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Abstract

We report the use of graphene nanoplatelets (GMRd)carbon nanotubes (CNTSs) in fibre
surface coatings and composite interphases to tategboth mechanical and electrical

functionalities. The nanostructured fibres demaatistl enhanced wear protection and tensile
strength. The electrical conductivity is introducedl the nonconductive glass fibre and
polymer matrix composites. Multifunctional fibrerfsice and composite interphase are
realized with monitoring abilities of water wettidgwetting and polymer curing processes.
The unidirectional composites fabricated via theTSijlass fibres exhibit extremely high

anisotropic electrical conductivity and relativerpettivity. The fibres may find applications

in many fields, such as ‘smart’ composite fabricafichemical reaction or liquid detection,

wear prevention, among many other potential appilices at nanoscale.

1 Introduction

The development of material surface with both maid#d protection and sensory function is
a fundamental issue of scientific and practicalonignce. The use of graphene nanoplatelets
(GNPs) and carbon nanotubes (CNTs), as ideal mreifoents, has attracted academic and
industrial interest because of their unique capgatttproduce a dramatic improvement in
mechanical properties, and simultaneously to intcedsensing abilities at very low filler
content. The nanostructured functional materialeehaide applications in the fields such as
smart textiles, artificial muscles, flexible toustreens, wear protections and others.

A great progress has been achieved in this areg, ®anocomposites with maximum

tolerance of flaws [1], solid lubrication coatinffy, smart responsive skins [3] and human-
like sensing materials [4]. While most of the sasdare devoted to bulk solids, thin films or
powders, the functionalization of fibres or comp@snterphases are now drawing more and
more attention from interdisciplinary fields. Rettgnwe have focused on integration of

multiple functions into traditional glass fibres-$. In this work, our approach intends for

further bridging traditional materials and nanomate based on a simple dip-coating or
‘adhesion-orientation’ methods to form multi-furestal GNPs or CNT networks on glass

fibre surfaces (Fig. 1) and composite interphases.
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Figure 1. Cross-sectional illustration of a glass fibre cddtg GNPs/epoxy (AFM phase image, right up) or
CNT networks (SEM image, right bottom). Scale bag) nm.

2 Materials and testing methods

The alkali-resistant glass fibres (ARG) with anrage diameter of 1{m were made at our
institute by a continuous spinning process. We usadmercial GNPs (xGnP-M-15, XG
Science, USA) and carboxyl functionalized multi-lwdl CNTs (NC-3101, Nanocyl S.A.,
Belgium) produced via the chemical vapor deposit{@VD) process. The GNPs have
average thickness of 6 nm and surface area of f&pand the CNTs have average diameter
of 9.5 nm and average length of 1uk. We developed a simple ‘adhesion-orientation’
method to fabricate the GNP-glass fibres. Spedijicthe single fibre initially imbedded in
the epoxy resin/hardener mixture was drawn betwesnsoft substrates where the GNPs
were distributed in ‘dry’ stage without the needao$olvent, thus, the GNPs were shifted to
the fibre surface by adhesive force and in turnplla¢elets were oriented along fibre surface
direction by fluid deformation and friction/sheardes. Based on the AFM images, our initial
approach achieved surface coverage rate of GNBBast 20-50%, which could be further
improved when the process is repeated layer byr.lalj)e avoid complex effects from
temperature variation, a room-temperature curirggkeUHU plus endfest 300, UHU GmbH
& Co. KG, Germany) was used for the GNPs coatifigie epoxy resins for CNTs coatings
were commercial products DGEBA resin (EPR L20, Motive Specialty Chemicals,
Germany) with hardener EPH960. We have previouslyorted in detail of either the
continuous spinning process with aqueous sizingsisbng of CNTs and film formers, or the
dip-coating process with aqueous dispersion cangistf stabilized and individualized CNT
without polymers [5-9].

