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• Epoxy matrices can be toughened effec-
tively using nanoparticles.

• Over toughening of the matrix in sand-
wich skins leads to changes in damage
modes during impact and quasi-static
loading.

• Back-face debonding is the preferred
failure mode when the skin has a high
fracture toughness.
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The mechanisms of failure of a composite sandwich structure subjected to a projectile impact have been investi-
gated. The results reveal the complex interplay between the various damage dissipation mechanisms. The effects
of modifying the matrix of the skins with polysiloxane core–shell rubber (CSR) nanoparticles and silica nanopar-
ticles were investigated. Single cantilever beam specimens were tested to evaluate skin-core debonding. The ad-
dition of CSR nanoparticles to the matrix beyond 3 wt% causes a change in failure mechanism from sub-interface
foam failure to interfacial failure when 6 and 9 wt% CSR are added. The sandwich structures were impacted with
an aluminium projectile at 130 m/s. High speed cameras were used to obtain 3D digital image correlation of the
back-face. Sectioning and imaging of the panels revealed damage in the form of front skin perforation and delam-
ination, crushing and fracture of the core and back-face skin-core debonding. The impacted specimens also exhib-
ited a transition in failure mechanism relating to rear face skin-core debonding between 3 and 6 wt%. Panels
containing low amounts of CSR resulted in increased core cracking, while beyond the transition point, wide-
spread rear face skin-core debonding was observed. At 3 wt% CSR, optimum back face de! ection is achieved,
and lower front skin delamination is experienced.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction

The combination of high speci" c strength, corrosion resistance and
low radar signature make composite sandwich structures an attractive
structural choice for many applications including in the naval, aero-
space, and, energy sectors [1,2]. The characteristics of composite sand-
wich structures as naval hulls have many bene" ts including reduction
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of fuel and maintenance costs across the lifespan of the vessel [3], the
sandwich structures in the current work are of suitable speci" cations
for use as naval hulls. However, the brittle nature of composite materials
can lead to substantial overdesign of sandwich structure components,
counteracting their weight and cost savings bene" ts. Failure modes of
sandwich panels under quasi-static ! exural loading are well researched
and described in detail by both Gibson and Ashby [4] and Steeves and
Fleck [5,6]. In addition, critical to the viability and reliability of sandwich
structures are concentrated loads such as impact loads [7–12]. During
the service life of aircraft composite structures, they may encounter im-
pacts such as dropped tools and runway debris, furthermore, the dam-
age caused by such events is often very dif" cult to inspect [12,13].
Moreover, the residual strength of composite sandwich panels is re-
duced by an impact event [14], therefore, the study of impacts of these
structures is critical. There has been considerable recent interest in un-
derstanding the response of composite sandwich panels to impact load-
ing such as the studies presented in these papers [15–18]. These studies
have mainly concentrated on developing " nite element models of im-
pact and penetration to match the companion experiments. Huo et al.
[18] noted that the impactor shape could have a signi" cant in! uence
on damage dissipation mechanisms and that incorporating a multi-
layer core could greatly increase damage dissipation within the com-
posite sandwich panel. Feng and Aymerich [19] examined the in! uence
of core density on sandwich panel response and found that this was
strongly correlated with skin layup. They attributed this to skin re-
sponses dominated by either global bending or local shear rigidity.
However, they did not explicitly consider the role of damage dissipation
in either the skin or the core or at the interface between them. Zhu and
Sun [20] developed an analytical model to partition the energy absorbed
during an impact into various consecutive phases. They do so via a frac-
ture mechanics approach, considering the role of the fracture toughness
of each location where damage is likely to occur. However, their model
does not allow for transitions in failure mode, for example, where the
extent of damage may increase in, for instance, the core due to toughen-
ing of the skins, or skin-core interface. To improve the ability of a com-
posite sandwich structure to withstand impact loading will depend on
improving the properties of the individual components and the means
by which these components co-operate together in the overall structure
to dissipate energy. Energy absorption mechanisms in laminate impacts
include delamination's and matrix cracking [21]. As such, a critical pa-
rameter for a composite structure to withstand impact loading is the
toughness, this can be improved by improving the toughness of the in-
dividual components of the sandwich structure. Previous work by this
group has demonstrated that by altering the layup of the individual
plies in the composite skins, a signi" cant increase in impact resistance
of the structure can be obtained [7]. The research presented in this
paper extends this concept and details a systematic study of the effect
of increasing the toughness of the matrix material in the composite
skins on the impact resistance of a sandwich structure. The transfer of
toughness from the bulk polymer which acts as the matrix, through to
a carbon " bre laminate and " nally into the composite sandwich struc-
ture will be a central theme. During this process it will be discovered
that altering the properties of the skin matrix can cause transitions in
failure modes during an impact event.

2. Experimental methods

2.1. Materials

An amine-cured epoxy system formed the basis of all the materials
investigated in the current work. The resin was a standard diglycidyl
ether of bisphenol-A (DGEBA) with an epoxide equivalent weight of
185 g/eq. This was cured with a stoichiometric amount of a difunctional
primary amine (JEFFAMINE D-230) from Huntsman. The silica, SiO2,
nanoparticles were obtained at 40 wt% in DGEBA, (Nanopox F400,
Evonik). The silica nanoparticles used in the current work have a

mean diameter of 20 nm [22]. The polysiloxane core–shell rubber CSR
particles were also obtained at 40 wt% in DGEBA (Albidur EP2240A,
Evonik) The average diameter of the CSR nanoparticles is 160 nm [22].

