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ABSTRACT

Epoxy multi-scale composites were produced usinganaarbon fibre (CF) fabric coated with an aqueous
dispersion of multiwall carbon nanotubes (MWCNT pimepoxy binder. The reinforcement of the CF-gpox
interface increased inter-laminar fracture tougbers=T) in mode | by 234+13% and in mode 1l by #266.
These increases were attributed to both the bindgch alone (cured without MWCNT) increased ILRT b
87+8% for mode | and 40+10% for mode Il, and to MM/Cpull-out and fracture. The uncured binder cduse
plasticisation of the matrix, which was addressatdeswhat by crosslinking of the binder and furthgithe
addition of MWCNTSs.

Keywords Carbon fibres; Carbon nanotubes; Polymer-matrixpasites (PMCs); Delamination; Fracture

toughness.
1 Introduction

Multi-scale (or hierarchical) laminate compositesvhich nanoscale reinforcing particles, such aiivwail
carbon nanotubes (MWCNTS), are employed togethtr typical microscale reinforcing fibres [1] offer
opportunities to significantly improve the matrigsdinated properties of conventional laminate coriips$2].
Initial research focused mainly on dispersion of IMTs into matrix resins using techniques such as
calendaring, milling, shear mixing, high-pressuoenlogenization, and sonication [1, 3]. However MWIGN
when dispersed in resins tend to reaggregate [#dhytogether with the very large increases inrregscosity
which occur upon addition of only a few volume Y%M#VCNTS [5, 6], can cause significant problems for
infusion composite processing [7]. To avoid thelgeems associated with adding MWCNTSs to the fultn®a
several groups have reported techniques designaeht®entrate the MWCNTSs at the matrix-fibre inteef&8-
10]. Grafting of MWCNTSs onto the surface of thleré reinforcement using techniques such as chewegadur
deposition [8] is reported to be an effective,dimplex, method of providing nanoscale reinforcenuérhe
fibre-matrix interface. Simpler approaches utii$e creating MWCNT-reinforced interfaces inclugeasying
of MWCNT dispersions onto fibre reinforcements ptio processing [8], although only relatively loawéls of
nanotubes could be applied. Herceg et al [10]ritestt a route of wet powder impregnation followsddoum
winding for preparing CF pre-pregs with very highéls of MWCNTSs (up to 6.1 vol.%) which produced
composites with large increases in electrical catidiy and interlaminar fracture toughness, ILFlis€ussed
later). As discussed, MWCNTSs can be introducefibte reinforced composites using a range of défiie
approaches and each has its advantages and disagesnin this study, we investigate multi-scalmposites
produced using carbon fibre (CF) fabrics coatethWWCNTSs using a relatively quick and easy spregdin
process of aqueous epoxy dispersions to creatgghening layer at the fibre-matrix interface. Thaimaim
was to improve the ILFT of laminar CF-epoxy compessiusing a toughening epoxy-based coating and
MWCNTSs. The objectives were: to develop a simglating technique to bind the MWCNTSs onto the swefac
1



of CF fabrics prior to the preparation of multi-Ecaomposites; to study the effects of the uncianredi cured
coatings on the mode | and mode Il ILFT of the cogites, and to study the effects of introducing MMITto

