Fracture Behaviour of Rubber- and Silica Nanoparticle-Toughened Glass Fibre Composites under

Static and Fatigue Loading

Shamsiah Awang Ngah'2, Ambrose C. Taylor'

1. Department of Mechanical Engineering, Imperial College London, South Kensington Campus, London SW7
2AZ, UK.

2. Present address: Department of Architecture and Civil Engineering, University of Bath, Bath BA2 7AY, UK.

*Corresponding author: Email: a.c.taylor@imperial.ac.uk Tel: +44 20 7594 7149

Abstract
The crosslinked polymers used in fibre composites are very brittle, and require toughening

for structural applications. Research over many years has increased the fracture energy, but the
fatigue resistance of these toughened polymers is very poor, limiting the optimisation of structures.
This work reports the first successful use of hybrid toughening to increase both the quasi-static
interlaminar fracture energy, Gic, and the fatigue threshold strain-energy release-rate, Gi.. Amine-
cured epoxy glass-fibre composites were toughened using carboxyl-terminated butadiene-
acrylonitrile (CTBN) which forms micron-sized rubber particles and 20 nm-diameter silica
nanoparticles. The toughening mechanisms were identified as cavitation of rubber particles and
debonding for the silica nanoparticles, followed by plastic void growth. The CTBN greatly increases
Gic, and the nanoparticles increase Gi. Combining both particles as a hybrid has a synergistic
effect on the fatigue resistance. This demonstrates the effectiveness of hybrid toughening,

enabling the design of optimised composites by combining micro- and nanoparticles.
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1. Introduction
Epoxy polymers can be used as adhesives, coatings or as the matrices of fibre-reinforced

composite materials. They are highly crosslinked thermosetting polymers, and this structure results
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in high modulus, high strength, good performance at temperatures below the glass transition
temperature and low creep. However, they are very brittle due to this highly cross-linked structure
which leads to a poor resistance to crack initiation and propagation, under both quasi-static and
fatigue loading.

When used as a structural material, such as the matrix for fibre composites, epoxy polymers
require toughening to prevent the growth of the inevitable defects which are present in the
materials and subsequent failure. It is difficult to detect cracks in composite structures, and hence
preventing crack growth by increasing the material's toughness under both quasi-static and fatigue
loading is preferred to monitoring crack growth as can be done with metal structures.

Various approaches have been used to toughen epoxy polymers, which can include the
addition of rubbers [1-5], thermoplastics [6, 7], ceramic particles [8, 9], glass microparticles [10-14]
or silica nanoparticles [15]. Among these, the most successful approach has been the addition of
rubber modifiers such as carboxyl-terminated butadiene acrylonitrile (CTBN) which phase-separate
into micron-sized particles during curing of the epoxy polymer [16]. Recent advances have seen
the use of different forms of rubber modifiers such as block co-poplymers [17-19] and core-shell
rubber (CSR) nanoparticles [20-22] to increase the toughness of epoxy polymers. This is because
these modifiers have been shown to improve toughness above 10 wt% loading whereas the
toughening of micron-sized rubber particles tends to remain constant or decline above 10 wt% [23].

Combinations of two different types of particles, combining soft and rigid particles in the
same formulation have also been used [5, 24-28]. All these studies have reported significant
increases in the toughness of the bulk polymers and their corresponding fibre reinforced
composites tested under static loading. Both CTBN and CSR particles have been used, often
combined with silica nanoparticles. In some cases the combination of soft and rigid particles gave
an additional (synergistic) toughening effect, but in other cases there was little increase in
toughness due to the addition of the second particle type.

Blackman et al. [29] and Manjunatha et al. [30, 31] extended the study of toughening using
these particles to fatigue loading. They found that the fatigue threshold strain energy release rate,
below which a crack does not grow and which is an important criterion for design, increased

significantly. The fatigue life of the materials was also increased. Other researchers have used
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other nanoscale fillers such as carbon nanotubes (CNTs) [32], carbon nanofibres (CNFs) [33] and
nanoclay particles [34] to improve the fatigue performance of bulk polymers. These studies have
clearly demonstrated that a remarkable increase in the fatigue threshold and a significant reduction
in the fatigue crack growth rate can be achieved with the addition of only small weight fractions of
these nanoparticles.

Most studies have focussed on improving the fatigue performance of bulk epoxy polymers,
whereas few studies can be found in the literature on the fatigue behaviour of toughened fibre
reinforced composites. Manjunatha et al. [31] studied the tensile-fatigue behaviour of glass fibre
composites similar to the ones being manufactured in the present work, and presented the stress
versus lifetime (S-N) curves. Their results corroborate the previous findings that the use of
toughened epoxies as the matrices in GF composites is beneficial in enhancing the fatigue life of
composite structures. Work by Boger et al. [35] supported these results, demonstrating an increase
of up to 16% in the inter fibre fracture strength as well as an increase in the high cycle fatigue life
of several orders of magnitude.

The fatigue performance of fibre reinforced composites has also been shown to improve
remarkably by using CNT and CNF modified matrices when subjected to tension-tension fatigue
loading [36, 37]. Kostopoulos et al. [36] investigated CF composite structures where CNTs acted
as matrix reinforcement as well as electrical sensors for damage monitoring, concluding that the
large surface area and aspect ratio of CNTs contributed to prolonging the fatigue life. Zhou et al.
[37] investigated vapour grown CNF modified matrices in CF composites, observing the highest
fatigue life and the maximum fatigue strength coefficient, o, with the addition of 2 wt% CNF.
However, both parameters declined with higher CNF concentrations.

The fatigue behaviours of composites in the above studies have been discussed in terms of
fatigue life and strength by plotting the S-N curves from tension-tension fatigue loading. There
have been very limited studies on the effect of similar matrix modifications on the fatigue threshold
and fatigue crack growth (FCG) rate in composite structures. These are measured using mode |
interlaminar fracture tests under cyclic loading. Publications which report the mode | fatigue
behaviour subjected are for bonded composites [38, 39] or the through-thickness toughened

composites using interleaf [40, 41], z-anchor [42], or z-pinning [43]. Nonetheless, Grimmer and
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Dharan [44] have looked at the effect of CNT matrix modification and observed a significant
reduction of FCG rate as well as an increase in the fatigue threshold for composite specimens
containing CNTs.

This work reports, for the first time, the fatigue fracture performance of fibre composites
toughened with carboxyl-terminated butadiene-acrylonitrile (CTBN) and 20 nm diameter silica
nanoparticles. The matrix contribution towards the fracture energy for GF composites under static
and fatigue loading are discussed. The effect of crosslink density is investigated. In addition, the
toughening mechanisms for the composites are examined to study the relationship between the
fatigue and static fracture behaviour, the type of crack growth and detailed features of the
associated fracture surfaces. This shows how the composite toughness can be increased under
both quasi-static and fatigue loading by combining micron-sized CTBN particles and nanometre-
sized silica particles. Use of these materials can give composite structures which are more tolerant

of defects, leading to safer and lighter weight structures.

