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Abstract

Syntactic foams are lightweight but brittle materials typically used as the core for sandwich composite
panels. Foams comprising of ~60 vol% hollow glass microspheres (GMS) in an epoxy matrix were
modified by the addition of milled carbon fibre (MCF). Weight ratios of up to 30% MCF:GMS were
used. The tensile modulus of the foams increased from 3.36 GPa up to 4.82 GPa with the addition of 30%
weight ratio of MCF. The tensile failure strength of the syntactic foam decreased with low loadings of
MCEF, which is attributed to low load transfer capacity among the fibres due to poor fibre population. The
tensile failure strength recovers when more MCF particles are added. The fracture energy of the syntactic
foam showed an increase of 217%, from 182 J/m? to 396 J/m?2, due to the addition of 30% weight ratio
of MCF. Toughening mechanisms were identified as crack deflection, debonding and subsequent plastic
void growth, and fibre pull-out.

1. Introduction

Syntactic foams are composite materials comprising of hollow particles in a matrix material. The
present work prepared densely packed syntactic foams using hollow glass microspheres (GMS) in a
thermosetting polymer matrix. These materials exhibit desirable properties such as low density, high
specific strength, high compressive strength, low moisture absorption, and low thermal and electrical
conductivity, making them attractive for structural, weight-sensitive applications in aerospace and marine
industries, such as the core in sandwich composites [1]. However, the uses of syntactic foams are limited
due to their brittle nature. One method to improve their fracture toughness is to reduce the GMS volume
fraction in the syntactic foam, at a cost of increasing the density [2]. Alternative attempts to improve
the mechanical and fracture properties include the addition of particles such as nanoclay [3], crumb
rubber [4], and various high aspect ratio fibres [5, 6]. However, processability becomes increasingly
difficult at high particle loadings. Studies of fibre-reinforced syntactic foams with densely-packed GMS
are therefore relatively rare.

This study investigates the effect of milled carbon fibre (MCF) particles on the tensile and fracture

properties of a syntactic foam. The volume fraction of the particles is kept constant for all of the syntactic
foam formulations at around 60% to minimise density. The tensile modulus, tensile strength, fracture
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toughness and fracture energy are measured. The toughening mechanisms are then identified using
scanning electron microscopy.

2. Experimental
2.1. Materials and manufacturing

The matrix for the syntactic foams is an anhydride-cured epoxy. The epoxy resin was a standard
diglycidyl ether of bisphenol-A (DGEBA), ‘Araldite LY556°, with an epoxide equivalent weight (EEW)
of 185 g/eq. This was cured using a methyltetrahydrophtalic anhydride, ‘Aradur HY917’, with an
anhydride equivalent weight (AEW) of 166 g/eq. The curing process was accelerated by a heterocyclic
amine catalyst, 1-methylimidazole, ‘Accelerator DY070’. All epoxy components were supplied by
Huntsman, UK. A stoichiometric ratio of 90 parts per hundred resin (phr) of HY917 and 1 phr of DY070
was used.

Borosilicate glass microspheres of type ‘S38’ from 3M, UK, were used to manufacture the syntactic
foams. These microspheres have a mean diameter of 40 um, and a true density of 380 kg/m? [7]. Milled
carbon fibres were used as the modifier, supplied as ‘Carbiso Mil 100y’ from easycomposites, UK. The
MCEF have a mean length of 100 um and a mean diameter of 7.5 um, with a true density of 1800 kg/m?
[8]. The MCF was added at weight ratios up to 30% MCF:GMS. The required amounts of MCF and GMS
were manually mixed until a uniform grey-coloured powder was achieved. This was passed through a
sieve with holes approximately 1.5 mm square several times to remove agglomerations of MCF.

The particles are randomly close packed so that the particle volume fraction of the syntactic foams is
around 60%. The syntactic foams were made using FAC Technology’s manufacturing process. The
epoxy matrix was prepared by mixing LY556 with HY917 and DY070, followed by a degassing in a
vacuum. The syntactic foam was cured at 80 °C for 4 hours, followed by a post-cure at 140 °C for 8
hours as recommended by Huntsman.

2.2. Mechanical testing

The tensile properties of the syntactic foam was determined by uniaxial tensile tests in accordance with
the ISO 527-1 [9] test standard. At least five specimens of type 1BA were tested at a loading rate
of 1 mm/min, with the strain being measured using a clip-on extensometer. The tensile modulus was
calculated over the strain interval of 0.0005-0.0025.

The fracture toughness, Kjc, and fracture energy, G;c, were determined using single edge notch bending
(SENB) tests in accordance with the ISO 13586 [10] test standard. Specimens of dimensions 80 x 16
x 8 mm?® were tested at a displacement rate of 1 mm/min. A liquid nitrogen cooled razor blade was
carefully tapped into a machined V-notch to produce a sharp pre-crack before testing. At least five valid
tests were performed for each syntactic foam formulation.

