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Low Viscosity Processing using Hybrid CNT-coated 8ca Particles to Form
Electrically Conductive Epoxy Resin Composites
Arthur N. Wilkinson *, lan A. Kinloch and Raja N. Othman'

North West Composites Centre, School of MaterialsThe University of Manchester, Manchester,
M13 9PL, United Kingdom.

Abstract

Hybrid particles of multiwall carbon nanotubes (&Y Qrafted onto silica gel were shown to provide a
low viscosity processing route to forming electiiig@onductive epoxy resin composites. Rheological
studies showed the viscoelastic shear moduli ofxgpesin suspensions containing these particles
(named SG6_3) remained within the same order ohihade as that of the neat resincdtwt.% loading
(containing up to 1.65 wt.% of grafted CNTs). Wdws, the addition of 1.65 wt.% of discrete (non-
grafted) CNTs into the same resin increased shemluinby up to seven orders of magnitude. The
complex viscosities of suspensions containify wt.% of SG6_3 remained essentially unchanged,
whereas an increase of up to five orders of magdaitesulted upon the addition of 1.65 wt.% of non—
grafted CNTs. Whilst rheological studies showedS&did not form a percolated network at levess
wt.%, addition of only 2 wt.% (containing 0.66 wt@NT) was found to form an electrically—conductive
percolated network in an epoxy resin composite withductivity ~ 1 S/m.

Keywords: Carbon nanotubes; Hybrid particles; Epoxy resin;

1. Introduction

The potential benefits offered by incorporationcafbon nanotubes (CNTSs) into polymer composites [1,
2] are often limited by the large increases in ety that occur upon the addition of only a fewuwoe
percentage of nanotubes. This limits the use of &€hh structural applications at useful volume fics

[1] and even the lower loadings required for fuoicéll applications can create difficulties for presiag

[3]. Approaches used to improve the dispersionCTs in polymer matrices include chemical
functionalization, cutting of the nanotubés,situ polymerization, and enhanced physical blending [4]
An alternative method to mixing nanotubes diredtiyp the matrix is to attach the nanotubes to host
particles which are subsequently introduced int® imatrix. The most commonly used approach to

produce such hybrid particles is to grow the napesudirectly on the host using catalytic vapour

" Corresponding author. Tel: +44 1613065691. EngdressArthur.Wilkinson@manchester.ac. (&.N.

Wilkinson). T current address; Department of Mechanical EngingeNational Defence University of Malaysia,
Kem Sungai Besi, 57000 Kuala Lumpur, Malaysia

1



deposition (CVD), and this has been reported faide range of hosts; including fibres of carbongh,
silica [7], and alumina [8] and particles of silif@12], alumina {Al.Os3) [13], carbon black [14] and
stainless steel [15]. However, a detailed rheahmlgstudy of suspensions containing hybrid paritl

CNT particles has yet to be reported.

A previous publication from this study [16] repaltéhe synthesis and characterisation of hybridiglast
produced by the direct growth of multiwall carboanotubes (MWCNTs) onto spherical silica-gel
particles of approximately 40m diameter using floating catalyst CVD; and theligbof these hybrid
particles to form an electrically-conducting pestetl network was demonstrated in composites with
poly(vinyl alcohol). The overall aims of this sjudiere to develop hybrid CNT-based particles that a
firstly, easily dispersed in polymer matrices tonfiostable electrically-conductive percolated netsoin
that they are resistant to the shearing forcesrgést during polymer processing; and secondly do no
generate a significant increase in the viscosityhef polymer matrix, a common problem encountered
with CNT-polymer composites. To show whether thasas are realised using the hybrid particles
developed in our previous study, this paper prasamstudy of the rheological and electrical prapsrof

epoxy resin composites containing hybrid silica-Cd¥rticles.

2. Experimental

2.1 Materials and Sample Preparation

The silica gel (SG)-CNT hybrid particles chosen ttus study (SG6_3, see Figure 1) were synthesized
[16] under optimized conditions of 3 hours reactiime at a reaction temperature of 760 °C using
toluene and ferrocene as the carbon source antystapaecursor, respectively. Thermogravimetric
analysis (TGA) showed the resultant yield on thesB@strates was 33.6+0.4 wt.% of grafted CNT with a
mean tube diameter measured by TEM of 13+4 nm.