2. Experimental
21 Materials

An amine-cured epoxy was used due to its low viscosity and long pot life which makes it
suitable for resin transfer moulding and resin infusion [45]. The epoxy resin was a diglycidyl ether
of bisphenol F (DGEBF), Epikote 862 supplied by Hexion Specialty Chemicals, UK, with an
epoxide equivalent weight (EEW) of 169 g/eq [45]. The curing agent was Epikure W, an aromatic
diamine with an hydrogen equivalent weight (HEW) of 45 g/eq from the same manufacturer. A
mixing ratio of 100:26.4 by weight was used.

The glass fibre reinforcement used was a biaxial £45° double layer non-crimp fabric (NCF)
with an areal weight of 450 g/m?from SP Systems, UK. Non-crimp fabric reinforcement was
chosen due to its mechanical and manufacturing benefits. The resulting composites exhibit higher
in-plane properties and superior delamination resistance and damage tolerance in comparison to
conventional woven reinforcement due to the absence of crimp in the fibre architecture [46].

The rubber adduct used was a low molecular weight carboxyl-terminated butadiene-

acrylonitrile (CTBN) copolymer, Albipox 1000 from Evonik, Germany. Albipox 1000 contains 40
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wt% of nitrile rubber in a DGEBA epoxy resin with 18% acrylonitrile content. The silica
nanoparticles (NS) used were Nanopox F400 from Evonik, Germany, and were supplied as a
masterbatch containing 40 wt% of silica (SiO2) dispersed in DGEBA epoxy resin as a colloidal
mixture. The particles were supplied surface-modified using a silane [47] to prevent agglomeration,
and have a narrow particle size distribution with an average diameter of 20 nm [48].

2.2 Manufacturing of GF Composites

A thick and stiff laminate is required to avoid large deflections of the composite arms during
mode | fracture tests. The glass fibre (GF) composite laminates, 300 mm x 300 mm in size with an
average thickness of 5 mm were prepared by infusing modified epoxy formulations into 16 layers of
glass fibre preforms, using resin infusion under flexible tooling (RIFT). The fabrics were arranged
as a quasi-isotropic lay-up of [(-45/+45)s/(90/0)s]./film insert/[(0/90)s(+45/-45);]. to give a 0°/90° ply
interface at the midplane in order to minimise the fibre bridging effect, allowing a better evaluation
of the matrix toughness contribution. As composite laminates exhibit deformation coupling
behaviour between in-plane and out-of-plane response due to stacking (layering) of fibre
reinforcement in various orientation, this lay-up also minimises the elastic membrane-bending and
bend-twist coupling effect (i.e. laminate stiffness characteristic, the A-B-D matrix) which can result
in highly curved delamination fronts and lead to overestimation of the fracture energy [49].

The lay-up configuration used caused the laminate to be unsymmetrical but balanced.
However, stress analysis has shown that the bend-twist coupling effect is negligible. The firm insert
was a strip of non-perforated, 25 pm thick fluorinated ethylene propylene (FEP) release film which
was placed into the centre of the 330 mm x 330 mm panel. This created a 45-55 mm long starter
crack for the double cantilever beam specimens.

The epoxy formulations were prepared by stirring the CTBN and NS masterbatches into the
epoxy resin to give 9 wt% rubber and 10 wt% NS. The measured density of the cured epoxy was
1190 kg/m?® [50]. The CTBN particles have a density of 948 kg/m?3, and the silica nanoparticles of
1800 kg/m?® [51]. Thus these weight percentages are equivalent to 11 vol% rubber and 6.8 vol%
NS respectively. A control GF composite with an unmodified epoxy matrix was also manufactured.
An overhead stirrer, RZR from Heidolph, Germany, fitted with a bladed impeller, was used to mix

the formulations. The curing agent was added stoichiometrically, and the mixture was stirred again.
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The mixture was degassed prior to infusion to remove any air bubbles resulting from the stirring
process.

Once the infusion process was complete, the laminates were cured using one of two different
cure schedules (i) 2 hrs at 100 °C and 10 hours at 180 °C, and (ii) 2 hrs at 80 °C and 8 hours at
120 °C. This was to analyse the effect of matrix crosslink density on the composite toughness.

2.3 Thermal Analysis — Glass Transition Temperature and Crosslink Density

Dynamic mechanical analysis (DMA) was used to measure the glass transition temperature,
Tg, of the composites and to determine the matrix crosslink density, Mc. A Q800 DMA from TA
Instruments was used. The thickness of the composite laminate was reduced to approximately 2.5
— 3.0 mm by grinding to reduce the sample stiffness. A 60 mm x 10 mm specimen was mounted in
a dual cantilever fixture and tested in bending using strain control. A frequency of 1 Hz was used,
over a temperature range of -80 °C to 200 °C using a ramp rate of 2 °C/min. The T4 can be defined
by a large drop of storage modulus curve, known as T4 Onset, or the peak of the tan 5 curve,
known as Tg4 Peak. In this work, both Tg4 values are reported, but Tg Peak will be referred to in the
discussion.

DMA was also performed on bulk polymer samples. The rubbery equilibrium storage
modulus, Eg, can be used to determine the matrix crosslink density, M, using an empirical formula
[52],

Eg 293p
Log === 6+ M, Equation 1

where M. is the number average molecular weight between crosslinks in g/mol, Eris the
equilibrium modulus in the rubbery region taken at T4 + 50 °C in Pa, and p is the density of the
epoxy in g/cm3.
2.4 Mode | Interlaminar Fracture Test

Quasi-static mode | interlaminar fracture tests were carried out in accordance with ASTM
D5528 [53] and BS EN ISO 15024 [54]. Double cantilever beam (DCB) specimens, of 150 mm x 20
mm were cut from the 5-mm-thick composite plates. The ends of the DCBs containing the starter-
film were gritblasted and acetone-wiped, and aluminium endblocks were bonded on using a two-
component epoxy paste adhesive, Araldite 2011 from Huntsman, UK. The adhesive was cured at
room temperature overnight.
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At least three specimens were tested for each formulation. The DCBs were tested at a
loading rate of 1 mm/min using an Instron 5584 universal testing machine with a 5 kN load cell.
The specimen was loaded in two stages. The initial loading (pre-cracking) generated a natural
crack approximately 10 mm beyond the film insert. The specimen was unloaded, and then re-
loaded until the crack propagated another 70-80 mm. Load versus displacement curves were
recorded, and the crack growth was monitored using a travelling microscope. The specimen was
then unloaded, and subsequently broken open to allow the fracture surfaces to be imaged.

