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Abstract

Nature has evolved to create materials of unmatched performance governed by the interfacial interactions between hard and
soft surfaces. Typically, in a carbon fibre composite, one polymer and one type of carbon fibre is used throughout a laminate.
In this work, we use a carbon fibre surface modification approach to vary the fibre-matrix interface throughout the laminate
to tailor the soft-hard interfaces. We demonstrate this effect using reclaimed carbon fibre materials in a thermoset polymer,
then extend this concept to a thermoplastic polymer matrix—polypropylene. The thermoset specimens examined in this work
consist of 5 carbon fibre plies, featuring 0, 1, 3 or 5 surface-modified layers located at the centre of the composite. The largest
improvements in physical properties for these composites (yield strength, ultimate flexural strength, and tensile modulus)
were found when only 1 modified layer of carbon fibre was placed directly within the centre of the composite. Subsequent
investigations revealed that for a polypropylene matrix, where the surface chemistry is tailored specifically for polypropyl-
ene, improvements are also observed when mixed surface chemistries are used. This work shows that surface modification
of reclaimed carbon fibres as non-woven mats can provide significant improvements in mechanical properties performance

for structural composites when used in strategically advantageous locations throughout the composite.

Keywords Carbon fibre - Hybrid interface - Mechanical properties - Recycled composites - Polypropylene

1 Introduction

Carbon fibre-reinforced polymer composites (CFRPs) have
become a key material within advanced manufacturing sec-
tors including aerospace, automotive, and renewable energy
(wind, hydrogen, etc.) [1-3]. This is largely attributed to
their superior properties including high strength, light
weight, and corrosion resistance [4-6]. For all their ben-
efits, an inherent weakness with CFRPs remains their sus-
ceptibility to delamination and debonding at the fibre—matrix
interface [7, 8]. This failure mechanism can be caused by
poor chemical compatibility between the inert carbona-
ceous surface of carbon fibres and the surrounding polymer
matrix. Fibre delamination of composite materials [9-11]
arises when the stress transfer from the polymer to the fibre
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exceeds the adhesive strength between the fibre and polymer.
This immediately results in defects, stress concentrations,
and voids which further deteriorate material performance
resulting in premature failure. It has been proposed that
CFRPs have only reached 10% of their theoretical mechani-
cal potential, primarily due to the inability to effectively
transfer stress across the fibre-to-matrix interface [12, 13].
The manipulation of the interface and/or interphase
within composite materials, however, is an emerging strat-
egy that has been shown to address some of these shortcom-
ings in regard to premature delamination. This is epitomised
in the extraordinary properties of natural materials, such as
nacre [14, 15], silk [16, 17], and bone [15, 18], among oth-
ers [19], where the management of the interface between
hard and soft materials is critical for the efficient transfer of
stress [5, 12]. The optimisation of this hard-soft interface is
therefore a strategy which for the development of superior
composite materials that are tougher, stronger, and stiffer.
The different approaches taken to manipulate the carbon
fibre surface include both chemical and physical, including
‘wet’ chemical reactions, electrochemistry, grafting poly-
mers or small molecules, deposition of nanomaterials, and
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plasma treatments, among others [7]. In current carbon fibre
manufacturing processes, improving compatibility to the
polymer phase is carried out via electrochemical oxidation,
which introduces polar oxygenated functional groups to the
fibre surface [20-25], and the application of a fibre sizing.
The latter is a proprietary cocktail of many constituents (e.g.
polymers, anti-static agents, emulsifiers, etc.) that is depos-
ited on the fibre surface [26—28]. This sizing application is
typically a thin polymer layer that functions as an interme-
diate layer between the fibre and the matrix [28-30] and
plays a central role in minimising fuzz, improving handling
and weaving. When fully optimised, these traditional sur-
face treatments have been reported to improve the interfacial
shear strength (IFSS) in epoxy thermosets by 53.8% [31, 32]
and up to 14.1% for thermoplastics [33].