2.3. Image analysis
A Hitachi S-3400N scanning electron microscope (SEM) was used to observe the fracture surfaces of the
SENB samples to identify the toughening mechanisms. The samples were sputter-coated with a 10 nm

thick layer of chromium to minimise charging. An accelerating voltage of 10 kV was used.

Optical microscopy was used to observe the microstructure of the syntactic foams. Cross-sections of
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the samples were cold-mounted using an acrylic resin (VARI-SET 10), and were subsequently ground
and polished to a 0.25 pm finish using a Saphir 330 polishing machine. The optical micrographs were
obtained using an AxioScope.Al optical microscope.

3. Results & Discussion
3.1. Microstructure

The microstructure of the syntactic foams was determined by the micrographs from optical and SEM
mimcroscopy. The micrographs show that the glass microspheres are densely packed within the epoxy
matrix. Individual carbon fibres can be seen in the SEM images, or as bright spots in the optical
microscopy images due to their reflective nature. The images show that the fibres are in a 3D random
orientation. Defects such as matrix voids and agglomerations of MCF particles were also present, see
Figure 1.

SV

Imperial 10.0kV 9.5mm x500 SE 100um

(b)

Figure 1: (a) SEM image of a void (outlined in dashed orange) entrapped by a carbon fibre and (b)
optical microscopy image of an agglomeration of MCF particles

3.2. Tension

Tensile tests were conducted on the syntactic foam formulations. The measured tensile modulus, E;, and
tensile failure true strength, oy, of the samples are shown in Figure 2.

The tensile modulus increases with higher MCF ratios, which is expected due to the high modulus of the
carbon fibre (200 GPa [8]) compared to the unmodified syntactic foam (3.36 GPa). This increase can be
predicted using the Halpin-Tsai model [11]:
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where E,, is the modulus of the matrix, E is the modulus of the particles, and Vy is the volume fraction
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Figure 2: (a) Tensile modulus and (b) tensile failure strength of MCF modified syntactic foams.

of the particles. The geometry factor, £, depends on the particle orientation. For particles aligned in the
loading direction, { = 2 (!/r), where [ and t are the length and thickness of the particle respectively. This
will give the modulus in the loading direction, E;;. For particles aligned in the perpendicular direction,
¢ = 2, giving the perpendicular modulus, E»;. For rod-like particles arranged in a random orientation,
van Es [12] showed that the modulus has a contribution from both components:

E=0.184 E1; +0.816 Ex 3)

Comparison of the Halpin-Tsai model to the experimental results showed close agreement, as shown in
Figure 2a.

A drop in tensile failure strength was observed in syntactic foams modified with up to 4% weight ratio
of MCF. The tensile failure strength then recovers when the weight ratio is further increased. Rojo et
al. [13] observed similar behaviour with cellulose fibre reinforced composites at low fibre loadings.
They attributed the drop in tensile strength at low fibre loading to poor load transfer capacity between
neighbouring fibres.

A number of other microstructural features were observed at all particle loadings. The small addition of
fibres entrapped voids as shown in Figure 1a, which act as points of stress concentration in the syntactic
foam, promoting material failure. Agglomeration of MCF particles was also evident, see Figure 1b.
Insufficient wetting of MCF particles by the resin inside these fibrous agglomerations is likely as the resin
cannot adequately penetrate the tightly packed structure. These agglomerations will act as additional
stress concentrations, promoting early failure of the composite.

Once the tensile failure stress recovers, the stresses show reasonable agreement to the model developed
by Baxter [14] for composites with randomly oriented discontinuous fibres. This model utilises the
equations for the three failure mechanisms in fibre reinforced composites postulated by Jackson and
Cratchley [15] and combines them in the Tsai-Hill failure criterion, giving:

1 (*[cos*® /1 1 integ] /2
T Jo O'L T GL O'T
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where 0 is the angle between the fibre direction and the applied stress, oy, is the longitudinal strength
of the composite with aligned fibres, or is the equivalent transverse strength, and 7 is the interfacial
strength between the matrix and fibre. The matrix in this context is the unmodified syntactic foam.

3.3. Fracture

The fracture toughness, Kjc, and the fracture energy, Gjc, of the MCF modified syntactic foams were
determined using SENB tests, and are shown in Figure 3. Both Kj¢c and Gj¢ increase with increasing
MCEF content, with a fracture toughness of 1.38 MPa m'” and a fracture energy of 396 J/m? being
measured for syntactic foam modified with 30% weight ratio of MCF. This shows good promise for
MCEF as a toughener for syntactic foams.
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Figure 3: (a) Fracture toughness and (b) fracture energy of MCF modified syntactic foams.