Figure 1. SEM image of a typical SG6_3 hybrid sitia gel (SG)-CNT patrticle.
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Araldite® LY556 epoxy resin (Huntsman) was usedhessuspension medium to study the rheological
properties of SG6_3 suspensions; produced by addingus loadings (0.5, 1, 2, and 5 wt. %) to the
degassed resins, followed by stirring at 2000 rprmoam temperature for an hour. Using the yield of
CNT from TGA [16], the CNT addition at each SG60ading was calculated as 0.17, 0.34, 0.66, and
1.65 wt.%, respectively. For comparison, a ranfjesuspensions (designated as NC) containing non-
grafted MWCNTs was prepared under the same conditend at the same CNT contents using a
commercially available grade of MWCNTs (Nanocyl™ NQGOO [17]). The dispersion of the hybrid

particles in the resin suspensions was viewed uaad&lympus BH-2 optical microscope fitted with% x

objective lens.

For the preparation of composites; an amine hardéredur® XB 3473 (Huntsman), a mixture of 80 -
92% diethyltoluenediamine and 4-10% 1,2- diamintmyexane, was added to the mixtures at a constan
weight ratio of 100:23 (resin:hardener) as recondedrby the manufacturer. The mixtures were stirred
for an hour at 2000 rpm before being cast into m®wnd cured at 140 °C for 8 hours to form small

plaques=10 mm thick.

2.2 Rheological and Electrical Measurements

A Thermo Scientific MARS Il rheometer system wagdiso perform rheological measurements on the
epoxy suspensions. All measurements were perfoah@® °C using 35 mm parallel plates with a 0.5
mm gap. In rotational mode, the shear rgJenas increased stepwise (0.005 — 1080amd held at each
step for 60 s. Under oscillatory shear; a strainsveep (0.5 — 500 % strain) was first conducted to
determine the linear viscoelastic region (LVR). ©kis region was identified frequency-sweep tgstin
(0.5 - 100 rad/s) was performed within the LVRa abnstant strain of 1%.

The impedance values of the composites were mahswsing an Impedance Analysis
Interface/NumetriQ PSM1735. A frequency range ob 1.C° Hz was applied, at a voltage amplitude of
1.0 V. For measurements the composite plagues eugrimto specimens of approximately 40 x 40 mm.
After polishing, silver paint was applied on twopoging cut faces and wires connected to these
electrodes using a conductive silver-loaded epaesive (RS Components). An average of at least fi

measurements was taken for each sample



3. Results and Discussion

3.1 Dispersion of SG6_3 Hybrid Particles

Figure 2 shows a typical optical micrograph of thepersion achieved in a suspension of 5 wt.% of
SG6_3 within the epoxy resin. During their prepiarastriking differences were observed between the
SG6_3 and NC suspensions. For example, the foflowed easily from the jars in which they were
mixed even when the loading was increased to 5 weétivalent to 1.65 wt. % of CNT). These
suspensions were also quite stable, and upongtittie jars after standing for 24 hours no obvious
sedimentation was observed. In contrast, a spatatarequired to transfer all of the NC suspensions
even the lowest loading of 0.17 wt. %. In the ca$el.65 wt.% CNT loading, in contrast to the
equivalent SG6_3 suspension (5 wt.%), the NC swsperid not flow within ten minutes of turning the

jar upside down.

R PEINCL L S B 2" 5 S S

Figure 2. Typical optical micrograph showing a susension of 5 wt.% of SG6_3 hybrid particles
(1.65 wt. % of grafted CNTS) in epoxy resin. The sde bar is 200 pum.

3.2  Steady Shear Properties
Figures 3a and 3b show shear viscosity data fothallsuspensions as a function of shear natearid
shear stresg), respectively. In Figure 3a, the flow curveditd neat LY556 epoxy resin and the SG6_3
suspensions show equivalent behaviour; displayiegtinian regions up to 200 followed by a degree
of shear thinning at higher shear rates. In cehtithe two NC suspensions containing discrete; non
grafted CNT exhibit viscosities that are betweeand 2 orders of magnitude higher at'&3 and which
decrease sharply as the shear rate increases.afSilamije increases in viscosity at low shear rates
resulting from CNT addition have been observedst@pensions in other epoxy resins [18-21] and water
[22], and are attributed to the formation of a péated network between the CNTs. As the sheawate
increased to > 2007s the viscosities of the NC suspensions decreaseapproach those of the epoxy
and the SG6_3 suspensions; behaviour indicativieeolbreak-up of the CNT network [18, 20].
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Figure 3. Steady shear viscosity data for the epgxesin and the SG6_3 and NC suspensions as a
function of (a) shear rate and (b) shear stress. He wt. % shown is that of the grafted CNT in the
suspension. The graphics (d) illustrate the partle arrangements in the suspensions for SG6_3,
showing a dispersed and well distributed arrangemerwith predominantly isolated particles which
remains essentially unchanged under steady shear up 200 §', and CNT, showing a percolated

network of CNT aggregates which begins to break upnder steady shear.