In this work, we tailor the surface chemistry of reclaimed
carbon fibres to enhance the interfacial adhesion towards
both thermoset (epoxy) and thermoplastic (polypropylene,
PP) polymer matrices. An amine group has been chosen to
complement the thermoset polymer (Fig. 1B), as this is able
to undergo cross-linking reactions with the epoxy and has
shown to be a reliable surface modification [34—36]. Poly-
propylene, however, is particularly challenging to reinforce
due to its extremely hydrophobic nature and lack of chemical
functionality. Nevertheless, it remains a polymer of great
interest to use in CFRPs as it is easy to process, chemically
resistant, and is produced on vast scales. A recent investiga-
tion into electrochemically modified carbon fibres for injec-
tion moulded polypropylene parts has shown improvements

Fig.1 A A close-up of a turtle
shell highlighting the hard-soft
suture-shaped interface leading
outstanding physical properties;
B The approach taken to tailor
reclaimed carbon fibre surface
towards thermoset and thermo-
plastic polymers. The former
employs an amine to crosslink
with the epoxy resin (in red),
generating a ‘hard’ interface.
The latter uses a short alkyl
(butyl) chain to entangle and
complement the hydrocarbon B)

of up to 32% in fracture toughness [37]. In this work, we
have chosen to tailor the surface chemistry of the fibres to
PP by installing an aromatic ring bearing a short alkyl chain
(Fig. 1B, 4 carbons, butyl) to complement the aliphatic
nature of PP.

2 Experimental
2.1 Materials and Manufacturing

The epoxy resin used was Hexion Epikote (RIM935/
RIMH936) prepared as per the manufacturer’s specifica-
tions. The resin was stored in a cool dry place but were used
as received.

2.1.1 Thermosetting Sample Preparation

Modification of a non-woven reclaimed carbon fibre mat
for the epoxy resin was carried out as per our previously
reported processes. Briefly, the sample to be modified is
set as the working electrode in a 3-electrode cell, with a
carbon fibre counter electrode, and a leakless Ag/AgCl
reference electrode. A reducing potential is applied to the
working electrode in the presence of 4-nitrophenyldiazo-
nium hydrochloride, formed in situ by the presence of
hydrochloric acid and sodium nitrite. The surface modi-
fication occurs rapidly and simultaneously reduces the
aryl nitro group (NO, in red, Fig. 2) to the corresponding
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Fig.2 A Electrochemical modification of reclaimed carbon fibre non-
woven fabrics; B Lay up for thermoset composite samples

amine (NH,, in red, Fig. 2). This furnishes the carbon fibre
fabric with exposed reactive nitrogen species on its sur-
face. The fabrics were then washed with copious amounts
of acetone, ethanol, and water to remove all unreacted
material and salts.

The samples were laid up in the configurations outlined
below (Fig. 2, B) whereby the modified plies (yellow) were
increased from the centre ply at intervals of O, 1, 3, and
5. The samples were impregnated with resin via vacuum
infusion and cured in a compression mould to give plates
from which the test coupons were obtained.

Fig.3 A Modification of CF/
PP fabrics with n-butylphenyl A)

2.1.2 Thermoplastic Sample Preparation

The recycled non-woven carbon fibre substrate used for this
study was IM56L CF/PP [38], sourced from Gen2Carbon,
United Kingdom. The carbon fibre has a mean chopped fibre
length range of 5 mm, an aerial weight of 220 g/m?, and car-
bon fibre content of 30 wt.% by weight, with the remainder
being entangled polypropylene filaments. The electrochemi-
cal cell comprised of a carbon fibre/PP mat (125 x 125 mm,
IMS56L CF/PP non-woven) and the counter electrode was a
non-woven carbon fibre fabric (120 mm X 280 mm, G-TEX
M 100 GSM, Gen 2 Carbon, United Kingdom). A leakless
Ag/AgCl electrode (ET069-1, eDAQ Australia) was used as
the reference electrode and affixed between the counter and
working electrode.

The electrolyte comprised of a DMF:H,SO, mixture
(1 M H,SO,) with n-butyl benzene diazonium tetrafluor-
oborate (745.6 mg, 3 mM) added and stirred until dissolved.
A series of 10 voltametric sweeps between -1.0 V and 0 V
(vs. Ag/AgCl) was applied at a scan rate of 10 mV/s. After
the graft was complete, the working electrode was removed
and washed in methylene chloride, ethanol, and acetone, fol-
lowed by drying under reduced pressure overnight to remove
any residual solvent (Fig. 3A). The non-conductive nature of
the entangled polypropylene filaments ensures that chemical
modification only occurred on the carbon filaments.