the fibre —matrix interface.
2 Materials

The base CF fabric used in all composites was arBess satin weave with an areal density of 388 gm
(Sigmatex UK). Five types of CF fabrics were utegdroduce laminates, the as-received CF fabridddas A)
and four types of coated fabrics, namely: coatdtl meat (non-curable) epoxy binder containing nénguagent
(coded UB); coated with a 1 wt.% dispersion of MWIENN non-curable binder (UBC); coated with curable
epoxy binder (B); and fabric coated with a 1 wt.%Vi@NT dispersion in curable binder (BC). The epoasgin
matrix system used was a mixture (100:35) of Ataldly 564, a low molar mass diglycidyl ether of-pisenol
A (DGEBA)/ butane diol-diglycidyl ether resin blewd equivalent weight 1655 g/eq., and Aradur 2@54'-
dimethyl-4.4’-methylenebis (cyclohexylamine)) cugiagent (both Huntsman Advanced Materials). The
MWCNTSs used were NC7000 (Nanocyl), industrial gr&tl& CNTs reported by the manufacturer to have an
average diameter and length of 9.5 nm and 1.5pspentively. The average diameter of NC7000 has bee
confirmed as 9.5 (£1.81) nm using TEM [11]. Thad®r used to coat the UB and B fabrics and to thied
MWCNTSs onto the UBC and BC fabrics was an aquedgsedsion of a solid DGEBA epoxy resin, EPI-REZ
3522-W-60 (Hexion), reported by the manufacturecdntain 59.5+1 wt.% particles of 1-3 um in siZehe
resin is a medium molar mass epoxy of 616+1 g/poxgequivalent weight with a glass transition tengture
and melting point of 40 and 65 °C as measured b§.D¥his dispersion is marketed by the manufactasea
size for carbon fibres for which it is often usedts uncrosslinked state, as in part of this stu@iwo fabrics
were also coated with a curable binder system fachwthe curing agent used was, as recommendeuaelesin
manufacturer, a mixture of dicyandiamide (dicy) &hethylimidazole (2Ml) [12]; this was preparee([100
parts binder) by dissolving 1.2 parts of dicy antb0parts of 2MI into 21 parts of distilled water78 °C.

3 Sample preparation
3.1 Dispersion of MWCNTs into the binder

As-received MWCNTSs were mixed with the binder;tfiraising a mechanical stirrer for 15 minutes foléal by
high-shear mixing using a Silverson L5M-A laborgtscale homogeniser operated at 5000 rpm for 2shour
The quantity of MWCNTS in the dispersion was 1 waf@ an ice bath was used to control the temperatur
the mixture between 20-30 °C. This addition pradlua high viscosity gel-like MWCNT-binder dispersiand
preliminary experiments had shown that attemptseaMWCNT level$-2 wt.% caused problems in spreading

the dispersion onto the CF fabric.
3.2 Coating of the CF fabric

The CF fabric was cut into plies of 20 cm x 20 amd ¢hen coated with either neat binder or the dipe of
MWCNT-binder using a K-control spreading coater (RKnts Ltd). This coater can be operated at vpeleds
between 2-15 m/min and gives wet film thicknessatsvben 4-200 um. Following preliminary experiments
varying the web speed to obtain a uniform thickra@sbe unfilled binder and of the high viscositfy\WCNT
dispersions on the surface of the CF fabric, treteronvas subsequently operated at 6 m/min. Falwvdes
coated using a meter bar which gives a nominalcwating thickness of 6 um and were subsequentiddri

overnight in an oven at 50 °C. The weight % oftrieader or MWCNT-binder dispersion obtained afteying
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were measured at 6.5 + 0.4 wt.% and 6.7 = 0.5 wiesectively. Figure 1 shows typical photograptthe as-
received (A) and a binder-coated fabric (UB), shmanthe coating applied evenly over the surface.

Figure1l. Typical images of the as- received A-fabric {leftd the neat-binder coated UB-fabric (right).
3.3 Fabrication of the specimens

For an initial processing study (to assess theceffeusing coated fabrics), flat panels of CF exgpcomposites
of nominal thickness 3.25 mm were prepared fromAh&B and B fabrics using resin infusion (RI) abm
temperature. During preparation, 8 layers of dabhic were vacuum-bagged on a flat aluminium maquléde
followed by RI; where resin flows from an inletda exit connected to a vacuum pump. Prior to i ,gpoxy
resin system (100:35 by weight, resin:hardener) washanically-stirred (15 min at 500 rpm) than drsgal for
30 min under vacuum. The infusion rate of therregs controlled using a Hoffman clip to ensure plete
wetting of the CF fabric. After completion of Ramples were oven-cured at 80 °C for 1 hour foltbiwg

demoulding and post curing at 140 °C for 8 hourariroven.

As a consequence of the results from this initratpssing study (discussed in section 5.1), theisgas for
the experimental procedures (described in sectidh$o 4.4) were taken from laminates producedguain
hybrid RI-hot press process which is also describexbction 5.1. Using this hybrid process, specisifor the
inter-laminar fracture toughness (ILFT) tests warepared with a PTFE starter film of 12 pm thickeg%6000,
Aerovac) embedded in the mid-plane, which simulatesitial delamination. The small specimens nesfufor
matrix digestion and dynamic mechanical thermalyeis(DMTA) were cut from the remainders of thd-TL

sample plates.
4 Experimental procedures

Composite samples were tested firstly for fibreumoé fraction using matrix digestion. Glass traosit
temperature (JJ, mechanical damping and dynamic storage modudtes were determined using dynamic
mechanical thermal analysis (DMTA). Mode | and mdldILFT tests were carried out using dual cangle
beam (DCB) and 4 point end-notched flexure (4ENf€cgmens, respectively. Each test was conducted on
specimens from at least two panel samples. Therdfie +standard deviations reported after the mahres in
the results tables and in the text reflect propeatyations; both panel-to-panel and specimen-gsispen within

the panels.