The shear viscosity versus shear stress flow curvésgure 3b show the epoxy resin and the SG6_3
suspensions to display stable Newtonian behavigar more than three decades of stress (wntil3
kPa). In contrast, the viscosities of the NC susjmars are initially up to two orders of magnitudgher
than the SG6_3 suspensions. The viscosity is dhserved to decrease by up to two decades while the

stress remained essentially constant, before flatraies at apparent yield stresses4® Pa and250 Pa
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for the 0.17 and 0.33 wt.% loadings, respectivéhis behaviour is once again indicative of the krep

of the CNT network, and similar observations hagerbreported for aqueous [22] and other epoxy [21]
CNT suspensions. In contrast, the grafted CNThefSG6_3 particles remain strongly attached to the
substrate and are relatively short. Therefore dagree of inter-tube interaction between CNTs on

neighbouring SG6_3 patrticles is negligible, preirenthe formation of an elastic, percolated network

a 10°;
10°
© ] SG6_3 (wt.%)
& 102‘5 0
1; A 0.33
10 ¢ 1.65

Figure 4: Shear stress—shear rate flow curves fogjf the epoxy resin and SG6_3 suspensions and (b)

NC suspensions. The wt. % shown is that of the gri@fd CNT in the suspension.

Shear stress versus shear rate flow curves faethe and the SG6_3 suspensions are shown in Hgure
After exceeding a small yield value the stress aases linearly with the applied shear rate until
approximately 200% indicating that viscosity is constant. This esigdly linear relationship was also
observed in Figure 3a, where the viscosity remabwtstant at shear rates < 200 dn the case of NC
suspensions (Fig 4b), a short region of constaesstat low shear rate is observed followed byeimsing

stress at higher shear rates.



The flow curves in Figure 4a exhibit a small yistdess followed by Newtonian behaviour, and theeefo
the data were fitted to the Bingham plastic, ofdddewtonian, model [23]:

T=T,+ Ny (1)
Where 1, is the yield stress ang, is the plastic viscosity. However, the flow cwsvef the NC
suspensions showed a superior fit to the Herschudiddd/ model [23], which has been used previously t

describe the flow behaviour of CNT suspensionsZ2R,The model is a yield-Power Law model, given
as:

=1, + Ky" (2)

Where n and K are the flow behaviour and consistémdices of the Power-Law model, respectively.

Table 1: Results from data fitting to the Binghamd d&derschel — Bulkley models.

Bingham Model (SG6_3 suspensions)

CNT / wt. %| Yield stresszy /Pa Plastic viscosity, /Pa.s | R*(y < 200s™1)
0 0.01 15.0 0.99

0.17 0.01 12.5 0.98

0.33 0.09 14.6 0.99

1.65 0.10 16.7 0.99

Herschel — Bulkley Model (NC suspensions)

CNT/wt. % | Yield stress, / Pa | n K /Pa.s R

0.17 32.1 0.85 26.3 0.90
0.33 204 0.78 41.3 0.91

For both the epoxy resin and SG6_3 suspensiondgTb the values ofy are< 0.1 Pa, indicating
essentially Newtonian flow behaviour up to shetesaf approximately 200's The Herschel — Bulkley
model was found to fit the NC suspensions overftHhaange of experimental shear rate. Compared to
the neat resin (Table Ly, increases by up to three and four orders of madeifor the 0.17 wt. % and
0.33 wt. % NC suspensions, respectively. The resuilte again show that the incorporation of theidyb
SG6_3 particles does not alter significantly thewflbehaviour of the epoxy resin up to the highest
loading studied (1.65 wt. % of grafted CNTSs); whilse addition of only 0.17 wt. % non-grafted CNTs
results in a dramatic change due to the formatf@ncelastic percolated network
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Figure 5. Oscillatory shear measurements conducteat a fixed frequency of 1 rad/s, showing the
variation of G’ and G’ with strain for the (a) NC and (b) SG6_3 suspensis. The wt. % shown is

that of the grafted CNT in the suspension.