To fabricate the PP laminates, 5 layers of IM56L. CF/PP
were cut to into rectangular sections of 260 mm X 160 mm
and stacked. The hybrid interfaces were created by alter-
nately layering functionalised and non-functionalised layers
on top of each other (Fig. 3B) A control composite where
all 5 layers were non-functionalised was prepared and used
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as received, while the ‘treated’ composite refers to the
functionalisation of all 5 layers, while the ‘hybrid’ com-
posite contained three inner functionalised layers. A visual
representation of stacking sequence is presented in Fig. 3
illustrates the entire set of hybridised composites fabricated
detailing the sequence of functionalised and non-function-
alised layers.

Once stacked, the dry fabric laminates were placed into a
hot press at a temperature of 260 °C and pressure of 472 kPa
for 10 min. The platen heads on both sides were lined with
a PTFE release film prior to pressing thereby ensuring the
laminates could be removed. It is worth noting that during
pressing, the polypropylene filaments were able to melt and
infuse the laminate, producing a well consolidated void free
composite. After pressing, the laminates were removed from
the platen press and placed on a metal plate using a flat
head scraper and allowed to cool to room temperature. Once
fully cooled, the laminate was waterjet cut to produce testing
coupons as per the dimensions provided in the accompany-
ing ESI which are in accordance with appropriate ASTM
standards (see Sect. 2.3).

2.2 Mechanical Testing

All mechanical testing within this study was conducted
using a 50 kN Instron universal testing machine operative
via BlueHill3 software.

Compressive testing was conducted in accordance with
ASTM D6641 [39] where specimen dimensions were
13 mm in width, 140 mm in length and 3 mm in thickness.
A combined loading compression (CLC) fixture was used to
secure samples in place before a 1.3 mm/min displacement
controlled compressive loaded was applied. Compressive
strength and modulus of samples were determined as per
equations in accompanying ESI.

Flexural testing was conducted in accordance with ASTM
D2344 [40]. Specimen dimensions were 13 mm in width,
65 mm in length and 3 mm in thickness. A three-point bend
fixture was used with roller and anvil diameters of 10 mm
and a displacement-controlled loading of 2 mm/min. Flex-
ural yield strength was determined via 0.2% strain offset,
while ultimate flexural strength (6yrg) and flexural modulus
were determined as per equations in accompanying ESIL.

Double V-notch shear testing was completed in accord-
ance with ASTM D5379 [41]. Specimens of 21.5 mm width,
75 mm length, 3 mm thickness and 5 mm notch depth either
side of the samples were manufactured. An Iosipescu shear
test fixture (Wyoming Fixtures, USA) was used to mount
samples in place and a 2 mm/min compressive displacement
force was then applied. Shear chord modulus and ultimate
shear strength were recorded, respectively, as determined via
equations in accompanying ESI.

@ Springer

Fracture toughness was conducted in accordance with
ASTM D5045-14. Specimens 50 mm in length, 12 mm in
width, 3 mm in thickness with a 4 mm in notch depth were
produced. A three-point bend fixture with 10 mm roller
diameters was used to stress the fracture coupons at a rate
of 10 mm/min until failure was initiated at the notch front.
Fracture toughness, modulus, and stress at failure were
recorded as per equations in accompanying ESI.

The load, displacement, stress and strain data points for
all testing was recorded at 10 microsecond intervals. Deter-
mination of statistically significant differences between data
set was performed using two tailed, homoscedastic t-testing,
with a P value less than 0.05 being considered a statistical
change.

3 Results and Discussion
3.1 Thermoset Polymer Composites

The impact of increasing the number of functionalised plies
from 1, 3 and 5, compared to the control sample contain-
ing no functionalised carbon fibre for the epoxy thermo-
set matrix was undertaken (Fig. 4). The control sample
(i.e. no modified plies) exhibited a flexural strength of
314.1 +£50.7 MPa and a flexural modulus of 10.9+ 1.9 GPa.
The five amine-modified composites gave an improved a
flexural strength of 387.5 +28.2 MPa, and an improved flex-
ural modulus of 13.99 +0.82 GPa. Similarly, the sample fea-
turing three amine-modified plies in its centre improved flex-
ural strength to 399.0 + 8.89 MPa and the flexural modulus
to 14.82 +0.53 GPa. However, as per the flexural strength,
the largest improvements for both flexural strength and flex-
ural modulus were observed for the sample featuring only
one modified ply through the centre of the composite, being
420.7+13.1 MPa and 16.3 + 1.0 GPa, respectively.