3.4. Fractography

Scanning electron microscopy was used to examine the fracture surfaces in the vicinity of the pre-crack
tip to determine the toughening mechanisms. Crack deflection is evident from the step structures in the
epoxy and the characteristic ‘tails’ behind the rigid particles. Fibre fracture and pull-out are also evident
from the exposed fibres and cavities left by the fibres on the fracture surface. Debonding and subsequent
void growth can be seen for both GMS and MCF particles. The voids left by the GMS particles showed
an average 8% increase in volume, while voids left by MCF showed an average 32% increase in volume.
The different toughening mechanisms are shown in Figure 4.

3.5. Prediction of fracture energy
The fracture energy of the modified syntactic foam can be predicted analytically using:
Gic = Giev +¥ ®)

where Gjcy is the fracture energy of the unmodified epoxy and ¥ is the fracture energy contributions

from the toughening mechanisms provided by the particles. The unmodified epoxy had a fracture energy
of 103 J/m?.
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Figure 4: Toughening mechanisms of MCF modified syntactic foams

The fracture energy contribution from crack deflection, AG.4, can be predicted using the Faber and Evans
[16] model. This takes into account the tilt and twist of the crack front when it approaches a rigid particle.
The deflected crack is subjected to local mixed-mode loading which increases the strain energy release
rate, thus imparting an increase in fracture toughness.

Hull and Clyne [17] derived the expression to predict the fracture energy contribution from particle
debonding, AG:

L Vf
AGdb:/O mZTEVXOGif dxo (6)

where x, is the embedded length of the particle in the matrix, L is half the length of the particle, r is
the radius of the particle and G;; is the interfacial fracture energy between the particle and the matrix.
Integrating leads to the expressions for debonding energy for spheres and fibres respectively:

AGGH" =vEMSIn(4)GM® ©)
VMCFL
AG%CF _f - G%CF 8)

The interfacial fracture energy for MCF in epoxy was determined experimentally by Wang et al. [18]
and is taken as 10 J/m?. For GMS, the interfacial fracture energy can be calculated using [19]:

2
oms _ %’

if 7 AnE,, ©)

where 0y, is the tensile yield stress of the matrix.
The fracture energy contribution from fibre pull-out, AG,,, was also derived from Hull and Clyne [17]:

VL?
AG o = %’L’i (10)

where 7; is the interfacial shear strength for the particle/epoxy interface. For MCF, Wang et al. determined
that 7; = 28.12 MPa [18]. This equation assumes unidirectional fibre alignment and perfect matrix-to-fibre
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adhesion. Since the MCF particles are randomly orientated, the fracture energy contribution from particle
pull-out will be overestimated. The effective fibre length, I, for randomly oriented fibres can be calculated
using [5]:

r_ o [P 1cos B cos ¢ dOdY
(%/2)*

where 0 and ¢ are the angles projected on the loading axis and loading plane respectively. This gives an
effective fibre length of / = 0.411, and this length is used in Equation 10.

QY

The plastic void growth contribution to the fracture energy was calculated using [20]:

2
AG, = ( — ‘g"> (Viy —Vy) OyeryuK2, (12)

where L, is the pressure dependent material constant which is taken as 0.2 [21], Vy, is the volume
fraction of the voids, and o, is the compressive yield strength of the unmodified epoxy. The radius of
the plastic zone, ry,, can be calculated using the equation proposed by Irwin [22]:

1 (K2
= e ((jyg’) (13)

where K¢y is the fracture toughness of the unmodified epoxy. The von Mises stress concentration factor,
K,m, varies linearly with volume fraction of the particles [23]:

Kym = 0.59V; + 1.65 (14)

When all of the above models are applied, the prediction in fracture energy shows good agreement with
the experimental values, see Figure 3b. The fracture energy contribution from each of the toughening
mechanisms is shown in Figure 5. The contribution from fibre pull-out becomes the dominant toughening
mechanism at higher MCF weight ratios. The contributions from the other toughening mechanisms are

approximately constant, as they depend on the particle volume fraction which remains at approximately
60%.
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Figure 5: Fracture energy contributions from the identified toughening mechanisms
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4. Conclusions

The tensile and fracture properties of syntactic foams reinforced with milled carbon fibre (MCF) were
measured. Milled carbon fibre was added to the glass microspheres (GMS) at different weight ratios.
At 30% weight ratio, the tensile modulus of the syntactic foam increased to 4.82 GPa from 3.36 GPa
for the unmodified syntactic foam. The Halpin-Tsai model for tensile modulus shows good agreement
to the experimental data. The fracture energy also increased to 396 J/m? at 30% MCF:GMS weight
ratio from 183 J/m? for the unmodified, showing good promise for MCF as a toughener in syntactic
foams. Scanning electron microscopy identified the toughening mechanisms as crack deflection, fibre
pull-out, and debonding with subsequent plastic void growth. Analytical modelling of these toughening
mechanisms showed good agreement to the experimental data, and showed that fibre pull-out is the main
contributor to fracture toughness at higher loadings of MCF.
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