Seven formulations of epoxy resin with systematically increasing
amounts of CSR nanoparticles and silica nanoparticles were prepared.
The DGEBA epoxy resin was mixed with the epoxy containing the silica
nanoparticles and the epoxy containing the CSR particles. These constit-
uents were thoroughly mixed and degassed in a vacuum. A stoichiomet-
ric amount of the curing agent was then added, mixed, and degassed
again. Bulk polymer panels of each formulation were cast by pouring
the resin mixture into silicone moulds to produce either 3 mm or
8 mm thick plates from which bulk specimen test samples could be ma-
chined. The plates were cured at 40 °C for 10 h, followed by a 12 h post-
cure at 70 °C. Carbon " bre-reinforced polymer (CFRP) composite panels
and full sandwich structures were manufactured using resin infusion.
The carbon " bre used was 385 gsm of H2550 " bres in 12 k tows in a
0/90 non-crimp fabric. CFRP double cantilever beam panels adopted a
layup of [[[0/90]4]s]s for a total of 16 plies, the SCB sandwich panels
used [[0/90]4]s for 8 plies in each skin, and the impact sandwich struc-
tures used [[0/90]2]s for 4 plies in each skin. The composite and sand-
wich structure panels were laid up on a ! at, vacuum-assisted heated
resin-infusion tool, and sealed using a vacuum bag. The infusion then
took place over a period of 5–10 min depending on the viscosity and
then cured under vacuum for 10 h at 50 °C. The panel was then post-
cured at 70 °C for a further 12 h at atmospheric pressure. The impacted
sandwich panels were 230 mm ! 230 mm in size and employed a
30 mm thick epoxy foam core. The epoxy foam core used had a nominal
density of 170 kg/m3 and was manufactured using PB170 foaming
epoxy resin and DM03 amine-based hardener provided by Sicomin.
The foaming took place in an open 300 mm ! 300 mm aluminium
mould lined with a self-adhesive polytetra! uoroethylene (PTFE) coated
glass fabric. The mould was situated in a temperature-controlled envi-
ronment at 21.5 °C and all foam was made according to the manufactur-
er's guidelines. The foam was CNC milled to obtain ! at faces and remove
any skin formed at the mould surfaces during the foaming process.

Formulations for the current work include a control polymer
manufactured solely with DGEBA and hardener and modi" ed epoxy
polymers containing 3, 6, and 9 wt% of CSR. The addition of CSR reduces
the modulus of the resin system [23]. The expected reduction in modu-
lus was predicted using the Halpin-Tsai model, a semi-empirical model
that allows the calculation of the modulus of a composite given the
properties of the constituent phases [24]. The model calculates the ten-
sile modulus, Et, of a composite as follows:

Et ¼
1 þ ζηVf

1−ηVf
Em ð1Þ

Where Em is the modulus of the matrix, Vf is the volume fraction of
the particulate phase, ζ is a shape factor and where:

η ¼
Ef
!

Em
−1

Ef
!

Em
þ ζ

ð2Þ

The shape factor, ζ, has no direct physical signi" cance, which is one
of the major criticisms of this model. However, Halpin and Kardos [25]
recommend a shape factor of ζ = 2 for spherical particles, which is
used for all the present predictions of the moduli of the
nanocomposites.

The signi" cant drop in modulus caused by the introduction of rubber
into the matrix of a CFRP laminate will have an adverse effect on matrix-
dominated properties such as out-of-plane stiffness. The current work
explores whether the toughening bene" ts of CSR can be maintained
whilst eliminating the reduction in modulus through the simultaneous
addition of silica nanoparticles. To calculate the required wt% of silica,
a modi" ed Halpin-Tsai model as used by Carolan et al. [22] was
employed. The cascaded application of a standard two-phase
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homogenisation procedure allows the calculation of a composite modu-
lus containing two particulate phases. The modi" ed model considers a
system of unit volume containing a matrix of volume fraction, vm, and
two types of spherical inclusions, with volume fractions, v1 and v2 re-
spectively. The " rst step separates the composite into two separate re-
gions, A and B, such that each region contains a matrix phase, volume
fraction vm as in the original volume, and one type of particle, volume
fraction (1 − vm). Each of these regions can be homogenised using the
Halpin-Tsai model. The volume fractions to be use in the " nal homoge-
nisation, vA and vB are dictated by conservation of volume as: vA

(1 − vm) = v1.

2.2. Methods

Tensile tests were conducted on the seven formulations to deter-
mine the uniaxial tensile stress versus strain curves in accordance
with ISO-527 [26]. Dumbbell specimens with a gauge length of 30 mm
were machined directly from 3 mm cast plates. The tests were per-
formed at a constant crosshead displacement rate of 1 mm/min. A
clip-gauge extensometer was utilised to directly measure the strain in
the test specimen. At least " ve replicate tests for each formulation
were carried out to study the repeatability of the results.

Single-edge notched bending (SENB) tests in three-point bend
con" guration were conducted to determine the plane-strain fracture
toughness, KIc, and fracture energy, GIc, in accordance with ASTM
D-5045 [27]. Test specimens of dimensions 80 mm ! 16 mm ! 8 mm
were machined from the cast plates. These specimens were pre-
notched to a depth of 6 mm before subsequent tapping of the notch to
produce a sharp crack to a depth of ≈8 mm using a liquid nitrogen
chilled razor blade. Testing was conducted using a screw-driven univer-
sal testing machine at a constant crosshead displacement rate of 1 mm/
min. The fracture energy, GIc was calculated using the energy method via:

GIc bulkð Þ ¼ U
bwϕ

ð3Þ

Where U is the energy under the corrected load-displacement
curve and ϕ is an energy calibration factor as de" ned in the
ASTM standard [27]. At least " ve replicate specimens were tested
for each formulation.