The trends for flexural strength were consistent with flex-
ural modulus, where the sample with a single modified ply
gave an average increase of 5.39 GPa (+49.43%) when com-
pared to the control sample. The sample with three modified
plies gave an average increase of 3.92 GPa (+35.94%) in
flexural modulus, and the five modified ply sample saw an
average improvement of 3.10 GPa (+28.42%) compared to
the control.

Improvements to the average mechanical performance
were observed for all samples featuring modified plies, with
the single modified ply sample being significantly higher
than the others. This speaks to a reinforcing effect result-
ing from the strategic placement of two different nonwo-
ven surface chemistries within a composite. The abundance
of amine-functionalised carbon fibres would encourage a
higher degree of cross-linking from the resin to the fibre
creating a strong interface. This effect could facilitate the
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Fig.4 A Flexural strength and modulus of samples possessing variable interface chemistries; B Increases in yield strength for samples with

increasing amounts of aminated fibre

transfer of bending stresses between the fibre and its sup-
porting matrix. The progressive decrease in flexural strength
and modulus as plies increase is likely due to the increas-
ingly brittle nature of the interface, which may fracture eas-
ily. This is consistent with observations made by our group
when applying this ply modification strategy to virgin carbon
fibres [42].

Similar improvements were seen in the yield strength
of the samples. The largest improvement was observed for
the sample with one modified ply, giving a yield strength
of 363.95 + 13.25 MPa, an increase of 27.3% compared to
the control (286.6 + 14.47 MPa). A smaller improvement of
22.5% (350.22 +22.62 MPa) was achieved for the three-ply
sample, and only 330.25 +19.54 MPa for the five modified
plies, an increase of 15.5%. These improvements indicate
that incorporating amine-modified nonwoven fabrics into the
laminate will delay the point of irreversible plastic deforma-
tion, with the largest increase coming from the single amine
ply in the central laminate.

The trends observed in work using reclaimed carbon
fibres support those reported elsewhere for virgin carbon
fibre [35, 36] and to some degree, reflects the ease of enhanc-
ing compatibility between an epoxy matrix and carbon fibre
due to the available functional groups during and after cure.
For this reason, however, this hybrid functionalised interface
approach was explored using a non-functional thermoplastic
such as polypropylene to understand its wider utility.

3.2 Translating Variable Interface Chemistry
to Polypropylene Matrix Composites

The surface modification approach of virgin carbon fibres to
complement PP as described above, has been reported ear-
lier where an increase in composite toughness was reported

[37]. Furthermore, the interfacial molecular interactions are
significantly softer in this system (Van der Waals, etc.), com-
pared to the epoxy thermoset network (hydrogen bonding,
covalent, etc.). Therefore, a minimum of three modified sam-
ples were examined to encourage the easy identification of
changes in physical properties. In these systems, synergistic
enhancements between the hybrid laminate, compared to the
treated and control composites was investigated for a range
of different deformation approaches including compression,
flexural, shear, and fracture properties were examined.

3.2.1 Compressive Properties

The evaluation of these composite materials under com-
pressive loads was examined first (Fig. 5). Typically, the
fibrous reinforcement provides minimal benefit in this stress
state. Interestingly, a 63% increase in compressive strength
(2.68 MPa; 4.27 +0.49 MPa to 6.95 +0.68 MPa) compared
to the control sample for the fully modified composite, a 23%
increase of 0.98 MPa (to 5.25+0.68 MPa) was observed,
relative to unmodified control.

When evaluating compressive modulus (i.e. the resistance
of the sample to compress), a small reduction of 0.35 MPa
(— 9.2%) lower than the control was observed. Hybrid sam-
ples exhibited compressive modulus 1.75 MPa (+45.3%)
higher than the control sample and 2.10 MPa (+60.0%)
larger than treated samples, respectively. The improve-
ment in compressive strength and modulus are likely due
to enhanced interfacial adhesion between the fibre and the
resin. Other works have shown that as IFSS increases the
compression strength of the composite also increases. This
observation was found by Nairn [43], Drzal [44], and Stojce-
vski [45] in three separate reports, albeit focusing on poly-
carbonate, epoxy, and open hole compression, respectively.
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(MPa) and flexural modulus (GPa) of control, hybrid, and fully
treated laminate arrangements

Moreover, Wang et al. examined carbon fibre-polypropylene
composites, incorporating a maleic anhydride co-monomer,
and observed improvements in IFSS based on molecular
entanglement at the fibre—matrix interface [46].