4.1 Fibrevolume fraction

The volume fractions of the carbon reinforcemeratrin and voids within the composites were deteadiby
removing the epoxy resin matrices by acid digestioltowing ASTM 3171 - procedure B which describes
matrix digestion using sulphuric acid and hydrogeroxide. Filtering out of solids was carried antler
vacuum using a Whatman 934-AH glass microfibreffilh a Gooch crucible. This filter has a nomipaiticle
retention of 1.5 pm and the intention was to retanCF. Although some retention of MWCNTSs carimet
ruled out, the maximum quantity of nanotubes ingbkds was calculated to b@.45 wt.% and so any errors

were considered negligible. The data reportedteeneans of at least three measurements.
4.2 DMTA

Dynamic storage modulus JEand damping factor (tad) were determined in dual cantilever bending mode
using a Perkin Elmer DMA 8000 instrument. Rectdagspecimens (40 x 10 mm) were tested at 1 Hz 86m

°C to 250 °C at a heating rate of 10 °C hifThe data reported are the means of at leashfa@surements.
4.3 Model ILFT

Critical strain-energy release ratgqe Glata in mode | was determined according to ASTB528 [13]; in which
mode | crack opening occurs due to loading apglegbendicular to the plane of delamination usirampt
hinges fitted to the end of a DCB specimen. Spensr(cut to 140 mm x 20 mm using a Benetec Slid® 70
Manual Sliding Cutter) had their side faces polgmainted white and were then marked from the edgee
insert film with vertical lines every 1 mm up to BOn to facilitate accurate measurement of cracgtleby
visual observation using an image magnifier. Te&se carried out on an Instron 5969 universairtgst
machine equipped with a 10 kN load cell,c Gata was calculated by modified beam theory (M&3ihg

equation 1.

3P6

Gie = Spta+ 180

€Y)

Where, P is the applied loadldisplacement, b specimen width, a crack lengthlaha calculated using the
compliance calibration method as defined in thaddiad. In accordance with ASTM D5528 [13], threetimods
were used to determine values of &t the initiation of delamination; visual obseigat onset of non-linearity
and 5% offset/maximum load (givingGiis, Gic.ne and Ge.vaxs respectively). Following initiation of
delamination propagation valuescé., Were determined as a function of crack lengtffle data reported are

the means of at least five measurements.
44 Modell ILFT

Specimens for the 4ENF test (140 mm x 20 mm) wegpgred and tested using the methods described by
Kuwata and Hogg [14]. The side faces of the spenswere polished, painted white and then markad the
edge of the insert film with vertical lines everynin up to 40 mm to facilitate accurate measureroeoatack

length by visual observation using an image magnifi

Four-point bend tests (Figure 2) were carried ouaio Instron 5969 equipped with a 10 kN load c€&he
diameter of the support beam rollers and loadirggaavas 10 mm and the distances between them @@re 1

mm and 60 mm, respectively. The speed of the dreasd for all tests was 0.5 mm/min. Following praeking

4



[14], specimens were re-loaded at 0.5 mm/min aadaad and displacement were recorded up to 40 raokc

length. From the data obtainegc<Gvas calculated using equation 2.

PZ
2

<3

(2)

Gic =

Where, P is the applied load, b is the width ofghecimen and m is the gradient from a compliancesc
plotted according to MBT as defined in the methbd]] As in the mode-I tests, values Q& Gs, Gic.ne, Gic-max

and Ge.propWere determined. The data reported are the nefaatdeast five measurements.

O ,
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Figure 2. Test configuration for the four point end-notclileckural (4ENF) ILFT test.

Table 1. Volume fraction data from matrix digestion tests omposites produced by RI using as-received
fabric (A) and two types of coated fabrics: nonatie binder (UB); 1 wt.% MWCNTSs in non-curable keénd
(UBC).