Fracture toughness tests of the CFRP composites were conducted
using DCB specimens in accordance with ISO-15024 [28]. Test speci-
mens of 200 ! 20 ! 4 mm 3 were machined from composite panels. A
12 μm thick PTFE crack starter " lm of length 50 mm was used to ensure
an appropriately sharp starter crack. The corrected beam theory (CBT)
method was employed to calculate both the mode-I initiation interlam-
inar fracture energy, GIc,init, and the steady-state propagation fracture
energy, GIc,prop, of the composites.

The tests were conducted at a constant crosshead displacement rate
of 2 mm/min using a screw-driven tensile testing machine. The loads
and displacements were recorded, and the crack lengths monitored
using a travelling microscope. At least " ve replicate specimens were
tested for each formulation of composite matrix. An R-curve was ob-
served from the measured data, i.e. the value of the interlaminar frac-
ture energy increased as the crack steadily propagated through the
CFRP DCB test: from value for the onset, or initiation, of crack growth
until an upper limit, steady-state value of the interlaminar fracture en-
ergy for crack propagation was attained. Thus, an initiation value, GIc,

init(comp), for the onset of crack growth and a value for steady- state
propagation, GIc,prop(comp), could be de" ned, as described in
ISO-15024 [28]. (The value of GIc,init(comp) was taken at the onset of
nonlinearity of the load versus displacement curve during the " rst ini-
tial loading step, as de" ned in ISO-15024 [28].)

The failure mode of skin-core debonding can cause signi" cant de-
creases in the structural integrity of sandwich panels. In an infusion
manufactured sandwich structure, the matrix resin forms the bond

between the skin and the core. As the mechanical properties of the ma-
trix resin in the current work are varied it is expected that the behaviour
of the skin-core bond will also be affected. As a result, a series of skin-
core debonding tests were planned in order study these effects in an iso-
lated manner. Understanding this failure mode is key to optimising the
matrix resin toughness, modulus and UTS. It is possible that over tough-
ening the matrix resin with rubber particles, causing a drop in UTS,
could cause an unacceptable decrease in the performance of the skin-
core bond.

During an impact event it is likely that the critical debonding process
will be mode I dominated as the back face is peeled off the core. Many
test methods have been developed to test mode I debonding of a sand-
wich skin, they are summarised by Ratcliffe [29] who also developed a
test using a lengthened loading arm in an attempt to standardise the
test. However, the focus here will be on the single cantilever beam
(SCB) test as used by Glaessgen et al. [30] illustrated in Fig. 1. This
method allows an apparent mode I critical strain energy release rate
to be measured most accurately. A modi" cation of the test used by
Glaessgen is that bonded end blocks as used in a DCB test were used,
this was considered when calculating the fracture energy during
the test.

Ratcliffe also carried out a sizing study which proposes an algorithm,
based on limitations of the material used, to determine appropriate di-
mensions for SCB specimens [29]. Dimension limitations such as sizing
the initial debond length to ensure bending is the dominant deforma-
tion mode of the loaded face sheet are outlined in a step-by-step man-
ner. This sizing system has been followed for the material properties
of the sandwich structures in the current work, the results are presented
in Table 1 alongside an example of recommended dimensions for a
common sandwich structure. Where the sizing study states values are
a minimum, larger dimensions were used to " t mould or apparatus di-
mensions more appropriately. In Table 1 tc is core thickness, tf is skin
thickness, a0, min is minimum initial debond length, a max is maximum
debond length, Lb,min is the minimum intact specimen length and L min

is the minimum specimen length.
There are dif" culties to measuring pure mode I fracture properties of

an interface between dissimilar materials; indeed, the measured mode
is often mixed [31]. The difference of elastic properties between, in
this instance, the skin and core, will disrupt the symmetry even if the
geometry and loading are symmetric. The mismatch in modulus will
couple the normal and shear deformations ahead of the debond front
[29]. Consequently, the measured critical strain energy release rate
will not be referred to as mode I, GIc, but Gc and should be considered
as a fracture energy that is mode I dominant but not pure mode I.

Based on the dimensions in Table 1, a series of sandwich panels with
pre-cracks were manufactured with the same matrix resin composi-
tions as used throughout the current work, the process and cure cycle
were kept the same as the impact panels. The sandwiches were com-
prised of eight sheets of bi-axial non-crimp carbon " bre on each skin.
Each specimen is clamped to a roller that is free to move on a track per-
pendicular to the crosshead direction but is otherwise built-in. The tests
were conducted at a constant crosshead displacement rate of 2 mm/min
using a screw-driven tensile testing machine. The loads and

Fig. 1. Schematic of SCB test.
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displacements were recorded, and the crack lengths monitored using a
high-resolution digital camera setup for magni" cation and periodic im-
aging. At least " ve replicate specimens were tested for each formulation
of composite matrix.

