cross-sections, even with 10 wt% of E21 added to the
epoxy matrix. This shows that there is excellent consoli-
dation of the fibre preforms by the resin. Unlike the par-
ticulate modification with micron-sized particles, there was
no filtering of the modifiers by the fibres as the SBM was
initially dissolved, and then phase separated during curing
(i.e. after infusion). This is an advantage as even the
smallest gaps between very closely packed fibres can
contain toughening particles and hence these regions will
not be compromised by lacking a toughened matrix. This is
essential for preventing microcracking. The average fibre
volume fraction of the CFRP laminates was measured from
the polished cross-sections, and was calculated to be
56.9 + 2.7 %. There was no significant variation among
the different formulations used.

Mechanical properties

The measured values of interlaminar shear strength, tsgs,
flexural modulus, E;, and mode I interlaminar fracture
energy, Gic (composite) for the E21 modified CFRP are
summarised in Table 6. The flexural modulus remains
unchanged with the increasing concentration of E21, as
expected as the flexural modulus is strongly dependent on
the fibre volume fraction [50] and the fibre volume fraction
is constant. The consistent flexural modulus confirms that
the laminates were manufactured to a consistent quality
with regards to fibre volume fraction, see Fig. 11. A
decrease in the interlaminar shear strength is observed, see
Table 6, which results from a reduction of matrix modulus
with the addition of SBM. The increasing mismatch in
stiffness between fibre and matrix with added SBM reduces
the compression strength of a composite [51].

Fracture toughness
The unmodified CFRP composite has a mean propagation

fracture energy of 303 J/m?. This is an increase of 216 %
compared to the bulk material, which can be attributed to the
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Fig. 11 Backscattered electron micrograph showing cross-section for (a) unmodified, (b) 5 wt% E21 and (c¢) 10 wt% E21 modified CFRP

Table 6 Interlaminar shear strength, flexural modulus and propaga-
tion fracture energy for E21 modified CFRP

E21 Tsps (MPa) E; (GPa) Gjc(composite)
J/m?)

Unmodified 40.1 £ 1.1 26.8 £ 0.5 303 £ 12

2.5 wt% 42.0 £ 1.1 28.6 £ 1.0 430 £ 9

5 wt% 383 £ 0.2 28.0 £ 0.6 394 + 24

7.5 wt% 304 £ 1.0 272+ 1.9 376 £ 15

10 wt% 273+ 1.2 283 £ 0.6 312 £ 10

additional fibre pullout and bridging toughening mechanisms
in the composite. The maximum Gjc(composite) for propa-
gation was measured using 2.5 wt% of E21, and resulted in an
increase from 303 to 430 J/m?. Further addition of E21 resulted
in a decrease in the fracture energy. This decrease is partly due
to areduction in the amount of fibre bridging. Figure 12 canbe
used to compare the amount of fibre bridging by comparing the
relative difference between the initiation and propagation
fracture energy values, also known as the ‘R-curve’. The
R-curves are relatively small, and the amount of fibre bridging
decreases as the amount of E21 SBM is increased.

@ Springer

The increase in toughness of the bulk epoxy polymer
from the addition of E21 SBM was not transferred to give a
significant increase in interlaminar fracture energy for the
CFRP. The composite fracture energies may be compared
to the bulk material values, see Fig. 12. The initiation
values of Gic(composite) show no significant change even
though the fracture energy of the bulk material, and hence
of the composite matrix, is linearly increasing.

This can be explained by considering the plane strain
plastic zone radius (rp,) for the bulk materials, which can
be calculated using the Irwin model [52]. From Fig. 12, it
is clear that the plastic zone sizes at higher concentrations
are large in comparison with the inter-fibre distances,
which are in the order of 10 um. This means that the plastic
zone will be inhibited from growing by the presence of the
stiff fibres and explains the discrepancy between the CFRP
initiation and bulk fracture energies [20, 53]. Hunston et al.
[20] showed that brittle polymers with Gyc values less than
200 J/m? benefit the most from fibre reinforcement. In their
tests, the tough matrices had incomplete transfer of
toughness attributed to the crack tip deformation zone
restricted by the closely packed fibres. The transition
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between the two behaviours occurs approximately at the
point where the deformation zone is equal to the inter-fibre
spacing. Similar behaviour was observed in the present
study, where the interlaminar fracture energy was lower
than the bulk Gjc when the plastic zone size was above the
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Fig. 12 Propagation Gjc and initiation Gyc for E21 modified CFRP,
showing plastic zone radius (rp,) calculated using the Irwin model for
the bulk materials

inter-fibre spacing. Plastic deformation will also be limited
by the fact that the fibres are significantly stiffer than the
matrix, hence constraining the crack tip deformation zone
[54].