CF Reinforcement Matrix Voids
Composite (epoxy / epoxy + binder)
1% 1% 1%
A-RI 545+15 443+24 1.0+£04
UB-RI 51.3+x1.6 47.8+0.8 1.1+0.3
UBC-RI 50421 483 %15 16+0.6

5 Results and discussion

5.1 Processing study using coated CF fabrics

To assess any processing differences betweenteeaised (A) fabric and the coated UB and UBC izba
preliminary processing study was conducted. Matigestion results in table 1 show that the UB @&
composites had reduced volume fractions of CF acckased volume fractions of voids compared toAthe
composite. In addition, the thickness of the A posite produced under the vacuum-only conditiorRlofas
3.18 £ 0.03 mm compared to 3.57 + 0.08 mm for tapmosites produced with the coated CF fabrics.



To investigate this further a compressibility studythe fabrics was carried out, by transverse adesgion of 4-
layer fabric preforms between metal anvils in astrion 5969 testing machine, to give the pressuokitbss
data presented in Figure 3. It can be seen fobitider-coated UB fabric that the uncompresseditgss of the
4-layer preform is higher and that the compresgjtilf this fabric is significantly lower than fahe A fabric.
Coating of the fabric surface has increased thditygof the CF tows, increasing their resistanze t
compression; which results in lower packing fracsiof the tows [15] and can give higher levelsntfa-tow
voids in a composite laminate. However, the Crin@ fractions of composites produced using coatbdds
can be increased by increasing the pressure atasprerature applied during processing beyond thidieo
room temperature, vacuum-only pressure RI procedsed in this study; as reported from our Centijé &j for
CF fabrics coated with a thermoplastic tougher@nsequently a hybrid moulding technique, combirhg
with hot-press moulding in a Dr Collin GmbH P300Pgkéss, was developed [16] to produce laminatds wit
higher fibre volume fractions. The layup procediarethis HP process was almost the same as fex&dpt
that two metal spacer plates were placed eitherdidhe fabric stack in order to stop the moviteggn of the
hot press at the target thickness of the sample moulding cycle proceeded in the same manndreas t
standard RI, but once the inlet and outlet weréegethe whole assembly was placed in the hot {eg<80 °C)
and compacted under 10 bar pressure until the space were reached and then left to cure for @ue.h

Following demoulding, the laminates underwent e post-cure (8 hours at 140 °C) in an oven.
5.2 Fibre volume fraction

Results from resin digestion analysis in Table @shll the types of laminates produced by the Hitgss to be
now of comparable quality. The HP process genénaiech higher levels of compaction than RI (due to
application of higher pressure), and hence laminaéere increased;V Consequently, the results reported in the

remainder of this paper are for composites produsaty the HP process.

3.5

3.0 - — —4 layer carbon fabric (as received)
— 4 layer carbon fabric (coated)

Thickness (mm)

1.0 T T T T ' T T 1
0 500 1000 1500 2000
Pressure (kPa)

Figure 3. Pressure versus thickness curves of 4 layer pnsfof the A and the coated UB fabrics.



Table 2. Volume fraction data from matrix digestion tests domposites produced using the hybrid RI-hot
press (HP) process with all five types of fabras:received fabric (A); non-curable binder (UBWwt1%
MWCNTSs in non-curable binder (UBC); curable bin@@}; 1 wt.% MWCNTSs in curable binder (BC).

Composites Density Thickness Reinforcement Matrix Voids
(CF/ CF+CNT) (epoxy / epoxy +
plg cmi® /mm V! % binder) Vin/ % V, 1%

A 1.498 £ 0.003 3.18+0.03 549+23 446 £3.3 0.8+04
uB 1.503+0.010 3.18%0.04 55.5+0.2 44.1+0.8 04+0.1
UBC 1.501 £ 0.007 3.17+0.11 55.1+1.7 43.9+0.3 0.8+0.5

B 1.501+£0.008 3.19+0.08 54.3+0.3 44.1+0.5 0.6+0.3

BC 1.498 + 0.007 3.21+0.03 546 +0.4 448 +0.9 05+0.3

0.35
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Figure4. Typical curves of tad as a function of temperature for composites predugsing as-received fabric
(A) and four types of coated fabrics: non-curahielbr (UB); 1 wt.% MWCNTSs in non-curable binder (GB

curable binder (B); 1 wt.% MWCNTSs in curable bingdBcC).