3.3 Flexural Properties

The flexural yield strength, maximum flexural strength,
and flexural modulus of control, hybrid and treated lami-
nate variants were examined next for these specimens
(Fig. 6). The yield strength of control, hybrid, and treated
samples were 11.05+0.28 MPa, 13.23 +1.43 MPa, and
12.0 £0.65 MPa, respectively. When compared to the yield
strength of the control samples, hybrid laminates showed
an increased yield strength by 2.18 MPa (+ 19.7%),
whereas the treated laminated increased yield strength by

@ Springer

0.99 MPa (+9.8%) (Fig. 6). When comparing the hybrid
and treated samples, the hybrid was found to have a yield
strength 1.19 MPa (+9.8%) greater than that of the treated.
These changes in yield strength indicate that the stress
required to initiate plastic deformation and subsequent
strain hardening is altered by the fibre functionalisation
process, and thus the corresponding fibre-matrix inter-
phase/interface, of which the hybrid arrangement allowed
for the greatest delay in plasticity.

When correlating that finding to ultimate flexural
strength, treated samples provided the greatest strength
of 17.11 +1.88 MPa, followed by the hybrid configu-
ration at 16.10+2.01 MPa and finally the control at
14.43 +0.72 MPa. These values correlate to a 1.76 MPa
(+11.6%) increase in flexural strength for hybrid laminates
and 2.67 MPa (+ 18.5%) improvement for treated laminates,
as compared to control samples (Fig. 6). Relative to the con-
trol samples, only the treated configuration showed a statisti-
cally relevant improvement, though the hybrid configuration
was effectively indistinguishable from the treated.

The exchange between highest flexural yield strength
and ultimate flexural strength performance between the
hybrid and treated samples is of interest. While the hybrid
laminate seems to delay plastic deformation onset for the
longest elongation of all specimens, it is unable to reach
the ultimate flexural strength of treated samples. As the
3-point bending introduces compressive, shear and tensile
stress states concurrently, the inclusion of treated fibres in
the central layers provides reinforcement where there is the
greatest stress within the structure. This would account for
the increased ultimate flexural strength, as the accompanying
results within this study have shown the hybrid arrangement
to perform highest in shear and compression at the expense
of maximum flexural strength. When analysed under opti-
cal microscopy, all laminate samples (regardless of vari-
ant) were found to fail under tension and, in some cases,
a mixture of shear plane failure and tension concurrently.
This suggests that the tensile plane of the laminates, i.e.
the bottom most portion of the composite being stressed,
is the weakest point. This supports the premise that treated
samples have improved ultimate flexural strength through
reinforcement of the outermost plane experiencing tension.

The treated samples showed a flexural modulus 0.47 MPa
(= 18.7%) below that of control samples and 0.49 MPa
(— 25.8%) below that of hybrid samples (Fig. 6). This reduc-
tion in flexural modulus for treated samples coupled with the
highest flexural strength highlights strain-hardening mecha-
nisms to be influencing flexural performance [37, 47]. It is
possible that through the surface treatment of carbon fibre,
changes to the polypropylene entanglement, cohesive energy
and laminar arrangements, and stiffness of fibre-to-matrix
interphases may be occurring. This same phenomenon using
identical surface chemistry was observed in a previous study
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[37]. Further comprehensive analysis into this occurrence is
currently underway and the subject of future work.

3.4 Shear Properties

The shear strength and shear chord modulus of control,
hybrid, and treated laminates was examined next (Fig. 7).
Statistically significant differences in shear strength
were observed across all three laminate variants. Con-
trol fibres possessing the lowest shear strength value at
4.03+1.41 MPa, followed by treated samples with a shear
strength of 6.20+0.34 MPa, and hybrid samples provided
the highest value of 7.30+0.34 MPa. These increases in
shear strength correlate to 3.26 MPa (+80.9%) and 2.16 MPa
(53.6%) for hybrid and treated variants, respectively, rela-
tive to control samples. Accordingly, the associated increase
in shear strength of hybrid samples as compared to treated
samples was 1.10 MPa (+17.7%).