The fracture energy, Gic, was calculated via the modified beam theory (MBT) method [55]
using

_ 3P(8/N)F .
c= m Equation 2

where P is the applied load, o is the displacement, and B is the specimen width. The
endblock correction factor, N, and the large displacement correction factor, F, were calculated as
per the Standard [54]. The crack length correction factor, A, was determined experimentally by
plotting (C/N)'3 as a function of crack length, where C is the compliance. The resulting straight line
intersects the crack length axis at -A, and a value of A = 0 was used if a positive intercept was
obtained, as specified by the British Standard [54].

The initiation value for Gic was determined using three approaches, i.e. visual observation
(VIS), deviation from non-linearity (NL) and the 5% offset or maximum load during the test (i.e.
after pre-cracking) [54]. The Gicinitiation (Gic,init) value quoted is the non-linear value, as accurate
determination of the value from visual observation is always difficult and operator dependent. The
propagation value of the fracture energy (Gic rrop) Was calculated by averaging the values in the
plateau region after the initiation point.

The laminates were laid up with a 0°/90° ply interface at the midplane to minimise the fibre
bridging effect, allowing a better evaluation of the matrix toughness contribution. For interface
cracks of dissimilar ply orientations (0°/6°), it is known that mixed mode failure exists due to the
oscillatory nature of the stresses and displacements near the crack tip [56, 57]. Although the
calculation of the total strain energy release rate, G, is well established, it is not possible to

calculate the individual strain energy release rate components, G;, G and Gy, at the interface.

Page 7 of 40



Qian and Sun [56] proposed the use of finite extension strain energy release rates to overcome
this ambiguity for bimaterial interface cracks. Here the finite crack extension, Aa, should be equal
to a characteristic damage zone length, |, of the order of the layer thickness, as the solutions do
not converge as Aa approaches zero due to the oscillations. However, another study [57] has
shown that the modified beam theory (MBT) data reduction, as used in the present work, is
accurate for multidirectional specimens and MBT has been used successfully to analyse fractures

in many recent interlaminar fracture studies, e.g. [58-62].

2.5 Fatigue Crack Growth (FCG)

Fatigue crack growth tests were carried out for all of the 180 °C cured GF composites using
DCB specimens on an Instron 8872 servohydraulic universal testing machine fitted with a 1 kN
load cell. The test was not carried out in accordance with any specific standards, instead it refers to
ASTM E647 [63] and BS ISO 13003 [64] as guidelines. The specimens were not pre-cracked and
therefore the fibre bridging effect on the crack initiation was negligible. The composite specimens
were prepared from the same composite laminate as was used for the fracture tests.

The DCB specimens were loaded in displacement control under sinusoidal loading at a

frequency of 3 Hz with a displacement ratio, R = (a’”—m) of 0.1. This frequency is sufficiently low to

amax

prevent heating of the composite. The maximum displacement was set at 75% of the displacement
required for crack initiation in the corresponding quasi-static test. The amplitude used varied from
3.7 to 9.5 mm depending on the matrix formulation, the specimen thickness and the initial crack
length.

Load, displacement and crack length data were recorded at specified intervals depending on
the crack propagation rate; more frequently in the early stages and less frequently when the crack
growth rate slowed down. The test was stopped when no further crack propagation was observed
and there was no decrease in the maximum load after a period of time, i.e. after approximately 9
million cycles.

251 Data Reduction
The fatigue data are characterised by plotting the rate at which the crack propagates per

cycle (da/dN) versus the maximum applied strain energy release rate Gimax. The value of G max
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was determined using Equation 2; G, max is used rather than AG (where AG = G max - Giwmin), as
facial interference on unloading artificially raises the minimum applied strain energy release rate G,
min @nd reduces the AG value [38]. The fatigue crack growth rate (da/dN) was calculated using the
incremental polynomial method, by fitting a second-order polynomial to sets of (2n+1) successive
data points to reduce scatter in the experimental data. A 7-point polynomial is used (n = 3) so the
polynomial is fitted to successive sets of 7 data points [63]. This method has gained wide
acceptance as the preferred crack growth rate calculation method [65]. The fitted second order
polynomial equation is given by

da b,
dN ¢,

Ni— €
c

+ 20

Equation 3

where N is the i th cycle, b1 and bz are regression parameters which are determined by
applying the method of least squares to the data, while C; and C;are parameters used to scale the
input data to avoid numerical difficulties when determining the regression parameters [63].
25.2 Fatigue Crack Growth (FCG) Plot

The relationship between the rate at which the fatigue crack propagates per cycle, da/dN,
and the maximum strain energy release rate, G wmax, is @ sigmoidal curve, see Figure 1. The FCG
plot can be divided into three regions as shown in Figure 1. Region lll is normally associated with
fast fracture and unstable crack growth as G uax approaches the Gic value for the composite from
the quasi-static test. Region Il shows a linear crack growth region which fits the Paris law

relationship,

! (ﬂ)— 10g(G/ yar) +l0g € -
og dN) = mtog(Gy max og Equation 4
where da/dN is the rate of crack growth per cycle, G vax is the maximum strain energy
release rate in a cycle, m is the Paris law coefficient and C is a material constant.

Region | is the slow crack growth region where G, max approaches the threshold value, G,
below which no significant crack growth occurs. At this stage the crack growth is dormant or
growing at an undetectable rate [38]. The threshold strain energy release rate, G, is taken at the
pronounced knee of the plot and the gradient of the Paris-law region, m, is computed from

Equation 4.
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The Paris-law region is associated with fatigue crack propagation and the parameter m
indicates the load sensitivity of the crack propagation rate. The value of m in adhesives and
composite materials is much greater than in metals, so the fatigue threshold value is preferred as a
design consideration [38], as once a crack is growing it will reach a critical size very quickly,
therefore it is best to design for no crack growth.

2.6 Microscopy Analysis

Fractography of the fracture surfaces was carried out using an Hitachi S-3400N scanning
electron microscope (SEM), and a Leo Gemini 1525 field emission gun SEM (FEGSEM). Typical
accelerating voltages of 15 kV and 5 kV were used for SEM and FEGSEM imaging respectively,
with a working distance of 5 - 10 mm. The specimens were attached to aluminium stubs using self-
adhesive conductive tape. A fine stripe of silver paint was also painted on one end of the specimen
to act as a discharge bridge. The specimens were then sputter-coated with an ultra-thin layer of

gold (SEM) or chromium (FEGSEM) to prevent charging and give better resolution.