53 DMTA
Typical DMTA data for the composites are shownigufes 4 and 5 and average derived propertiesiaee M
table 3. The damping data in figure 4 and tatdb@w that composite A exhibits only a singhkpeak in tard at

=140 °C, assigned to the, ®f the matrix epoxy, whereas composites containimeured binder (UB, UBC) also
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exhibit a lower temperatune— peak at67+2 °C assigned to the binder, as well as a retiteraperature-peak
at=132+2 °C. This reduction in the, of the matrix epoxy may be ascribed to a stoicleitiim imbalance
resulting from loss of hardener by molecular diifunsacross the interface into the binder epoxyepsrted for
epoxy sizes on CF by Drzal et al [17]. Diffusiomyroccur in the period prior to matrix gelationidgrcuring
at 80 °C; a period which will be at least the 4@ais quoted by the resin manufacturer for the badnc
stoichiometry system. Alternatively, the t&aurve for the UB composite shows that a significkagree of
phase mixing has occurred between the matrix epesin and the uncured binder, as indicated byhliete a
lower temperature of the-peak accompanied by a reduction in pealdtaalue from 0.32 to 0.2 and a
significant broadening of the transition peak. éehanges result in thie peak merging with the-peak, with
the small shoulder in the data=dt20 °C indicative of §—transition due to the formation of a third, mixed
phase. It may be envisioned that this multiphgseesn forms due to reaction-induced phase separéRiPS)
[18] as the composite cures at 80 °C. Initially Hinder, upon reaching its melting point, stastpliase mix
with the matrix resin system in the interlaminagioms of the laminate to form a homogeneous phédsehvas
curing proceeds and molar mass increases, themgoeeRIPS to form two impure phases dominatedthgre
the matrix epoxy systenu{phase) or by the loweryT40 °C) binder epoxyyéphase) and a third mixgid-phase,
as RIPS is interrupted by the gelation of the reapoxy system. The addition of 1wt.% of MWCNT4dlhe
binder in the UBC composite changes these effecisdegree. Thus, compared to UB, the low temperat
damping is increased significantly; with thqpeak tard value increasing from 0.18 to 0.28 accompanied by
significant narrowing of the transition peak, altlyh the temperature at the peak remains withimahge 67+2
°C. For they — peak, the peak tanvalue increases from 0.2 to 0.25 although agairtémperature at the peak
remains within the range 132+2 °C. The biggeshgkahowever, is the merging of thie- anda-peaks to give
a plateau in the damping data which extends fropnagmately 75 up to 130 °C. The dispersion of RGT
MWCNTSs into the binder resulted in a significantri@ase in viscosity, as we have found previougiytber
epoxy systems [11], which will potentially hindesth the initial phase mixing of the binder with timatrix
epoxy system and any subsequent demixing of anyfgeneous phase due to RIPS, whilst providing auiuiti
damping mechanisms due to binder-MWCNT interactioviery significant changes in damping behaviour
occurred upon curing of the binder, as shown bydtita for the B and BC composites in figure 4 aidet 3.
Compared to the UB composite, the B composite shiogveases in the peak temperatures for botl (& °C)
and they (+24 °C) transitions; the latter transition novhiésits a well-defined peak whereas the former is
reduced to little more than a shoulder on a mostrdit mixed-phasp — transition which retains a peak
temperature 0£120 °C. Thus, curing of the binder has produceghase with a much higheg ®f 94 °C (as it
is now crosslinked) which correlates well with tredue of 90 °C quoted previously for this systemeduwith
the same level of dicy [12], as well as a moreintist3 phase structure in the matrix. In contrésd,addition of
1 wt.% MWCNTSs to the cured binder in the BC compmsésults in a single, bro@d- transition damping peak
betweerr70 to~170 °C, with a peak temperaturexdfl1 °C and am — transition shoulder atL51 °C. This
change is indicative of a high degree of phasengixand it appears that the combination of a readtinder
with addition of MWCNTSs has inhibited RIPS signdiatly. It may be envisaged that despite the irezréa
viscosity due to incorporating MWCNTSs there wassignificant inhibition of the initial phase mixingf the
binder with the matrix epoxy system during theiatistage of the cure cycle (80 °C for 1 hour) dading that
sufficient time was still available for dissolutiofithe binder resin. RIPS is initiated in thegstems by the
increase in molar mass during network-forming pdyisation, and the degrees of residual phase mtkiaigy

occurred in the systems with unfilled binders (UBitRlicate that insufficient time is available f&tPS to reach



a high degree of completion. In the BC compotsiterefore, the presence of the MWCNTSs in the homegas

phase providing resin-nanotube interactions andekeltant increase in viscosity will further inhiRIPS.