With respect to shear chord modulus, all laminate vari-
ants presented statistical differences in mechanical perfor-
mance. Control, hybrid, and treated arrangements had shear
chord moduli of 91.98 +22.58 MPa, 232.03 +62.40 MPa,
and 170.47 +£35.31 MPa, respectively. These values cor-
relate to a 78.48 MPa (+ 85.3%) increase in modulus for
treated laminates, and 140.04 MPa (+ 152.2%) increase in
hybrid samples, respectively, as compared to control lami-
nates. Similarly, hybrid laminates had a shear chord modulus
61.56 MPa (+36.1%) larger than that of treated specimens.

The double V-notch shear test used within this study is
of note at it provides a state of pure shear stress across the
loaded specimen where the sum of stresses in both the x and
y axis are zero. As such, these results indicate that fibre-
matrix adhesion within the laminate has improved through
the surface modification of the carbon fibres and is in an

optimal state for the hybrid layup. This is in line with previ-
ous works into woven carbon fibre laminates [35, 36].

3.5 Fracture Properties

The fracture toughness and stress at failure for the control,
hybrid and treated samples was determined next (Fig. 8).
Fracture toughness was observed to increase by 63.2% from
0.12 MPa m'”2 for control samples to 0.20 MPa m'? for sam-
ples in the hybrid configuration. This trend was not observed
for fully treated coupons which showed no statistically sig-
nificant increase in fracture toughness as compared to con-
trol samples with a fracture toughness of 0.13 MPa m"2.

Interestingly, while the average values of stress expe-
rienced at failure followed the same trend in performance
as that of the fracture toughness, there was no statistically
significant differences. The stresses experienced at failure
for control, hybrid and treated samples were 11.67 MPa,
13.89 MPa and 12.21 MPa, respectively (Fig. 8). This indi-
cates that while the ability to dissipate energy within the
samples varies dependant on laminate arrangement and
functionalisation, the ultimate stress to cause failure at a
pre-crack front does not change significantly.

3.6 Overview of Physical Properties

Overall, these results show that most mechanical proper-
ties are at their optimal when composites were arranged as
‘hybrid’ laminates (Fig. 9). When compared against con-
trol samples, significant improvements were observed for
the hybrid configuration for shear chord modulus, fracture
toughness and maximum compressive strength. Instances
in which variance between control and hybrid samples were
negligible were only fracture modulus and flexural modulus.

Fracture Toughness
—
—
Fracture Stress @ Failure

Control Hybrid Treated

Fig.8 Fracture toughness (MPa m'"?), fracture modulus (GPa) and
stress at failure (MPa) of control, hybrid, and fully treated samples
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Fig.9 Radar plot comparing the
catalogue of mechanical proper-
ties investigated within this
study with respect to ‘control’,
‘hybrid’, and ‘treated’ compos-
ite arrangement

Control
Hybrid
Treated

Shear Chord o
Modulus (MPa)

Fracture Stress
@Failure (MPa)

F

The treated composite variant was found to similarly
provide improvements to mechanical properties above the
control samples particularly when comparing shear, flexural,
and compressive strength. Fracture modulus and flexural
strength were of note as the highest performing properties
amongst the three arrangements for the treated condition.
Overall, the use of surface functionalisation and its subse-
quent implementation into CF/PP laminates has shown clear
improvements to the global performance of the composite.

4 Conclusion

We show the ability to tailor the surface chemistry of
reclaimed carbon fibres towards both thermoset and ther-
moplastic matrix composites. The assembly of laminate
composites, for both polymer systems, using variable inter-
face mechanics resulted in significant improvements when
a combination of surface chemistries was employed. In the
thermoset system, improvements in flexural strength and
modulus were observed when only one ply of modified
fibre was incorporated through the centre of the laminate.
Similarly, for CF-PP composites the incorporation of three
surface modified layers through the centre of the laminate
resulted in the greatest improvements in properties. Using
this arrangement increases in compressive strength of 62.9%,
compressive modulus of 45.3%, flexural yield strength of
19.7%, fracture toughness of 63.2%, shear chord modulus
of 152.2%, and shear strength of 80.9% were recorded as
compared to control samples. Specimens in which all lay-
ers of the composite were functionalised were found to per-
form highest only in ultimate flexural strength and fracture
modulus with increases of 18.5% and 49.5%, respectively,
as compared to control samples.
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