High velocity impact experiments were performed using a gas gun
apparatus accelerating a hemispherical aluminium projectile down a
3 m long barrel, as used by Rolfe et al. [7]. The velocity of the projectile
was recorded by two infrared sensors located towards the end of the gas
gun barrel exit as shown in Fig. 2. The velocity of the projectiles was
130 ± 3 ms−1, this velocity was chosen as it would cause signi" cant
panel damage and de! ection under impact but would not lead to full
penetration of the panel by the projectile, the projectiles were captured
by each of the panels as displayed in Fig. 3 (a). The panel was contained
within a polycarbonate and aluminium safety box and two high-speed

cameras were located behind the panel outside of the safety box as
shown in Fig. 2. These cameras recorded at 28630 frames per second
(fps) with a resolution of 192 ! 440, corresponding to a 65 ! 150 mm 2

area on the back of the panels. To facilitate digital image correlation
(DIC), the panels were spray painted matt white and a random black
speckle pattern was applied to the back surface of the panel as seen
in Fig. 3 (b).

Imaging of the fracture samples and impacted sandwich structures
was conducted. A " eld-emission gun scanning-electron microscope
(FEG-SEM) was used to obtain high-resolution images of the fracture
surfaces of both the SENB and DCB samples. An accelerating voltage of
between 3 and 5 kV was applied. The samples were sputter coated
with a 5 nm layer of gold–palladium, prior to examination, to prevent
charging of the material. The sandwich structures contained the

Table 1
Sizing of SCB specimens.

Sandwich System tc (mm) tf (mm) Lb, min (mm) a0, min (mm) a max (mm) L min (mm)

Carbon/Epoxy/H200 PVC foam 12.5 2.98 31 48 128 184
Carbon/Epoxy/PB170 foam (calculated) 10 3.08 49 42 122 161
Carbon/Epoxy/PB170 foam (used) 10 3.20 50 55 135 185

Fig. 2. Schematic of impact test apparatus.

Fig. 3. (a): Example front of front of sandwich panel showing projectile (b): Example of rear of sandwich panel showing typical DIC pattern.
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projectile beneath the " rst skin after impact, the projectile could not be
retrieved without damaging the skin further. As a result, a low viscosity
epoxy resin containing a blue dye was poured into the impact site to
surround the projectile and protect the damage in the panel from
being exaggerated during cutting. The panels were then cut to expose
the centre line of the panel using a diamond edge table saw as shown
in Fig. 3 (a). The exposed faces were then polished and imaged with a
high-resolution digital camera.

3. Results

3.1. Imaging studies

The imaging of fracture surfaces is described " rst to allow explana-
tions of toughening mechanisms in the following sections to be better
understood.

Fig. 4 displays micrographs of the fracture surfaces of two bulk epoxy
SENB samples. Fig. 4 (a) contains 6 wt% CSR and serves to demonstrate
that the CSR particles are well-dispersed within the epoxy and that
there were no problems with clustering of nanoparticles. Fig. 4
(b) contains 9 wt% CSR and 17.2 wt% silica nanoparticles. The CSR parti-
cles are indicated as large voids whereas the silica nanoparticles can be
observed as smaller white spots highlighted in green circles. It is clear
from Fig. 4 (b) that the diameters of the cavitated CSR particles are sig-
ni" cantly larger than the original 160 nm average, the red circle in the
scale bar represents the size of a 160 nm particle. This indicates that
void growth has taken place during the fracture of the sample, a well-
established toughening mechanism in rubber modi" ed epoxy [32]. Sig-
ni" cant crack branching and feathering on the surface is clear in Fig. 4
(b), unlike the smooth surface of an unmodi" ed epoxy sample.

Fig. 4 also shows the typical fracture surfaces of two CFRP DCB sam-
ples employing modi" ed matrices. Fig. 4 (c) is a fracture surface of a

composite laminate and contains 9 wt% CSR particles which can be ob-
served as white spots or voids in the matrix. This image (from left to
right) contains a partially covered " bre, exposed " bre, and empty
" bre track. The empty track exhibits how CSR particles can line up
against the " bre surface and enable more " bre pull-out and bridging,
thus increasing the toughness measured in a DCB test. Fig. 4
(d) shows the space between two " bres of a 3 wt% CSR and 5.9 wt% silica
nanoparticle sample. The image demonstrates the limited space be-
tween some " bres, as a result, there is less possibility for void growth
and cavitation of the CSR particles. The cavitated CSR particles in this
image, highlighted by green circles, are much smaller than those of
the bulk epoxy in Fig. 4 (a). The reduced space available for void growth
partially limits the transferability of toughness from a bulk epoxy to its
corresponding CFRP laminate.

3.2. Bulk tensile properties

The tensile properties of the bulk epoxy polymers are summarised in
Table 2. It can be seen from Fig. 5 (a) that the addition of increasing CSR
nanoparticles caused an approximately linear drop in the tensile modu-
lus measured. The experimentally measured drop is consistent to that

Fig. 4. Fracture surfaces of bulk SENB samples containing (a): 6 wt% CSR at a lower magni" cation. (b): 9 wt% CSR and 17.2 wt% silica nanoparticles. Fracture surfaces of CFRP composites
with matrices containing (c): 9 wt% CSR and (d): 3 wt% CSR and 5.9 wt% silica nanoparticles.