3.3  Dynamic Shear Properties

The strain sweep data in Figure 5a show that fdoadlings of CNTs in the NC suspensions at lowistr

G' > G". However, at strains in the region of 30% moduwkgssover occurs as the suspensions undergc
a solid-liquid transition, after which 'G> G indicating predominantly viscous behaviour of the
suspensions from this point [25, 26]. Houghal. [25] observed similar behaviour for aqueous
suspensions of SWCNT, which the authors proposesl dua to network destruction as the nanotubes
rotated through angles large enough to induce agpar The incorporation of CNTs is observed teeha
significant effects on the epoxy resin, with onlgDwt. % increasing Gby an order of magnitude and G
by four orders. In contrast, for the SG6_3 susjpasstheir moduli-strain profiles are similar toeth

epoxy resin in that G> G for all of the strain range studied (Figure 5ipwing predominantly viscous
8



behaviour. In addition, compared to the NC suspessthere are only relatively small increases In G
values of< one order of magnitude for up to 0.66 wt.% CNT laththe corresponding 'Gralues exhibit

only a 2-3 fold increase with the addition of th8& 3 particles. No modulus crossover was obseaved
any loading, again indicating that the grafted CNibsnot form an elastic, percolated network in ¢hes

resin suspensions.
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Figure 6. Frequency sweep measurements conductedtiin LVR, showing G’ and G'" versus
frequency for (a) NC and (b) SG6_3-suspensions. &hwt. % shown is that of the grafted CNT in

the suspension.

The frequency sweep data in Figure 6 show thath®iNC suspensions (Figure 6a), the values'&nd
G” within the LVR are almost constant throughout fitegjuency range studied. The difference is more
pronounced at higher CNT loading and for suspessiwith > 0.33 wt. % at all frequencies & G".
Similar modulus behaviour, which is typical of aosig gel [22], has been reported for other CNT
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suspension [21, 22, 27]. In the case of SG6_3ensspns, G always dominates 'GFigure 6b)
indicating that these suspensions exhibit onlyatischehaviour even at a CNT loading of 1.65 wt. %.

The advantages of grafting are further demonstratédgure 7. As an elastic network does not fanm
the SG6_3 suspensions, their viscosity remainstannwith values similar to those of the neat redm
contrast, it has been shown that CNTs interachgtyowith each other and create an elastic netvweodn
at low loadings [20, 22, 26]. Thus, incorporatmionly 1.65 wt. % of CNTs increasgs at 1 rad/s by
two orders of magnitude, and the decreasg*irvalues with increasing frequency may be relatedt

progressive disruption of the percolated CNT nekwor

7 NC SG6 3
107 4 e o 017
6] Te, A 2 033
10 0.. <« < 066
5 e, ¢ O 165
10 << *, ® Neat epoxy
— 4 “A:4( .0’
»w 10 A g *e
© A at4
. A dy
N 10 .. AA 4
* ° A L4
= ®e, Aadag
10 e, Lal
.....
101668888888 888880888 8
100'-1 AT A Y
10 10 10 10

Frequency (rad/s)
Figure 7. The frequency dependency of complex vissity, n*, of the NC and SG6_3 suspensions.
The wt. % shown is that of the grafted CNT in the aspension.

3.4  Rheological and electrical percolation threshdk

Figure 8a contrasts the shear moduli variation$ \particle loading for both suspensions at a fixed
frequency. Consistent with previous findings thea@d G' data for the SG6_3 suspensions show little
change with increased loading, as power law belawsonot observed (both exponents < 1). In caitra
the G and @ data for the NC suspensions increase significantth CNT loading. The measured
exponent values of 3.05 and 2.43, respectivelyclse to the values of 2.6 and 2.4 reported byd¢€n

et al. [22] for agueous CNT suspensions, indicating simdevelopment in the structure of the CNT

network as loading increases.
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Figure 8. (a) Log — log plot showing Gand G'’ as a function of CNT loading (within the LVR at a
frequency of 1 rad/s) for both suspensions, the fitshown demonstrate the power law dependency
for each modulus. (b) Semi log plot of G(within the LVR at a frequency of 1 rad/s) for NCbased
suspensions as a function of CNT loading. The insshows a fit to the equation derived from

percolation theory.