3.  Results and Discussion
3.1  Introduction

The results of the dynamic mechanical analysis are presented first, considering the effect of
the two different cure cycles and the addition of particles on the glass transition temperature of the
epoxy matrix. The results obtained from the fracture tests are divided into two sections, firstly the
quasi-static mode | fracture and secondly the fatigue fracture results. The quasi-static analysis
considers the effect on the rubber and silica particle toughening from the two different curing
temperatures to demonstrate the effect of varying crosslink density on the toughness. The fatigue
fracture data present the results from a single curing temperature, to identify the differences
between quasi-static and fatigue performance. The fracture morphology and the toughening
mechanisms of the composites are identified from electron micrographs for both quasi-static and
fatigue fracture, to understand the correlation between the measured fracture energy, the type of

crack growth and detailed features on the associated fracture surfaces.
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3.2 Glass Transition Temperature, Tqg

Typical dynamic mechanical analysis results for the GF composites for both curing
temperatures are shown in Figure 2, and show the measured values of Tq Onset and Ty Peak. The
main peak in the tan & response in Figure 2 is the Tq4 of the epoxy matrix. Figure 2 (a) and (c) show
only a single peak from the epoxy matrix. Figure 2 (b) and (d) show the GF-Rubber and GF-Hybrid
composites, where the second, smaller, peak represents the T, for the rubber that has phase-
separated. The measured values of -40 to -51 °C agree well with the -50 °C reported by Wise et al.
[66] and Hsieh et al. [26] for the T4 of the rubber.

The T4 values for the GF composites cured at 120 °C and 180 °C are shown in Table 1. The
T4 Peak values for the corresponding bulk matrix samples [50] are also presented in Table 1. The
bulk polymer values are similar to the GF composite data, and exhibit the same trends as expected
because Ty is a matrix-dominated property. The T4 values for the formulations cured at 120 °C are
lower than those cured at 180 °C, T4 Peak values of 116 °C and 154 °C respectively being
measured for the GF-Control samples, see Figure 2(a). The T4 value for the 180 °C cure agrees
well with values in the literature at the same cure temperature, e.g. 153 °C measured by Hussain
et al. [67] and 156 °C by Okoro et al. [68]. The T4 Onset values follow the same trend as the Ty
Peak values, with T4 Onset being about 10% lower than T4 Peak.

Similar to the work of Hsieh et al. [26], the T4 values for the GF-Rubber are lower than the
GF-Control as some of the CTBN rubber has remained dissolved in the epoxy due to incomplete
phase separation during curing, plasticising the matrix and hence reducing its Ty4. The Fox equation
[69] may be used to determine the amount of rubber remaining dissolved in the epoxy using

1 _ WCTBN WEpoxy

Tg MIX B Tg CTBN Tg Epoxy Equation 5
where T4 mix is the glass transition temperature of the polymer mixture, Wepoxy and Wersn are

the weight fractions of the epoxy and CTBN respectively, and Tg4 epoxy and T4 cTen are the glass

transition temperatures of the epoxy and CTBN respectively. Using the equation and the Ty Peak

values above, it was calculated that 1.8 vol% of rubber did not phase separate in the GF-Rubber

cured at 180 °C, as a 6 °C drop in Tg epoxy Was measured. There was no reduction in the Tqvalue
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for the GF-Rubber cured at 120 °C and this suggests that all the rubber in the resin mixture had
undergone phase separation to form particles.

For the GF-NS, there was no significant increase in the Tqvalues with the 120 °C cured
formulation. Although the 180 °C data do show a small increase, see Figure 2 (b) and Table 1, this
is not significant. The addition of silica nanoparticles does not affect the polymer chain mobility,
and hence no change in the T4 would be expected [8, 9]. In the case of GF-Hybrid, there was no
significant difference between the GF-NS and GF-Hybrid T4 values, despite the addition of CTBN.
The absence of a reduction in the Tq4 value shows that complete phase separation of the rubber
has occurred in the GF-Hybrid.

3.3 Quasi-static Fracture

In the DCB tests, all the composites exhibited mainly unstable fracture with ‘stick-slip’ crack
growth [70] during the early propagation stage. This gradually changed to a more stable crack
growth with increasing crack length. The stick-slip behaviour was more pronounced in the GF-
Rubber and GF-Hybrid composites. Stick-slip behaviour is generally observed in stitched fabric
laminates, corresponding to a load drop as a result of stitch breakage during crack growth [71].

Typical R-curves for the GF composites at both curing conditions are shown in Figure 3. The
first value shown is the initiation value, Gic init, where the fracture energy is relatively low. The
fracture energy increases rapidly with increasing crack length until it reaches a plateau, indicating
that the steady state crack propagation region has been reached. The propagation value, Gic prop,
is defined as the mean value for this plateau region. The fracture energy values for crack initiation
and propagation are summarised in Table 2. The fracture energy values, G¢ Bulk for the
corresponding bulk polymers [50] are also presented in Table 2 for comparison.

Two distinct R-curve behaviours can be observed in Figure 3 for the GF composites. The
GF-Control and GF-NS generally showed relatively flat R-curve behaviour which suggests stable
crack growth in which there is no change in the fracture mechanisms. On the other hand, the GF-
Rubber and GF-Hybrid showed rising R-curves with some fluctuations, and these correspond well
with the pronounced stick-slip behaviour previously mentioned. This phenomenon could be
associated with periodic transverse cracking of the 90° mid-layer and crack jumping between two

neighbouring 0°/90° ply interfaces [62]. It has also been generally observed that strong fibre-matrix
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interfacial adhesion favours unstable crack propagation while weak interfacial adhesion results in
stable crack behaviour [72]. Hence, transverse cracking and crack jumping are less dominant in
GF-Control and GF-NS providing less resistance to crack propagation and hence smaller R-
curves.

The GF composites cured at 120 °C showed much higher fracture energies than those cured
at 180 °C, so the samples show a greater toughness when cured at a relatively lower temperature.
The use of a rubber-modified matrix at both curing temperatures increased significantly the fracture
energies of the GF composites at initiation and propagation when compared to GF-Control, see
Table 2. In contrast, the use of the NS-modified matrix gave only a small increase, or reduced the
measured fracture energy. Only a marginal increase in the G,c propagation value for GF-NS cured
at 120 °C was observed. Analysing the results for GF-Hybrid, the fracture energies were found to
be in a similar range to those of GF-Rubber which suggests that the fracture energy increase was
contributed by the rubber only and there was little contribution from the silica nanoparticles. Hence,
it can be concluded that a synergistic toughening effect did not occur in the hybrid samples for
quasi-static fracture.

3.4 Quasi-static Fracture Surfaces and Toughening Mechanisms

The images of the fracture surfaces of the quasi-static specimens are taken from the
propagation region, and these are representative of both curing conditions unless otherwise
specified. In all the composite samples, the crack initiated in the midplane at the 0°/90° ply
interfaces and propagated along the specimen. This involved matrix fracture, fibre debonding and
pull-out in both the longitudinal and transverse directions. It was observed that the crack did not
remain in the same plane but branched out into neighbouring plies resulting in stepped fracture
surfaces, which is often seen in laminates with 0/6 interfaces [58, 72]. In GF-Rubber and GF-
Hybrid, crack branching also led to multiple delaminations, and the multiple cracks formed are
partly responsible for their higher fracture energies and hence larger R-curves..