Table 2
Tensile properties of the bulk epoxy polymers.

wt% CSR wt% SiO2 Eexp [GPa] Epred [GPa] % Error UTS [MPa]

0 0 2.96 ± 0.06 – – 73.1 ± 0.005
3 0 2.76 ± 0.02 2.80 −1.8 62.8 ± 0.005
6 0 2.73 ± 0.02 2.66 2.3 59.6 ± 0.007
9 0 2.57 ± 0.02 2.52 1.6 52.0 ± 0.009
3 5.9 3.02 ± 0.08 2.96 2.0 63.8 ± 0.006
6 11.7 3.12 ± 0.07 2,96 −5.6 57.5 ± 0.013
9 17.2 3.16 ± 0.12 2.96 −6.8 51.8 ± 0.017
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predicted by the Halpin Tsai model for this resin system. The addition of
silica nanoparticles to the CSR modi" ed bulk epoxy polymers was ob-
served to cause an increase in measured modulus. As described in the
materials section, the predicted modulus for the three silica and CSR
modi" ed systems were calculated to match that of the unmodi" ed
epoxy polymer. However, the measured moduli were found to be
above that of the unmodi" ed system, the model has under predicted
the effect of silica on the modulus. A lower silica wt% would be required
to reach the modulus of the unmodi" ed system. Similar disparities be-
tween model predictions and results were noted by Carolan et al. [22].
Regardless the addition of silica nanoparticles reversed the loss in stiff-
ness caused by the addition of the soft rubber particles. An improved
formulation of the hybrid composites in the current work could be
used to produce a constant modulus as intended in this project. The
Halpin Tsai equations are volume based, as such, it is essential to have
suitable density values of all constituents to calculate accurate wt% for
formulations. A more appropriate density value for the silica nanoparti-
cles could be used when calculating the required wt% to recover stiff-
ness loss. A value of 2650 kg/m3 was used for the density of silica
nanoparticles, this value is widely accepted as the density of silicon di-
oxide [33]. However, silica nanoparticles pre-dispersed in DGEBA, as
used in this project, are surface modi" ed to prevent agglomeration

and to increase their compatibility with the matrix [34]. As such, the
equivalent density of the silica is lower than 2650 kg/m3. A more repre-
sentative value would be to calculate the density using the density of
Nanopox F400, 1400 kg/m3, and the density of DGEBA 1160 kg/m3,
then considering that F400 is 40 wt% silica, the effective density of the
silica is 1800 kg/m3. This improved density value would result in
lower wt% of silica being added to the matrix than those used here.

Fig. 5 (b) displays the ultimate tensile strength properties of the bulk
epoxy polymers. In all cases, the strength decreases approximately lin-
early with increasing CSR content, this is expected, and similar results
were reported by [35]. On the other hand, the addition of silica nanopar-
ticles has no further effect on the experimentally measured strength,
this agrees with Sprenger [34] who reported that silica nanoparticles
do not seem to increase tensile strength.

3.3. Fracture properties

The fracture energy, GIc, of each of the bulk polymers is given in both
Fig. 6a and Table 3. The addition of CSR nanoparticles to the epoxy resin
was found to greatly increase the toughness of the bulk resin. The sub-
sequent addition of silica nanoparticles had a comparatively insigni" -
cant additional effect. Kinloch et al. [12], Carolan et al. [13], Incerti

Fig. 5. Tensile properties of the bulk epoxy polymers. (a): Modulus versus CSR content with the dashed lines representing Halpin-Tsai predictions. (b): Ultimate tensile strength versus CSR
content.

Fig. 6. Fracture energies versus wt% of CSR. (a): Bulk epoxy polymers. (b): Propagation -initiation for CFRP laminates.
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et al. [4] and others have also noted that the toughness of epoxy poly-
mers is greatly enhanced by the addition of rubber particles. Both
Liang and Pearson [36] and Johnsen et al. [37] are amongst many who
have reported on the toughening effects of nanosilica in epoxy. Johnsen
et al. [37] found an increase of 358 J/m2 for an addition of 20.2 wt%
nanosilica, and an increase of 240 J/m2 for an addition of 11.1 wt%
nanosilica, compared to a toughness of 103 J/m2 for the unmodi" ed
epoxy.

The measured values of the mean mode-I initiation, GIc,init(comp),
and propagation, GIc,prop(comp), inter-laminar fracture energies are
also given in Table 3 and Figs. 7 (a) and 7 (b) respectively. The bene" ts
of nano-modi" cation of the composite matrices can be clearly observed,
as the CFRP composites with the modi" ed epoxy matrices exhibit signif-
icantly higher values of both the initiation, GIc,init(comp) and the steady-
state propagation, GIc,prop(comp), interlaminar fracture energies. From
these tests, the transfer of toughness from the bulk polymer to the
CFRP laminate is clear. However, there is a limit to the effectiveness of
the toughening of a CFRP laminate as discussed by Carolan et al. [22]

whereby the toughening mechanisms of the nanoparticles ahead of
the crack tip, such as plastic zone formation, are restricted by the nearby
" bres. For a 9 wt% CSR system, the values of GIc in the bulk polymer
reach 3221 ± 321 J/m2, whereas in the composite, the matrix domi-
nated value of GIc,init(comp) only reaches 661 ± 112 J/m2. The values
of GIc,prop(comp) - GIc,init(comp) are plotted in Fig. 6 (b). Calculating
the difference between propagation and initiation should remove the
effect of matrix toughness, however, Fig. 6 (b) shows an increase in
GIc,prop(comp) - GIc,init(comp) for increasing CSR content. As a result, it
can be concluded that the increasing presence of CSR particles increases
the " bre-induced toughening mechanisms such as " bre-bridging. As
discussed earlier, it can be seen from Fig. 4 (c) that CSR particles often
preferentially align along the empty " bre tracks on a DCB fracture sur-
face. The presence of CSR reduces the area of matrix in contact with
the " bre thus more easily allowing the " bre to be pulled out and form
a bridge or " bre-bundle bridge. It can be seen, as with the bulk poly-
mers, that the effect of CSR dominates that of the silica which has a com-
paratively insigni" cant effect.