Quaresimin and Varley [55] attributed poor fracture
performance for their E20 SBM modified CFRP compos-
ites to the quality of the laminate. They observed a sig-
nificant number of voids, presumably caused by the
entrapment of solvent as the viscosity were increased by
the presence of SBM. They also noticed that the SBM
phase separated into micron-sized particles instead of
nanostructures. However, such effects were not observed in
the present study.

Fractographic studies

The fracture surface of the unmodified CFRP (see Fig. 13a)
shows a relatively clean fibre surface, indicating an inter-
facial failure resulting from poor fibre—matrix adhesion.
The appearance of the epoxy matrix between the individual
fibres was similar to the bulk unmodified epoxy. River lines
and step changes in the crack level were visible throughout
the entire specimen. The weak interfacial adhesion also
explains the fibre bridging and pullout observed during the

Fig. 13 Scanning electron micrograph of CFRP composites: (a) unmodified, (b) with 5 wt% E21, (¢) with 10 wt% E21 and (d) high

magnification of 10 wt% E21 (Crack propagation direction right to left)
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test and on the fracture surfaces, although this is somewhat
limited due to the woven nature of the fabrics.

When the epoxy matrix was modified with E21 SBM
(see Fig. 13b-d), a much rougher fracture surface was
observed with very few fibres visible, suggesting that a
cohesive failure through the matrix had occurred. The
microstructure was also slightly different from the bulk
material in that the co-continuous structure was more evi-
dent. This can be explained by the space constraint of the
tightly packed fibres which impedes the mobility of the
SBM, and hence the SBM phase separates as a co-contin-
uous structure.

There was also a lack of fibre bridging observed on the
fracture surfaces, which is reflected in the relatively small
R-curves described in the previous section. This reduction
in fibre bridging was also noticeable during testing. The
main toughening mechanisms can be identified from the
fracture surfaces as debonding and plastic void growth
around the SBM structure of the modified matrices, similar
to the findings from the bulk material. However, any
improvements in the matrix fracture energy could not be
translated fully to the composite fracture energy because
the plastic zone size is restricted by the relatively small
inter-fibre distances as explained previously.

Conclusions

An anhydride-cured epoxy polymer was modified using
two poly(styrene)-b-1,4-poly(butadiene)-b-poly(methyl
methacrylate) (SBM) block copolymers supplied by Ark-
ema, France. The E21 SBM contained more PB than the
E41 copolymer and had a higher molecular weight. The
microstructure, fracture properties and toughening mecha-
nisms were identified. The E21 phase separated into
spherical micelles, which became increasingly intercon-
nected into a network as the concentration of modifier was
increased. The addition of <7.5 wt% of E41 produced well
dispersed ‘raspberry’-like SBM particles with a PS core
covered with PB particles in the epoxy matrix. Above
10 wt% of E41, partial phase inversion was observed, with
SBM rich regions containing epoxy particles and epoxy-
rich regions containing SBM particles.

The glass transition temperature of 157 °C was unaf-
fected by the addition of E21 SBM, but the tensile modulus
decreased, as expected when incorporating a relatively
softer material into epoxy. The fracture energy, Gic, was
increased linearly to a maximum of 511 J/m? by the
addition of 15 wt% E21 SBM. The main toughening
mechanisms observed in this case were debonding of the
SBM nparticles and subsequently plastic void growth. At
loadings of <7.5 wt%, the E41 SBM modified epoxy
polymers did not show significant toughness

@ Springer

improvements. Here, debonding followed by some plastic
void growth, and shear yielding were the observed tough-
ening mechanisms. When partial phase inversion occurred,
there was a significant increase in Gic.

The toughness improvements shown in the E21 SBM
modified epoxy polymers were not transferred into a CFRP
composite system. The main toughening mechanisms for a
fibre composite; fibre bridging, fibre debonding and fibre
pullout, were suppressed when the matrix was modified
with E21 due to increased fibre—matrix adhesion. The crack
tip deformation zone was also restricted by the tightly
packed fibres at higher SBM contents such that the mea-
sured composite fracture energy reached a plateau.
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