Table3. DMTA data for composites produced using as-resgfabric (A) and four types of coated fabrics:
non-curable binder (UB); 1 wt.% MWCNTSs in non-cuebinder (UBC); curable binder (B); 1 wt.% MWCNTs
in curable binder (BC). The symbol (s) indicateshaulder on a larger peak.

vy — peak B — peak a - peak
Composite Storage modulus E’ Binder T Mixed Phase J Matrix Epoxy Tq
/IGPa /°C f°C f°C
25°C 50°C 100 °C
A 54 +4.5 52+2.1 50 +3.3 - - 140+ 0.8
uB 20+£1.1 19+£0.9 2+0.3 69 £0.5 121 +0.2 (s) 134+1.2
uBC 21+0.7 19+0.8 4+0.1 66+1.1 - 130+1.0
B 28+4.2 27+4.1 11+£1.9 94 +0.3 123+0.8 6 #0.4
BC 34+24 33+25 14+1.2 - 111+15 1519 ()
1E11 5
: -
1 —e— UB (HP)
1 —4— UBC(HP)
= 1 —v—B (HP)
& + BC (HP)
&y 1E10 -
G ]
= ]
= J
= 1
=
=) i
L
=
= IE9
= L B e
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Figure5. Typical curves of storage modulus as a functibteimperature for composites produced using as-
received fabric (A) and four types of coated fakiriton-curable binder (UB); 1 wt.% MWCNTS in non-aiie
binder (UBC); curable binder (B); 1 wt.% MWCNTsdarable binder (BC).

The data in Figure 5 and table 3 show (comparedteposite A) that the changes in the structuré®fatrix

resulting from the addition of binder in the UB qoasite significantly reduce the values of storagelous (E")

across the full experimental temperature rangeadtfition, the softening of the binder as it readke Ty causes

the onset of the drop in E” at the start of thadition (Sometimes termed the engineerigptd fall from=125

to~95 °C. The addition of MWCNTSs into the uncureddsnof the UBC composite addresses this problem but
9



only to a small degree. Crosslinking the bindenfposite B) addresses the drop in E” to a muchtgreagree,
and the addition of MWCNTSs to the cured binder (posite BC) resulted in the highest values of Bhef
coated-fabric composites; however, there is stilaaked reduction compared to composite A acrass$uth
experimental temperature range. Increasing thaéiaddevel of MWCNTSs to>2 wt.% may improve the
situation in regard to E” but, as discussed preshjouvas found to cause problems with fabric captithough
this is still a route to be explored further. bid#ion, other approaches such as treating the MWW
improve their interfacial adhesion with the bindarring the binder before composite processingthedise of

higher T, epoxy binders to coat the fabrics are currentipdpexplored.

100
4 - m--A
90—|--a- UB
e H e P UBC
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Figure 6. Typical DCB load-displacement curves for compositexiuced using as-received fabric (A) and four
types of coated fabrics: non-curable binder (UBNt26 MWCNTS in non-curable binder (UBC); curable
binder (B); 1 wt.% MWCNTSs in curable binder (BC).

53Model ILFT

The typical load-extension curves from the DCBgéstfigure 6 all show an initial region with aagpebut stable
rise in load followed by a region of unstable deelas the crack propagates, although the loadadisplent
curves of the coated fabric composites are sigmifly less stable than for composite A. For theted fabric
composites, crack initiation was observed to oetungher displacements and at much higher maxihoaihs
which increase in the order A < UB < UB(B << BC, an order which continues in the load Iswe the region
of unstable decline. The unstable behaviour fonpasite A results solely from the 5-harness sagawe fabric
used which generates crack deflection, branchidgomaving caused by the transverse fibre bundlgkseof
weave as described by Kuwata and Hogg [19]. Wisdi@ahe UB and B composites the addition of binde
both delays crack initiation and produces moreabistcrack propagation through the multiphase m#étrimed
by RIPS, in which the secondary-phase particlegyeserate one or more of a number of potentialtizhail
toughening mechanisms; such as deflection of thek¢cideformation of the secondary-phase partiales o
microcracking [20]. Similarly, the addition of MW s to the UBC and BC composites introduces aduffio
toughening mechanisms such as tube pull-out aitufi;y both of which can contribute significanty t

increasing fracture energy [21].
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Table4. Average values for mode | ILFT,&for composites produced using as-received faBiaqd four

types of coated fabrics: non-curable binder (UBNt26 MWCNTSs in non-curable binder (UBC); curable
binder (B); 1 wt.% MWCNTSs in curable binder (BC).