The fracture for the GF-Control was dominated by a combination of matrix fracture, weak
fibre-matrix interfacial adhesion and stitch breakage failure. The unmodified epoxy has a low matrix
toughness due to its highly crosslinked nature. This is evident from the formation of scarps and

riverlines as shown in Figure 4. The clean debonded fibre surfaces in Figure 4 are an indication of
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weak fibre-matrix interfacial adhesion, thus providing minimal resistance to crack propagation. This
weak adhesion also results in the fibres pulling out of the fracture surfaces easily, and thus
promotes fibre bridging. This results in low fracture energies at initiation which increase
significantly with crack length due to fibre bridging, see Table 2.

The SEM images of the GF-Rubber fracture surfaces for the composites cured at 180 °C are
shown in Figure 5(a) and (b), and at 120 °C in Figure 5(c) and (d). These surfaces are much
rougher than those of GF-Control, with residual epoxy adhering to the fibres indicating a stronger
fibre-matrix adhesion, see Figure 5(a) and (c). The holes which can be clearly observed in the
matrix region on the fracture surfaces are formed by cavitation of the rubber particles followed by
void growth of the epoxy matrix. The holes formed by cavitation relieve the constraint on the epoxy
and allow large plastic strains in the matrix. The cavities increase in size by plastic void growth due
to the triaxial tensile stress state within the plastic zone at the crack tip [73]. The GF-Rubber cured
at 120 °C showed more matrix deformation, as evident from the elongated cavities shown in Figure
5(d), compared with the composite cured at 180 °C, see Figure 5(b). This larger plastic strain in the
matrix before failure correlates well with the increase in ductility due to the lower matrix crosslink
density, as discussed in Section 3.5 below. The deformation after the cavitation process further
increased the fracture energy, giving a larger fracture energy for the composite cured at the lower
temperature, see Table 2.

The fracture surfaces of the GF-NS composites are shown in Figure 6, and the images
reveal clean debonded fibres indicating relatively poor fibre-matrix adhesion, see Figure 6(a). The
poor fibre-matrix adhesion was also observed for the control composite, indicatring that the
addition of the silane-treated silica nanoparticles does not affect the adhesion of the matrix to the
fibres. There are well adhered silica nanoparticles in the epoxy matrix which suggest that particle
debonding and void growth do not occur for composites cured at 180 °C, see Figure 6(b) and 120
°C, see Figure 6 (c). If so, then a major toughening mechanism associated with the use of silica
nanoparticles is absent. This observation is in agreement with the very low fracture energies
shown in Table 2, where the Gic nit values for GF-NS are lower than those of the GF-Control, and
Gic,prop for the GF-NS cured at 180 °C was also lower than the corresponding value for GF-Control.

It is believed the strong particle-matrix adhesion prevents the NS particles debonding from the
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matrix. The well-bonded and stiff particles constrain the matrix, limiting the matrix deformation
during fracture, which fails in a brittle manner and explains the reduced toughness in the system.
As for the GF-NS cured at 120 °C, the 20% increase in the Gic prop Value compared to GF-Control
may simply be due to the fibre bridging and stitching resistance contributions to the overall fracture
energy.

For the GF-Hybrid composite, rough fracture surfaces were observed as shown in Figure
7(a). Voids resulting from rubber particle cavitation and void growth are clearly visible in Figure
7(b). However, there was no evidence of debonded silica nanoparticles or voids surrounding silica
nanoparticles visible on the surface. This suggests the absence of the silica nanoparticle
debonding and plastic void growth mechanism during fracture. This agrees well with the measured
toughness, as the fracture energies generally reduced for the GF-Hybrid, see Table 2, or were not
significantly different. This is due to the well-bonded and stiff silica nanoparticles which constrain
the matrix and reduce its ductility. The fibre to matrix adhesion is relatively good, as shown by the
residual epoxy on the surface of the glass fibres. This is similar to that seen for the GF-Rubber,
and indeed a similar increase in Gic prop compared to Gic,init is measured for both composites.

In addition to the above toughening mechanisms, the stitching in the composites has been
shown to increase the crack propagation resistance during fracture [71, 74, 75]. The stitches break
in tension, as shown in Figure 8 (a) and (b), thus contributing to the increase in the fracture energy
compared to the bulk polymer.

3.5 Effect of Crosslink Density on Fracture Energies of GF Composites

The higher fracture energies for the composites cured at 120 °C compared with those cured
at 180 °C can be attributed to the effect of matrix crosslink density. The number average molecular
weight, M, for the epoxy matrix cured at 120 °C calculated using Equation 1 is 446 g/mol, whereas
the M for the epoxy cured at 180 °C is 375 g/mol. This means the matrices for the composites
cured at 120 °C have a lower crosslink density, and it is well accepted that they will be more
toughenable, hence their higher relative toughness [76].

Microscopy of the fracture surfaces of the GF-NS composite, see Figure 6, showed that the
fracture occurred predominantly at the fibre-matrix interface where the debonded fibres showed

clean surfaces with few matrix fragments attached. While some studies [27, 28] have reported that
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the addition of silica nanoparticles improved the fibre-matrix interfacial adhesion and contributed to
the increase in the fracture energies, this effect was not seen in the present work. Tucker et al. [77]
showed that longer curing weakens the fibre-matrix interface, but there is little difference in the
cure times used here. However, the rigidity and higher bulk modulus of the NS particles will
increase the matrix modulus by about 10% (see Appendix). This increased stiffness may help to
promote fibre-matrix interfacial failure rather than matrix fracture.

Some noticeable differences in the matrix deformation between the GF-Rubber cured at 180
°C and 120 °C have also been observed, as shown in Figure 9 (a) and (b) respectively. The
cavities for the GF-Rubber cured at 120 °C were found to be highly deformed and elongated, see
Figure 9 (a). This behaviour can be attributed to the increase in matrix ductility as a result of lower
crosslink density, which enables the matrix to undergo extensive plastic deformation and allowed
the cavities to enlarge significantly more after cavitation of the rubber particles occurred in the
matrix. The cavities for the composites cured at 180 °C are smaller than those for the 120 °C
material due to the lower ductility of the matrix, see Figure 9 (b).

3.6 Fatigue Crack Growth (FCG)

The FCG curves for all of the GF composites cured at 180 °C are shown in Figure 10. The
curves exhibit a sigmoidal shape as expected, and show good repeatability and low scatter. The
fatigue threshold is reached when the crack growth rate decreases to negligible values. A
pronounced knee indicating a clear fatigue threshold was observed in all cases.