The fibre surface morphologies were studied ustogh& force microscopy (AFM, a Digital
Instruments D3100, USA) and scanning electron msuwpy (FE-SEM Ultra 55, Carl Zeiss
SMT AG, Germany). The abrasive wear resistance ofirgle GNP-glass fibre was
determined by the relative friction displacemerid{sg between two surface§ where it
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contacts and abrades over the surface of abrasaperp(p2500 SiC, Buehler GmbH,
Dusseldorf, Germany) on a rotating rod up to theefibreakage (see Fig. 2a, insert). The
tensile strength of single fibre was measured ugiegravigraph semiautomatic fibre tensile
tester (Textechno, Germany) equipped with a 1 Nefaell. The gauge length is 20 mm and
the cross velocity is 10 mm/min according to speation EN ISO 5079. Four-point
conductivity measurements were carried out with etifey 2000 multimeter, to in-situ
monitor the DC electrical resistance changes fer slmgle CNT-glass fibres which were
either wetted by a drop of distilled water or imted in the epoxy/hardener mixtures at three
different ratios by weight (100:25 or 34 or 45).eTdlirect current (DC) electrical resistance
and alternating current (AC) frequency dependenteslative permittivities of unidirectional
CNT-glass/epoxy composites, are measured in directions parallel and perpetati¢o the
fibre axis at room temperature on a LCR-digital tmuter (VC-4095) and an Agilent 4263
LCR meter (Agilent Technologies Deutschland GmbHerr@any), respectively. The
composites with a wide range of CNT weight fracsigh. %10* ~ 1.45 wt%) were used for
the DC resistance measurement and the composities Wb wt% of CNT were used for the
relative permittivity measurement.

3 Results and discussion

3.1 Mechanics

The first set of experiments investigated how theastructured coatings enhance materials’
wear durability and tensile strength. We charaséetithe abrasion resistance of single glass
fibres by using the friction displacement on theaslve paper until the fibre breakage occurs.
Fig. 2a shows that the GNP coating systems leagigtaficant increase up to 200% in the
friction displacement. The sample with epoxy cagtihowever, yields only about 50%
improvement. Despite the test features causingge ldata scatter, the mean values provide a
ready implication for the ability of the GNPs tonse as solid lubricant nanoparticles for
further optimize functional surface.
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Figure 2. Comparison of (a) friction displaceme®tand (b) tensile strengthof a single glass fibre without or
with epoxy or nanoparticles/epoxy coatings.

Because the critical flaws which limit the strengftfibres are located at the fibre surface, the
fibre fracture behaviour is strongly affected bg trariation of coating properties. As shown
in Fig. 2b, the glass fibres coated with either GNP CNTs have higher tensile strength
values than the control or the epoxy coated fikBgsusing relative homogeneous distributed
1 wt% CNTs in the coatings, the CNT-glass fibreiewobs remarkably 70 % increase in fibre
strength, reflecting the high efficiency in healigyurface flaws. In contrast to the
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aforementioned wear durability, however, the GN&sglfibre has marginal improvement in
the tensile strength, possibly owing to the inhoerepus and insufficient coverage of GNPs.
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Figure 3. Change in the electrical resistance of a single ©NiEs fibre with time upon exposure to (a) a dsbp
water during wetting (A-D) and dewetting (D-E) pesses, and (b) epoxy/hardener mixtures with tragesr

3.2 Sensors

The second set of experiments developed an ultrd@NT network sensor using a single
CNT-glass fibre without polymer coatings (Fig. The interconnected CNT networks on the
glass fibre surface show typical thickness of a fems to a few hundreds of nanometers and
achieved conductivity of 10-1® ni* [6]. We first performed experiments to characeetise
electrical responses of the entangled CNT netwtwrks small distilled water droplet on fibre
surface. The typical electrical resistance varratdd CNT networks exposed to water from
wetting to dewetting processes under ambient cmomditis presented in Fig. 3a. The
immersion of water molecules reduces resistancevargdversa in the case of evaporation.
The water immersion cases an initial sharp decreasesistance (A-B) within two seconds,
followed by a slower increase (B-C) for about omé¢hree minutes and then a stable stage (C-
D).