IC-Max IC-Vis GIC—NL IC-Prop % increase in
Composite Gic-prop
-2 2 -2 -2 i
Jkam Jkam Jkam Jkam relative to A
A 0.52 £ 0.07 0.47 £0.02 0.42 £0.02 0.47 £0.04 -
uB 0.81 +£0.13 0.70+£0.17 0.55+0.10 0.63+0.04 34+8
uBC 1.22 +0.20 1.18 +0.14 0.92 £0.09 0.99+0.12 110425
B 0.92 £0.02 0.79 £ 0.04 0.58 £ 0.03 0.88 £ 0.04 8718
BC 1.46 +0.13 1.27 +0.03 1.08 + 0.09 1.54 + 0.06 234+13

Delamination length, a (mm)

Figure7. Typical R-curves from mode 1 DCB tests for commssjiroduced using as-received fabric (A) and

four types of coated fabrics: non-curable bindeB){UL wt.% MWCNTSs in non-curable binder (UBC); chia
binder (B); 1 wt.% MWCNTSs in curable binder (BC).

In comparison to the use of uncoated fabric (cointpdg the derived values of @& the R-curves in figure 7

and table 4 show increased values for the UB coitgor addition of uncured binder of the order 6£20%.

However, it is the addition of MWCNTSs that has tf@minant effect which, relative to the UB composigsults

in increases in Qralues for the UBC composite ©64% for the initiation values and 57% for propagati
(which is +110% compared to composite A). Crosslig the binder (that is, composite B vs. UB) gaifigr

resulted in relatively small increases in initiati@, values € 13% except for %_Max which increased by 38%)

11



but the increase inIEB_Prop is 40%. However, once again it is the additiod/CNTSs to the cured binder

(composite BC) that has resulted in the biggestames as shown in Table 4; the increase of 56% @@ to
composite UBC (with uncured binder) may be indigatyf an increase in interfacial shear strengtmupo
crosslinking the binder as, assuming all MWCNTsapagters are the same, this is the only matrix petemthat

significantly affects the energy required to pult@a nanotube [21].

AccV Spot Magn Det W 2 l — AccV  Spot Magn Def
150kv 30 16000x SE 114 Composite m— _‘.“15 0kV 3.0 16000x SE

"
o e
¥

Al
AccV  Spot Magn [T R D e —— | AccV Spot Magn Det WD
16.0kv 3.0 32000x SE 115 Composite B

' &y 4 W

Figure 8. Typical SEM micrographs of matrix fracture surfaéesn Mode | DCB specimens for composites
produced using: i) as-received fabric (A), showénglatively smooth fracture surface and two typfesoated
fabrics; ii) curable binder (B), at two magnifiaats, showing rough fracture surfaces and evidehsaln

micron secondary phase inclusions in this multiphaatrix; iii) 1 wt.% MWCNTSs in curable binder (BGt

two magnifications, showing typical pm-scale aggtoates of MWCNTSs and evidence of nanotubes that hav