The values of the quasi-static fracture energy, Gic, and fatigue threshold fracture energy, G,
are summarised in Table 3. The results show that the fatigue threshold fracture energy is much
lower than the quasi-static value, indicating how damaging fatigue loading is to the composites.

The comparison of the fatigue crack growth rate and fatigue threshold for the GF composites
is shown in Figure 10. The graphs clearly indicate that the use of rubber-modified and silica
nanoparticle-modified matrices, see Figure 10(b) and (c), reduces significantly the fatigue crack
growth rate in Region Il as well as increasing the threshold fracture energies to approximately
double that of the control samples shown in Figure 10(a). The fatigue threshold was further

increased to 3.5 times the GF-Control value when using the hybrid modified epoxy matrix, see
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Figure 10(d), suggesting an additive or a synergistic toughening effect between the rubber particles
and the silica nanoparticles in fatigue.
3.7 Plastic Zone Size

As the toughening is dependent on the size of the plastic zone ahead of the crack tip, it is of
interest to show that the size of the plastic zone at the threshold is larger than the size of the
toughening particles, such that these particles are enclosed within the plastic zone and hence
actively toughen the material. The plastic zone size under plane strain conditions was calculated
using Equation 6, assuming that the zone is circular and that cracks occur within the matrix-rich

region. The radius of the plastic zone in m, ry, is given by

2
1 (K,
ry = —\— Equation 6
6m\ o,

where K¢ is the fracture toughness in MPa m'?, and oy is the yield stress in MPa.

The plastic zone size at propagation was calculated using the bulk polymer properties (Kic,
Gic, E and oy) taken from [50]. The plastic zone size at threshold uses the fatigue threshold values
reported in Table 3. In the threshold region, the applied strain energy release rate and the zone
size are at a minimum.

The calculated ry values are presented in Table 4, and show that the size of the plastic zone
increases with the addition of the toughening particles in both propagation and threshold regions,
compared to the control. It is also clear that the plastic zone sizes in the toughened composites,
where ry = 4.6 to 11.6 ym, are substantially larger than the undeformed rubber particles and silica
nanoparticles measured as 1.25 ym [50] and 10 nm [15] in radius respectively. The results also
explain why the addition of CTBN and the addition of silica nanoparticles both increased the G,
value, as the plastic zones are large enough to encompass the particles and hence allow the
toughening mechanisms to operate even at the fatigue threshold. Thus the particles are actively
toughening the composites at the fatigue threshold, as is confirmed by the G values for the
toughened formulations being greater than for the GF-Control. Further, in the GF-Hybrid the fatigue
threshold fracture energy is increased further, indicating that both types of particles are actively

toughening the material.
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It is also noted that curing the composites at a lower temperature generally increased the
plastic zone size. These increases can be attributed to the lower crosslink density in the epoxy
matrix, which increases its ductility and allows more matrix deformation to occur.

3.8 Microscopy of Fatigue Fracture Surfaces

Images of the fatigue fracture surfaces of the specimens were taken in the threshold region.
These were similar to the quasi-static fracture surfaces, although in fatigue the surfaces are
relatively smooth when compared to the quasi-static fracture [78]. Energy absorbing mechanisms
similar to those seen in the quasi-static tests would be expected to occur in fatigue. However, there
is less deformation of the epoxy matrix than for quasi-static fracture, which is expected due to the
low measured fracture energies at threshold [79].

3.8.1 GF Composites with Unmodified Matrices (GF-Control)

Low magnification SEM images of the fatigue fracture surfaces for the GF-Control
composites are shown in Figure 11. Microscopic features such as broken fibres, fibre bridging and
fibre debonding were observed in this area, see Figure 11(b). Clean debonded fibres were an
indication that the fracture occurred predominantly at the fibre-matrix interface due to weak
interfacial adhesion, see Figure 11(c). There was also evidence of stitch tensile breakage and
debonded stitching thread which resulted in a crisscross pattern on the surface, see Figure 11(a).
This suggests that the crack did not remain in the mid-plane but branched out to neighbouring plies
following a zigzag crack propagation pattern resulting in uneven fracture surfaces. The zigzag
crack pattern is normally found on laminates with 0°/90° midply interfaces [62]. The formation of
scarps and riverlines in the resin rich area shown in Figure 11(d) are common signs of brittle matrix
fracture. The few microscopic features observed correspond well with the low fracture energies.

3.8.2 GF Composites with Rubber-Modified Matrices (GF-Rubber)

The SEM images of the fatigue fracture surfaces of the GF-Rubber samples are shown in
Figure 12. As for the GF-Control, the fracture did not always propagate on the same plane, but
periodically cracking and branching occurred between the two neighbouring 0°/90° interfaces at
the midplane, see Figure 12(a).

The high magnification images in Figure 12(c) and (d) show a higher degree of surface

roughness and extensive matrix deformation with voided rubber particles. This increases the
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fracture resistance during crack growth, hence providing a higher fracture energy. The voids are
formed due to cavitation of the rubber particles followed by void growth via plastic deformation of
the epoxy matrix. Once cavitation has occurred, the reduction of constraint on the matrix allows the
epoxy to plastically deform and absorb energy. These mechanisms are responsible for the
increase in the fracture energy. Based on the void distribution shown in the image, the rubber
particles were dispersed relatively homogeneously across the entire matrix, with no agglomeration
being observed. Cavitation also indicates that there is excellent adhesion between the phase-
separated CTBN rubber and the epoxy matrix. The voids in Figure 12(d) vary in size as they were
fractured at a random plane, resulting in cavities appearing smaller than their true diameter if they
fractured away from their equator.

The embedded fibres with matrix epoxy attached, see Figure 12(b) and (c), indicate a
relatively good fibre-matrix adhesion. The increased interfacial adhesion as well as the matrix
toughness contributes to a higher fracture energy in GF-Rubber when compared to GF-Control. An
interesting point to note is that there is a distinct feature between propagation and threshold
regions during fatigue fracture. In the propagation region, the rubber cavitations and matrix
deformation were stronger than those of the threshold suggesting these mechanisms were actively
toughening. In the threshold region, smaller cavities and less matrix deformation were observed
due to the decrease in the crack growth rate and active toughening mechanisms due to the smaller
plastic zone at the crack tip compared to the quasi-static tests.

3.8.3 GF Composites with Silica Nanoparticle-Modified Matrices (GF-NS)

The low magnification SEM images of the GF-NS fatigue fracture surfaces are shown in
Figure 13. Fracture occurred predominantly at the fibre-matrix interface resulting in clean
debonded fibres, see Figure 13(b), as was observed for quasi-static fracture. These debonded
fibres bridged the crack as it propagated, leaving loose broken fibres on the surface, see Figure
13(a). Brittle matrix fracture was observed in the resin rich area. Evidence of stitch tensile
breakage suggests that the crack propagated through the biaxial fabric and did not remain on the
same plane as the film insert.