The rheological percolation threshold (equatiom@p used to determine the critical CNT loading that

initiates a rapid increase in.G
! ! ! tT eo
G' = Gy (PCNT - pCNT,GI) " 3)
WhereG' is the storage modulu§g is the proportionality constanigyris the CNT loadingpeyr g, is
the critical CNT loading (frond&'), andtyeo is the rheological exponential constant. Fittihg tlata gave
Penter = 0.02 wt. %, andimeo= 2.9 which is within the range reported for spditierg networks of

particles of between 2 and 4.5 [23]. Similarlyrquéation threshold theory may also be used to
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determine the critical particle loading that caugesnsulator—conductor transition in a cured cositeo
given as:

o = o.(Penr — p(,:NT,(J')tele 3)
Whereo is the specific conductivity of the compositg, is the proportionality constam;-yr, is the
critical CNT loading (fromo), andte is the electrical exponential constant. Fittinglded values of
Pent,e Of 0.03 wt. % and 0.16 wt. % for the CNT — epoxy £G6_3 — epoxy composites, respectively.
Thus, not surprisingly, the grafting of CNTs to @abstrate inhibits the formation of an electrically-
conductive percolated network, as formation rebesthe orientation of conductive fillers within a
polymer. The CNTs are radially distributed alohg surface of the SG6_3 particles, yielding esabyti
isotropic particles. Whereas, it has been showpemmentally [28] and theoretically [29] that highe
electrical conductivity is achieved for anisotropdistributions of CNT compared to isotropic
distributions, and that aggregates of CNTs withiese distributions are crucial in achieving a catiga
percolated network in both epoxy resins [3, 30,&1d polymer melts [32]. In addition, the diffecenn
aspect ratio between the grafted and non-grafted @lslo plays a role. For example, Hernaneteal .
[33] obtained a critical loading of 2.1 vol. % foarbon nanodiscs compared to 0.4 vol. % for CNTs of
higher aspect ratio. Similarly, Sandlgral. showed that the value of critical loading obtdirfer a
carbon black was at least two orders of magnitudken than for CNT [3]. It is interesting to ndteat
whilst rheology results show that SG6_3 did notrfa percolated network within the uncured epoxy
resin at CNT values up to 1.65 wt.%, the electraaiductivity data for the cured composites showed
that the formation of an electrically conductiveygplated network occurred at a critical CNT logdas
low as 0.16 wt. %. This implies that the SG6_3ipls may aggregate upon addition of hardener to
form an electrically conductive percolated netwaak, indicated in the graphic in Figure 10, whereas

without hardener, the particles remain isolateshdEated by the optical micrograph in Figure 2.
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Figure 9. Semi log plot of specific conductivity lotained from (a) NC — epoxy (b) and SG6_3 —

epoxy composites. The inset showing a fit to the egtion derived from percolation theory.

Figure 10. Graphic illustrating the proposed chang in particle arrangements in the suspensions
for SG6_3; initially showing a dispersed and well @tributed suspension with predominantly
isolated particles (as indicated by the optical miograph in Figure 2) which, upon addition of
hardener, aggregate to form an electrically conducte percolated network.
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4. Conclusions

Suspensions of the SG6_3 particles remained stiaieg processing, in that application of sheacédsr
during mixing did not detach large numbers of CNifsl the particles did not form aggregates. Up to
loadings of 5 wt.% SG6_3 (1.65 % CNT) the compléscaesity of the suspensions was shown not to
change; whereas incorporation of 1.65 wt. % of rografted CNTs increased viscosity by up to five
orders of magnitude. In rotational shear, the shisaosity flow curves of suspensions containiggrid
particles at all loadings followed closely thatloé neat resin over a shear rate range of 0.1G6 §b In
contrast, incorporation of only 0.17 wt. % non—tgdf CNT showed significantly different flow
behaviour with the shear viscosity increasing ntbean an order of magnitude at low shear rates.s@he
differences are ascribed to the lack of interactibthe CNTs grafted on the surface of a SG6_3gbart
with those on adjacent particles, whilst the noaftgd CNTs are of much higher high aspect-ratio and
exhibit strong inter—tube interactions. In contrtastheir rheological behaviour in resin suspensjdhe
SG6_3 particles formed electrically percolated meks within cured composites at reasonably low
loadings £0.16 wt.% of CNTs). Thus, the study reported Heas demonstrated a practical method to
both control the dispersion of CNT into polymer nws and to introduce CNTs without adversely

affecting rheological behaviour.
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