4. Skin-core debonding

The results of the SCB debonding tests manifested as more than a
simple comparison of Gc values for different matrix resin systems. A
sample of each of the two main types of failure seen during the test
are shown in Fig. 8. Fig. 8a shows a sample with 3 wt% CSR, it is clear
that the crack has propagated through the foam in a sub-interface man-
ner. Samples that failed in this way exhibited a stick/slip load-
displacement curve. Fig. 8b shows a sample with 6 wt% CSR, the crack
in this sample propagated mostly along the interface with carbon " bre

Table 3
Measured fracture energies of both the bulk epoxy polymers and the CFRP laminates.

wt% CSR wt% SiO2 GIc(bulk) [J/m2] GIc,init(comp) [J/m2] GIc,prop(comp) [J/m2]

0 0 188 ± 37 406 ± 61 996 ± 44
3 0 2695 ± 41 432 ± 33 1314 ± 169
6 0 2790 ± 318 613 ± 149 1534 ± 111
9 0 3221 ± 321 661 ± 112 1678 ± 104
3 5.9 2139 ± 408 537 ± 88 1411 ± 138
6 11.7 2922 ± 104 617 ± 130 1566 ± 49
9 17.2 3459 ± 145 670 ± 44 1643 ± 72

Fig. 7. Fracture energies versus wt% of CSR. (a): Initiation for CFRP laminates. (b): Propagation for CFRP laminates.

Fig. 8. Example of specimens mid-test. (a): 3 wt% displaying foam failure (b): 6 wt% displaying interface failure.
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Fig. 9. Representative laminate side fracture surfaces of 0, 3, 6 and 9 wt% CSR samples.

Fig. 10. (a): Typical unstable fracture load-displacement cure. (b): Typical stable fracture load-displacement curve.

Fig. 11. Load-displacement curve and laminate side fracture surface showing the transition between unstable and stable fracture in a 6 wt% CSR SCB sample.

G. Irven, A. Duncan, A. Whitehouse et al. Materials and Design 203 (2021) 109629

8



being exposed but also with some pieces of foam remaining attached.
Samples that failed in this way, displayed a more stable load-
displacement curve. Representative laminate side fracture surfaces of
each CSR loading are shown in Fig. 9, the amount of foam attached to
the laminate clearly shows the transition in failure mode between 3
and 6 wt% CSR. Fig. 10 shows typical load-displacement curves of the
two failure modes highlighting the difference between sub-interface
stick/slip failure and interface failure with stable crack growth.

Having established that a transition in SCB failure mode tales place
between 3 and 6 wt% CSR, it is interesting to note that two of the 6 wt
% samples exhibited mixed behaviour as seen in Fig. 11. From this
Figure it is again clear that unstable fracture occurs within the core
and stable fracture occurs at the interface. However, all of the 3 wt%
CSR SCB samples tested exhibited completely stable fracture, these re-
sults suggest that the transition point in fracture behaviour lies much
closer to a CSR content of 6 wt% rather than 3 wt%.

The standard data reduction method for a test such as this involves
calculating Gusing linear elastic fracture mechanics in a similar manner
to a DCB from the following relation.

Gc ¼
P2

2b
dC
da

ð4Þ

where the derivative dC/da is evaluated from compliance/debond
length relationship measured during the test. However, this data reduc-
tion method is less suitable for the stick-slip failure modes found in the
current work. The compliance/debond length relationship is compli-
cated by there being multiple load and displacement values for a single
debond length between slip points and multiple debond lengths for a
single displacement value during a slip. As a result, an analytical model
of the test was developed to allow load, P,to be expressed as a function
of Gand displacement, δ. This allows lines of constant G for a given sys-
tem to be plotted on a load vs displacement axis and directly compared
with the raw test data of load and displacement. The fracture toughness
for each sample was taken as the G value which gave the least-squares
" t between the model and raw data. It is noted that no signi" cant
toughening mechanisms that would contribute to R-curve behaviour
were observed or expected which would invalidate this method.

Table 4
Results of SCB testing.

wt%
CSR

wt%
SiO2

Gc stable
[J/m2]

Gc slip
[J/m2]

Gc stick
[J/m2]

Average Gc

[J/m2]
Gc slip/Gc

stick [−]

0 0 – 227 ± 15 110 ± 17 169 ± 13 2.06
3 0 – 202 ± 16 100 ± 18 151 ± 8 2.02
6 0 186 ± 16 – – – –
9 0 170 ± 17 – – – –
3 5.9 – 259 ± 28 121 ± 21 190 ± 22 2.14
6 11.7 137 ± 11 – – – –
9 17.2 151 ± 5 – – – –

Fig. 12. Fracture energy versus wt% CSR for SCB specimens.

Table 5
A summary of the data collected from the impact study.

wt%
CSR

wt%
SiO2

Projectile
Mass [g]

Projectile
Velocity
[ms−1]

Maximum
Displacement
[mm]

Maximum
Velocity
[ms−1]

Delamination
Extent Within
Front Skin [mm]

0 0 28.4 130 10.5 37.1 43.8
3 0 28.4 132 8.6 19.2 40.9
6 0 28.4 128 10.6 37.9 36.0
9 0 28.5 132 11.2 41.8 34.8
3 5.9 28.3 130 9.0 24.9 35.9
6 11.7 28.4 127 9.1 25.1 38.7
9 17.2 28.5 132 9.6 30.7 35.7

Fig. 13. Centre point displacement versus time for all sandwich structures.