Several principles of mechanisms can be employathtterstand the whole process. As we
know, pure water has ionss&" and OH™ and ordinary distilled water in equilibriwvith
carbon dioxide of the air has even more ions intsmt. The observed sharp decrease in the
resistance is attributed to the movement of eleatyi charged ions in water that help to pass
electricity from one tube to the next one witholtygical contact. On the other hand, the
reverse mechanism claimed previously that the gbylsed molecules also influence the
electrical properties of isolated CNT [10-11]. SI€NTs usually exhibit a hole transport like
p-type semiconductor, the adsorbed water moledwesfer electrons to CNTs and in turn
deplete the concentration of holes in CNTSs, rasglin an increase of resistance. The current
data of decreasing resistance demonstrates thaesidance of the thin CNT network is
predominantly determined by the contact resistawfcerossing tubes, rather than by the
resistance of CNT segments in water.

A possible mechanism for the slow increase of tasce (B-C),ARgc, is attributed to
permanent loss of Ohmic contacts between part mbtodes, since the original surface forces
(such as those from hydrogen bonding, electrosgattt Van der Waals forces) imposed on
the liquid were varied and capillary forces wereaduced. We also found that the resistance
exponentially increases in the course of desorpiibare the water molecules and associated
ions are removed. The resistance value in the §itele, however, cannot be fully recovered
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to the value in the initial stage. Interestinglye tamount of resistance increase after water
evaporation (A-E) is almost the same with the abmastance difference (B-CARae =
ARgc, suggesting that the unrecovered part is possidlysed by those of permanent
disconnected nanotube—nanotube junction pointsigtie liquid immersion.

Further insight into the fibre sensing ability wgained from the response to chemical
composition. The strong influence of epoxy/hardenextures to the electrical resistance of a
single CNT-glass fibre is shown in Fig. 3b. The CNdtworks increasing resistance with
time can be attributed to the cross-linking reaxgiand increasing viscosity, which reduce the
concentration of ions and limit mobility of freen® in the surrounding environment. An
initial sharp increase followed by a slower phastund, particularly in systems with higher
hardener concentration. This can be understood Kgsier formation of non-conducting
layers between nanotubes and reduction of ionsecdration or mobility as aforementioned.
Our functional fibre with substantial role of intitbe contacts, achieving higher sensitivity
towards the cross-linking reactions or crystall@atin comparison with traditional methods,
will be reported in detail elsewhere [12]. Suchface/interphase with high sensitivity to
environmental factors may find applications in greged functional devices.
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Figure 4. Anisotropic electrical properties of CNT-glass élepoxy composites in the directions parallel and
perpendicular to fibre axis. (a) Dependence of BE¢tacal conductivity on CNT content of composites
The data in the parallel direction to fibres arelose agreement with theoretical expectations|{ne) by
Equation 1. All the data (open circles) of varimasotube/epoxy composites from a review literafligd
distributed in the right side of the electrical gaation threshold. (b) Frequency dependence ofdlaive
permittivitiese, of epoxy resin and CNT-glass fibre/epoxy compasite

3.3 Electricity

To examine whether the unique conductive compasieEphases help to introduce electrical
anisotropy to the composites, we finally tested esies of unidirectional CNT-glass
fibre/epoxy composites with different nanotube @nmtcations (Fig. 4a). The measured
conductivity normal to the fibre axi#L, is extremely low which is attributed to very few
contacts between neighbouring fibres. Thus, thedactivities along the direction of glass
fibres, K, are typically four orders of magnitude higherrtithose perpendicular to them,
achieved the highest anisotropic ratifAK1) among the reported values of various
CNTs/polymer composites. The exceptionally anigmtroproperty could be controlled
flexibly by glass fibre direction and volume framti which allows for the conduction of
electricity in one direction but not the others.r o 3D resistor network that contains
randomly distributed CNTs in the polymer matrixg tinansition nature of electrical properties
with CNT concentrations normally shows a percolatioreshold (Fig. 4 a) described by the
classical percolation theory. It is defined asldast concentration at which a composite with
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conductive inclusions is capable of conductingdiirrent. It is crucial to note, however,
that our approach predicts that specific condugtioi composites along the fibre direction,
K|, gradually increases with increasing fibre/nanotaoecentration following a hyperbl
function:

K| =Ko po {p1 [(Wo/Wenr) -1 [+ po} 1)

whereW, andWenrare the weight fraction of nanotubes in CNT-glabsefand composites,
poand o are the density of epoxy and glass fibre, respelgti The specific conductivity of
single CNT-glass fibre in epox¥,, can be experimentally obtained. The plot usingdiign

1 in Fig. 4a shows a fairly good agreement with éxperimental data. Thus, our globally
anisotropic network of nanotube rich interphaseegathe possible way to make conductive
composites at extremely lower nanotube loading ttien previously reported percolation
threshold values.

To substantiate further the role of conductiverpiti@se in forming anisotropic electricity of
composites, we carried out experiments to investighe frequency-dependent dielectric
properties under AC electric field. Figure 4b shabws relative permittivities of epoxy and
CNT-glass fibre/epoxy composites in the directigasallel and perpendicular to the fibre
axis. Towards low frequency and the electricaldfiel the parallel direction to the fibres, the
relative permittivities of the composites with ordly wt% of CNTs increase to abayt250,
which is more than 50 times higher than that of fhee epoxy 4x4.5). Because the
microstructure of CNT enriched interphase betwdassgfibre and epoxy can be considered
as sea-island structure characterised by a comgutgion surrounded by a thin insulating
barrier, the individual or aggregated CNTs behasiatlar to mini-capacitors charged in an
AC electric field leading to the largely enhancéelettric properties.

The composites also exhibit highly anisotropic elélic permittivity according to the fibre
alignment. As clearly shown by the datasgpfer>6 atf=100 MHz, the significantly higher
dielectric values in the parallel direction thandé in the perpendicular direction is observed.
It should be noted that the relative permittivitgcdeases dramatically with increasing the
frequency for the composite in the perpendiculegdion. The flow of free charge from fibre
to fibre is blocked by insulating matrix, where tlebarge polarisation decreases with
frequency due to the inertia of the charge witlpees to the change of polarization under the
applied AC field. However, the relative permittivishows only a slight correlation to the
frequency for the composites in the parallel diegtsuggesting the CNT networks behave as
good conductor. In this geometry, all the condwctiterphases are arranged across the entire
length of composite in electric field direction aswl the effect of epoxy and glass fibre upon
the permittivity is trivial. Overall, the compositewith relatively high and anisotropic
dielectric constant combine the advantages of é&dric ceramics and polymer composites,
and represent a novel type of dielectric matehat ts flexible, strong and easy to process.

4 Conclusions

A simple approach to effectively integrate both hsedcal reinforcements and electrical
sensibilities to a single glass fibre and compasite studied. We found that the surface
nanostructured glass fibres using either graphemeplatelets or carbon nanotubes have
enhanced wear protection and tensile strength. ulinathin CNT networks on glass fibre
surface introduce the electrical conductivity te ttonconductive glass fibres and composites.
The networks present high sensitivity towards tigeidl wetting/dewetting processes and
polymer cross-linking reactions, owing to the out-gignal from the charge-transfer inside
materials. The unidirectional composites fabricatdd the CNT—glass fibres exhibit

6
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extremely high anisotropic electrical conductivitgnd relative permittivity. The
nanostructured fibres and composites can be englagdunctional materials in many fields,
such as wear prevention, chemical reaction or digdetection, artificial nerves/muscles,
“smart skins”, high charge-storage capacitors, amather potential applications at
nanoscale.
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