High magnification images of the matrix fracture surface after fatigue loading are shown in

Figure 14. There was a good dispersion of the silica nanoparticles throughout the matrix and
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significant debonding occurred in this region. Individual silica nanoparticles can be identified as
almost spherical features in Figure 14(b). Figure 14(a) shows some voids after debonding of silica
nanoparticles; some of these voids are circled in Figure 14(a). These voids appeared smaller than
the particles, but this is likely to be the effect of the sputtered chromium coating deposited on the
fracture surface, which affected the size of both voids and the particles. The coating partially
covered the voids making them appeared smaller than the actual hole size or shadowed the
particles and resulted in an increase in the particle diameter causing them to appear larger than
their true size [80]. The presence of debonded silica nanoparticles and plastic void growth in this
region is in accordance with the increase in the threshold fracture energy compared to the GF-
Control, whose fracture surfaces are featureless.

3.84 GF Composites with Hybrid-Modified Matrices (GF-Hybrid)

The low magnification SEM images of the GF-Hybrid shown in Figure 15(a) and (b) revealed
that similar fracture processes involving matrix fracture, fibre debonding and pull-out, crack
branching and jumping between plies occurred. These surfaces also exhibited very high surface
roughness, where there was a significant amount of matrix adhering to the fibres, see Figure 15(a),
and extensive matrix deformation in the resin rich region, see Figure 15(b). This indicates a good
interfacial adhesion between the fibres and the matrix, as shown in Figure 16(a) and (b), which
contributes to the higher fracture resistance.

For the fatigue specimens, evidence of rubber particle cavitation can be observed at higher
magnifications, as shown in Figure 16(c). Some of the cavities appeared to have internal voids,
which are believed to be epoxy particles within the rubber particles resulting from local phase-
inversion, see Figure 16(c). Rubber particle cavitation and debonded silica nanoparticles can be
seen in Figure 16(d), with plastic void growth of the epoxy matrix. However, the void growth around
the silica nanoparticles is hard to identify due to the thickness of the conductive coating which
shadowed the nanoparticles and voids on the surface. The fracture energies at threshold for GF-
Hybrid in Table 3 were much higher than the control and other toughened composites. This
suggests that the toughening mechanisms from the silica nanoparticles were operative in this
region in addition to those from cavitation of the rubber particles and from the fibre toughening

effect.
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3.9 Relationship between Quasi-static and Fatigue Fracture

The relationship between the quasi-static and fatigue fracture behaviour of the GF
composites is summarised in Figure 17, and is analysed by considering the ratio of the fatigue
threshold G, over the Gic prop from the quasi-static tests. This ratio is a measure of sensitivity of a
sample to fatigue loading [38]. Generally, a higher ratio is preferred as not only does this indicate
excellent toughening performance under both static and fatigue conditions, it also indicates that the
fatigue threshold energy is closer to the quasi-static value. A low Gi/Gic ratio indicates that the
sample is sensitive to fatigue loading and has a high possibility to fail in fatigue at a small fraction
of the quasi-static failure load, hence special design requirements are required if fatigue loads are
expected in service [38]. The Gw/Gic ratio for GF-Control (i.e. 7%) was taken as the baseline, and
is shown as the lower dashed line in Figure 17. The ratio of 10% is typical for epoxy adhesives in
bonded composite joints [81], and is also shown as the upper dashed line in Figure 17.

Figure 17 confirms that the addition of CTBN rubber and silica nanoparticles into GF
composite matrices greatly increases the Gi/Gic ratio, to a much higher value than the two
reference lines. This indicates that the hybrid modified composites perform much better in fatigue
than typical epoxy polymers. The addition of NS to the rubber modified epoxy to form a hybrid
greatly improves the fatigue performance. Overall it can be seen that the addition of rubber
improves Gic, and the further addition of NS improves Gy.

3.10 Synergistic Effect

The threshold fracture energy of the hybrid shows an apparent synergy, where the measured
G value is greater than expected from the individual values for the GF-Rubber and GF-NS
composites. The synergy of the GF-Hybrid can be analysed quantitatively, by comparing the
measured threshold fracture energy to the sum of the increments of the values for the GF

composites toughened with the individual particles using

G.,,Hybrid = G Control + AG,,Rubber + AG,;,NS Equation 7

The threshold fracture energies and the calculated increments are shown in Table 5. Using
Equation 6, the predicted threshold fracture energy assuming that the effect is additive is 195 J/m?2.
This can be compared to the measured Gy, for the GF-Hybrid which is 249 J/m?, see Table 4,
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which is approximately 22% higher than the additive prediction. This clearly shows a synergy for
the hybrid composite. The addition of NS to the rubber modified epoxy to form the hybrid greatly
improves the fatigue performance. Kim et al. [5] proposed that the addition of ceramic particles
compensated for the effect of the rubber particles on the plastic deformation of the matrix when
these particles are present together in the epoxy, allowing a large increase in the fracture energy.
Here the relief of constraint caused by the voids formed by one particle allows greater deformation
of the epoxy matrix and hence improves the fatigue performance.

Overall it can be seen for the composites that the addition of rubber improves Gic, and the
further addition of silica nanoparticles improves Giw. The addition of both particle types to the epoxy
gives a synergistic effect which greatly improves the threshold fracture energy. This highlights the
effectiveness of combining different types of particles to form hybrid toughened systems. This
approach, of using micron-sized particles to increase Gic and nanoparticles to improve G, is
applicable to a wide range of other composite matrices, inclusing thermoplastic- and core-shell

rubber-toughened systems. It is also applicable to nanoparticles of other sizes, and of other types.

4. Conclusions

The static and fatigue fracture behaviour for toughened amine-cured epoxy glass fibre (GF)
composites were investigated, and their related toughening mechanisms were identified by
microscopy. The fatigue fracture performance of fibre composites toughened with carboxyl-
terminated butadiene-acrylonitrile (CTBN) and silica nanoparticles are reported for the first time.
The CTBN rubber generally phase-separated completely, to form micron-sized particles. The GF
composites cured at 120 °C showed a greater toughening effect with the addition of rubber or silica
nanoparticles than those cured at 180 °C due to the higher ducility from the lower matrix crosslink
density.

A large increase in the interlaminar fracture energy, Gic, was observed for the GF-Rubber but
there was no significant increase for the GF-NS. In fatigue, both GF-Rubber and GF-NS showed
an increased fatigue threshold strain energy release rate, G, and reduced fatigue crack growth
rate when compared to GF-Control. A synergistic effect of these particles in the GF-Hybrid was

also identified.
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Microscopy showed that cavitation of the rubber particles and debonding of the silica
nanoparticles, both of which were followed by plastic void growth mechanisms were the main
energy contributors that increased the fracture energy in the toughened composites. In fatigue,
when the plastic zone at the crack tip is much smaller, the nanoparticle toughening mechanisms
are active, and hence the fatigue threshold is greatly improved.