Fig. 14. Centre point velocity versus time for all sandwich structures.
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The fracture energy for the SCB specimens was extracted using a
data reduction method based on a beam on an elastic foundation.
The data reduction method based on a beam on an elastic foundation
allowed the slip and stick points to be analysed separately whilst also
providing a robust method of analysing a stable failure sample as
shown in Fig. 10. The stick G and the slip G were calculated using
all the stick and slip points, respectively. The values of G obtained
from the SCB testing can be found in Table 4, these values are plotted
in Fig. 12.

The results of the SCB testing clearly show a transition in failure
mode, as a result, the direct comparison of values either side of the tran-
sition is ambiguous. The effect of this change in failure mode is that the
G values obtained from the SCB testing of the 0 and 3 wt% panels are
dominated by fracture of the foam. On the other hand, the values from
6 and 9 wt% are a result of the true interface toughness and how the ma-
trix resin interacts with the foam surface.

It is interesting to note that were failure to occur along the interface
of the less modi" ed panels, the corresponding toughness value would
likely be higher than that achieved for any SCB samples in the current
work. However, the foam used in the current work prevents the

necessary load from being reached, as such, it is not possible to force
the crack into the interface with unmodi" ed and 3 wt% CSR matrix
resin. Were a tougher or denser foam used, the true interface toughness
for all matrix resin types could be directly compared.

Fig. 15. De! ection at time intervals for the vertical centre section of the sandwich structure with an unmodi" ed matrix. (a): Up to maximum displacement. (b): Return from maximum to
minimum displacement.

Fig. 16. (a): Maximum out-of-plane displacement versus wt% CSR (b): Delamination extent within the front skin versus wt% CSR.

Fig. 17. Image of impact site of sandwich structure with matrix containing 3 wt% CSR.
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4.1. Impact study

Table 5 displays a summary of the data from the impact study. Fig. 13
shows the out of plane displacement for all the panels under impact at
130 ± 3 ms−1 with a 28.5 ± 0.1 g hemispherical aluminium projectile.
Fig. 14 displays the back-face velocity versus time for all panels calcu-
lated from the out of plane displacement DIC data. The point where
the front skin was perforated by the projectile can be clearly observed
in Fig. 13 and is marked by a vertical dashed green line. The perforation
point is prominent when observing the velocity versus time graph as a
peak, also indicated by a dashed green line. Perforation can also be

viewed as the central section displacement in Fig. 15 transitions from
a smooth maximum displacement to a more angular maximum dis-
placement as the projectile makes contact with the rear face. Fig. 16 dis-
plays the maximum displacement versus wt% CSR, the unmodi" ed
panel experiences a large displacement due to less energy being
absorbed through skin damage. The 3 wt% CSR toughened panels have
a lower displacement; however, further additions of CSR increase dis-
placement. The subsequent addition of silica nanoparticles reduces the
displacement to levels similar to that of the 3% CSR modi" ed panel.
The 3 wt% panel exhibits the lowest displacement because of the com-
plex interplay between different failure mechanisms. The untoughened

Fig. 18. Examples of the differentiating failure modes of core cracking and skin core debonding.

Fig. 19. Typical images of sandwich structure cross sections with blue resin reservoir on top. For scale, sandwich core thickness is 30 mm. (a) Unmodi" ed matrix. (b) 3 wt% (c) 6 wt%
(d) 6 wt% zoomed image (e) 9 wt% CSR modi" ed matrix. (For interpretation of the references to colour in this " gure legend, the reader is referred to the web version of this article.)
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panel does not absorb as much energy during front skin perforation and
so has a greater rear-face displacement than the 3 wt% panel. However,
the 6 and 9 wt% panels exhibit different failure mechanisms. Once the
projectile contacts the rear face, the lower interface toughness allows
widespread skin/core debonding. As a result, the rear face experiences
large displacement.

Prior to perforation the panels behave uniformly, however, the ini-
tial dip in velocity, maximum velocity and maximum out of plane dis-
placement allow for more informative analysis. From Fig. 14, a large
dip in velocity prior to the projectile contacting the rear skin resulted
in a greater maximum velocity and displacement of the rear skin over-
all. A possible explanation is that the panels that provide less resis-
tance to the projectile and transfer less load to the back skin, and so
a large dip in velocity occurs prior to rear skin contact. These panels
then undergo larger back face de! ection as the projectile makes direct
contact with the rear skin with a higher velocity. Fig. 17 displays a sec-
tion of the impact site of a panel and the damage types that take place
during perforation of the front skin. The energy absorbed during perfo-
ration of the front skin occurs via four identi" able mechanisms: " bre
breaking, delamination in the skin, debonding of the skin from the
core and core crushing. Toughening of the matrix is most likely to af-
fect the extent of delamination within the skin itself, as such, this
was measured using high resolution images, the results are presented
in Table 5 and Fig. 16 (b). Increasing the toughness has reduced the
delamination within the skin as observed from the section cut. Once
the projectile has passed through the front skin, energy is then
absorbed through further core-crushing and cracks and, in some
cases, the debonding of the back face from the core. It is likely that
the cracks in the core furthest from the impact site are due to shear
stresses experienced as the projectile impacts the front skin. In con-
trast, the core cracks closer to the projectile are likely caused by the
projectile contacting the back face and applying a mode I load compo-
nent to the core and skin/core bond. The two distinct damage modes
caused by the projectile making contact with the rear face are shown
in Fig. 18.

Fig. 19 shows the cross sections of the non-silica modi" ed panels:
the unmodi" ed panel and the 3, 6 and 9 wt% CSR modi" ed panels. It is
clear that the transitional behaviour of the skin-core bond failure be-
tween 3 and 6 wt% CSR found during SCB testing has been con" rmed
by the impact testing. The 6 and 9 wt% CSR impact panels fail along
the interface in a similar manner to the SCB panels. On the other hand,
the unmodi" ed and 3 wt% CSR panels exhibited sub-interface failure
of the foam. As in the SCB panels, the interface in the less modi" ed
panels is tougher than in the highly CSR modi" ed panels and so the
crack is forced into the foam. The main observation from the images is
that the 6 and 9 wt% CSR panels trade increased core cracking for wide-
spread back face skin-core debonding. The debond was measured from
high resolution images and plotted in Fig. 20. The unmodi" ed and 3 wt%
panel experience signi" cantly less debonding, 80 mm compared to
150 mm for the 6 and 9 wt% CSR panels. From the close-up image of
the 6 wt% CSR panel back face debond in Fig. 19, foam cells that were
" lled with white matrix resin during the infusion, are observed to
have broken off from the skin. The failure of these matrix-resin-" lled
cells at the interface is widespread in the 6 and 9 wt% panels but not
in the 3 wt% and unmodi" ed panels. These cells fail sequentially in ten-
sion in order for the debond to propagate along the interface in the 6
and 9 wt% panels. The tensile testing of the bulk resin shows that CSR
modi" cation decreases the UTS from 73.1 to 52.0 MPa for a 9 wt% mod-
i" ed resin. As a result, in the 3 wt% and unmodi" ed panels, the matrix-
resin-" lled cells have a stronger connection to the skin. Consequently,
the path of least resistance is different, and the cracks are forced into
the foam. From these images and the results of the SCB and bulk resin
tests, it appears signi" cant differences between the modulus and UTS
of the matrix resins affect the interfacial strength between the skin
and core, indeed the results suggest that the strength and not the tough-
ness of the resin is the dominating factor.

5. Conclusions

A number of important conclusions can be drawn from this work.
These conclusions can be summarised as follows:

• The addition of CSR nanoparticles in the resin system used, caused a
decrease in modulus similar to values anticipated by the Halpin-Tsai
model. The silica nanoparticles increased the modulus past that of
the unmodi" ed system due to the use of a non-optimal silica density
value during calculations. The addition of CSR caused a drop in UTS
while silica nanoparticles had little additional effect.

• The addition of CSR nanoparticles caused a signi" cant increase in the
fracture energies of bulk epoxy polymers while silica nanoparticles
had a comparatively insigni" cant additional effect.

• The use of CSR modi" ed matrices was demonstrated to signi" cantly
enhance the Mode-I interlaminar fracture toughness of CFRP lami-
nates. The transfer of toughness from the bulk epoxy polymers to
the CFRP laminates in the form of initiation interlaminar fracture en-
ergies was limited due to space constraints between " bres. However,
the steady-state propagation interlaminar fracture energies were en-
hanced through increasing CSR content as increased levels of " bre-
bridging were induced.

• A change in failure mode in the impacted and SCB panels is clear be-
tween 3 and 6 wt% CSR. Though the interface is tougher in the low
CSR wt% panels, the energy of the projectile must be absorbed, and
so increased core cracking is observed. Were a tougher foam used, it
may be possible to alter the location of this energy absorption back
to the skin interface were such a failure mode desirable for panel per-
formance. However, it is unlikely that skin core debonding is an ef" -
cient failure mode for absorbing projectile energy when considering
post-impact strength. Another set of tests would be required to ascer-
tain this where the panels are not sectioned but instead strength
tested post-impact.

• The addition of 3 wt% CSR to the matrix of sandwich structures in the
current work reduced back-face de! ection and delamination within
the front skin. Increasing to 6 and 9 wt% CSR caused increased de! ec-
tion due to excessive drop in modulus outweighing toughening effects
and rear face skin-core debonding. The subsequent addition of silica
nanoparticles mitigated this drop in modulus and reduced de! ection.
Debonding failure occurring at the rear skin during impact has caused
a higher back face de! ection as the skin alone is less stiff than the skin
with foam attached. As a result of the " ndings in this project, it is likely
that the optimal loading of CSR is 3 wt% to ensure skin and core

Fig. 20. Extent of back face debond plotted against wt% CSR content.
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remain attached whilst also providing some skin toughening bene" ts.
• It is likely that these results, such as the change in failure mode be-

tween 3 and 6 wt% CSR are not widely applicable to any sandwich
structure. Infusion manufacturing and the fracture toughness of the
foam core being close to the interface toughness allowed this to
occur. If a strong adhesive were used it is likely that sub-interface fail-
ure would be possible for all the matrix resins used in the current re-
search. On the other hand, if a tougher or denser foam were used it is
likely that interface failure would occur with all resin types.

• The key " ndings are that mechanical properties can be tailored to dic-
tate failure within the panel for a given impact event allowing maxi-
mum post-impact strength to be achieved. The toughness of all
constituents and interfaces are important when considering the dam-
age tolerance of a sandwich structure. If one element is toughened
more than another, damage will be likely experienced in another ele-
ment of the structure. An optimised structure will distribute damage
in such a way as to maximise post-impact strength. It is considered
that the techniques developed are very appropriate in optimising
composite sandwich structures for transport, wind energy, and
other applications.

Data availability

The raw/processed data required to reproduce these " ndings cannot
be shared at this time as the data also forms part of an ongoing study.
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