Overall it can be seen that the addition of the micron-sized particles improves Gic, and the
further addition of the nanoparticles improves G, for the composites. Thus this same approach can
also be used for other types and sizes of nanoparticles. The addition of both particle types to the
epoxy gives a synergistic effect which greatly improves the threshold fracture energy.

This highlights the effectiveness of combining micro- and nanoparticles to form hybrid
toughened systems, indicating a potent route to increase both the static and fatigue fracture
performance of fibre composites and hence their service life or the safety of composite structures.
The approach developed here is readily transferable to a wide range of composite systems, using

other particle sizes and types.
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Figure 1 : Typical plot of fatigue crack growth per cycle, da/dN, vs. maximum applied strain energy
release rate, GiMax
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Figure 2 : Typical DMA curves for GF composites cured at 120°C and 180°C. (a) GF-Control, (b)
GF-Rubber, (c) GF-NS, and (d) GF-Hybrid. Inset view for (b) and (d) showing the Tqfor rubber

particles.
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Figure 3 : Typical R-curves from quasi-static DCB tests for GF composites cured at (a) 120 °C, and
(b) 180 °C
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Figure 4 : Quasi-static matrix fracture surfaces of GF-Control, showing (a) clean fibre surfaces and
(b) matrix fracture.

Figure 5 : Quasi-static matrix fracture surfaces of GF-Rubber, (a) and (b) cured at 180 °C, (c) and
(d) cured at 120 °C.
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Figure 6 : Quasi-static matrix fracture surfaces of GF-NS, (a) and (b) cured at 180 °C, and (c) cured
at 120 °C.

Figure 7 : Quasi-static matrix fracture surfaces of GF-Hybrid, at (a) low magnification, and (b) high
magnification.
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Figure 8 : Fracture surfaces of GF composite specimens showing (a) and (b) stitch tensile
breakage.

rn
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Figure 9 : Comparison of quasi-static matrix fracture surfaces of (a) GF-Rubber cured at 180 °C,
and (b) GF-Rubber cured at 120 °C.
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Figure 10 : Fatigue crack growth curves of GF composites with toughened matrices cured at 180
°C. Comparison of fatigue threshold for (a) GF-Control, (b) GF-NS, (¢) GF-Rubber, and (d) GF-

Hybrid.
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Crack direction "

Figure 11 : Fatigue fracture surfaces of GF-Control showing (a) stitch tensile breakage, (b) brittle
matrix fracture, (c) clean debonded fibres and fibre fracture, and (d) matrix fracture showing scarps
and riverlines
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Figure 12 : Fatigue fracture surfaces of GF-Rubber showing (a) fracture at 0°/90° ply interface with
stitch breakage, (b) fibre-matrix adhesion contributing to surface roughness, (c) fibre-matrix
adhesion at high magnification, and (d) cavitation of rubber particles at matrix region

S

Figure 13 : Fatigue fracture surfaces of GF-NS showing (a) loose fibres on fracture surface at low
maghnification, and (b) clean debonded fibres on fracture surface at high magnification.
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Figure 14 : Matrix fracture of GF-NS under fatigue loading showing (a) voids (as circled) from
debonded silica nanoparticles, and (b) debonded silica nanoparticles (indicated with arrows).

Figure 15 : Fatigue fracture surfaces of GF-Hybrid showing (a) good fibre-matrix adhesion
contributing to high surface roughness, and (b) matrix fracture.
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AN

Figure 16 : Matrix fracture of GF-Hybrid under fatigue loading showing (a) good fibre-matrix
adhesion indicated by residual epoxy adhered to fibres, (b) extensive matrix deformation under low
magnification, (c) local phase inversion of epoxy and cavitation of rubber particles, and (d) rubber

particle cavitation with silica nanoparticle-modified matrix surrounding.
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Figure 17: Fatigue threshold versus quasi-static mode | propagation fracture energies of GF

composites cured at 180 °C.
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Table 1 : Glass transition temperature, Tg, values for GF composites and corresponding bulk polymers [50]
at different curing temperatures.

GF Cured at 120 °C Cured at 180 °C
F%‘::“ﬁgst:fn T,Onset  TqPeak  TqRubber BulkT,  TgOnset  TqPeak  TqRubber  Bulk T,
(°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C)
GF-Control 106 +0.4 116+0.8 - 128 £2.0 140+34 154+3.8 - 150
GF-Rubber 104+0.0 116+0.0 -50 129+3 134+02 148+03 -51+13 147
GF-NS 110+0.8 121+05 - 133+3  139+0.0 195+0.0 - 155
GF-Hybrid 109+0.0 122+0.0 -46+0.0 133+3 138+24 155+14 -48+02 155

Table 2 : Fracture energy for GF composites and corresponding bulk polymers [50] at different
curing temperatures.

GF Cured at 120 °C Cured at 180 °C
FComp;)st!te Gic,init Gic,Prop Gc Bulk Gic,init Gic,Prop Gc Bulk
ormuiation  wm2) (J/m?) (J/m?) (J/m?) (J/m?) (J/m?
GF-Control 667+12 1089+40 100£28 387+14 1010+42 184%27
GF-Rubber  793+42 1832+51 519%+42 598+63 1395+51 394%55

GF-NS 564 +43 1309+65 140£13  341+12 871+45 163+£25
GF-Hybrid 642+21 1654+83 936%162 533+9 1314+70 310£32

Table 3 : Summary of the quasi-static and fatigue fracture properties for GF composites cured at

Prop: 1314 £ 70

180 °C.
Formulation ( Jc/;r'::z) ( J(lz‘rtrl:z) Gin/Gic,prop tIF:re(:::lixf d
GF-Control :;1::);)?8170?01: 42 70 0.07 1.0
GF-Rubber :Qrigéfgggfi o 148 0.11 2.1
GF-NS g‘;ﬁ)ﬁ‘gﬁ e 117 0.13 17
GF-Hybrid Init : 533 £ 9 249 0.19 35
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Table 4 : Radius of the plastic zone in the propagation region during quasi-static testing and at the

fatigue threshold
Propagation ry Threshold ry

Formulation (pm) (pm)

120 °C 180 °C 180 °C
GF-Control 2.63 6.34 2.21
GF-Rubber 17.8 15.8 5.68
GF-NS 4.19 7.08 4.57
GF-Hybrid 19.4 17.3 11.6

Table 5: Synergistic toughening effect determination for the GF-Hybrid composites cured at 180 °C.

Fatigue Threshold for GF Composites (J/m?)

Formulation o G Ad diti\_le o
(Equation 7)
GF-Control 70 - -
GF-Rubber 148 78 -
GF-NS 117 47 -
GF-Hybrid 249 179 195
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