fractured whilst being pulled out of the matrix.
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The changes in matrix morphology indicated by DMIpgon coating the CF reinforcement with binder dhwi
binder containing MWCNTSs were reflected in the nxatracture surfaces following Mode | DCB testinghe
SEM micrographs in figure 8 show a progression fthenrelatively smooth fracture surface typicabof
unmodified epoxy resin (composite A) to the muchgiver surface generated by a multiphase matrix josite
B) containing sub-micron secondary phase inclusankfinally to a fracture surface showing exteasiv
evidence of pull-out and fracture of MWCNTSs (comipe8C). The matrix morphology of the BC composite
observed from SEM images, such as those showgunefig, is of an epoxy matrix containing dispersed
MWCNTSs, although the distribution of these dispdreanotubes is not homogeneous, and the MWCNTs
predominantly reside in pm-scale agglomerates. @uiivn MWCNTSs such as NC7000 are highly entangled,
and will retain a degree of entanglement even @ftensive shear mixing. As the mixtures of MWCNii's
epoxy binder appeared well dispersed and stalstmat temperature, it is possible therefore thatesofithe
agglomerates formed due to reagglomeration of tiéQWTs during the high temperature curing cyclehaf t
resin system, as observed by Ma et al for epoxy-NWVGystems [4]. The viscosity of the epoxy resistem
used in this study has been measured in our ladygrat drop by over an order of magnitude during pleriod
prior to matrix gelation on curing at 80 °C whicHlywromote reagglomeration of the MWCNTSs. Desftiteir
agglomeration, the SEM images show the MWCNTSs tadlethe toughening mechanisms described by Hsieh
et al [21]; in which the nanotubes first debondhirthe matrix then pull-out. Thus, energy is absedrbue to
friction between a nanotube and the matrix as puiloccurs up to fracture of the nanotube (as #émotubes are
long, and not straight, they will tend to ruptuagher than pull out completely). Hsieh at al [al§o modelled
the energy absorbtion due to the toughening meshenéxhibited by MWCNTSs in an epoxy matrix. Aduliti
of 0.1 or 0.2 wt.% of MWCNTSs resulted in pull-ott100% of the nanotubes, whereas only 62% wererabde
to pull-out on addition of 0.5 wt.% due to increchsmnotube agglomeration. Despite this, their nneaksGe
increased by 60% compared to the unfilled matoryfhich modelling showed the major contributorshte
increase energy absorbtion to be nanotube deboaditgull-out (responsible fe23% and~37% of the 60%
increase, respectively). In the present studypiteethe apparent higher addition level in the binghote
however that 1 wt.% in the binder is only).25 wt.% in the full matrix including the LY56434 epoxy resin
system) and any reagglomeration of the MWCNTSs,iggmt evidence of nanotube pull-out and fractwees
observed and increases it &, 0f *60% and=75% were measured upon addition of MWCNTS to theured
and cured binders in composites UBC and BC, resmyt

There are several reports in the literature of oapd mode | ILFT of multi-scale composites contagni
MWCNTSs. For example, Kepple et al [8] used CVIytow MWCNTSs on the surface of CF and reported an
increase of 50% in g for an epoxy matrix composite. However, the gtoptocedure was relatively lengthy
and complicated and the high temperatures reqéire@VD (= 800 °C) may damage CFs. Zhang et al [9]
applied 0.047 wt.% of MWCNTSs to a CF pre-preg framimethanol dispersion via spray coating and medsure
an increase in mode | ILFT of 50 %. Although atiekly quick process, residual solvent may affecicessing
of the prepreg and it was only possible to addatively small wt.% of MWCNTSs into the compositerapared
to the= 0.25 wt.% introduced during the current studyCamposites produced by Herceg et al [10] using CF
pre-pregs with levels of MWCNTSs of up to 6.1 volsitowed increases of 24% for mode | ILFT, ascriloed t
MWCNTSs increasing both the strength of the CF-matrierface and the toughness of the matrix. From
fractography, they concluded that in the compositiéls MWCNTSs cracks propagated both along the fibre
matrix interface and through the matrix within th&erlaminar region, which is similar to the cramopagation

observed for composites B and BC in the currerttystiDrientation of MWCNTSs within a composite afdays
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an important role as shown by Wicks et al [2]. Bpmatrix composites were prepared using alumibeefi
cloth reinforcement with aligned MWCNTSs grown os siurface using CVD. Composites containing 1-2%ol
MWCNTSs had mode | ILFT increased by 67%; ascriltedanotube pull-out, as observed in their SEM
micrographs. As discussed, MWCNTSs can be introduecdibre reinforced composites using a range of
different approaches and each has its advantagedisadvantages. The approach used in this rdsesaac
relatively simple process to introduce a relativietyh wt.% of MWCNTSs and one which does not require

solvents or very high temperature treatment ofCke
54Modell ILFT

The typical R curves from 4ENF tests shown in feg@rall show unstable crack propagation, simildheomode

| DCB tests. In comparison to composite A, thewael values of (z_prop in table 5 show an increase of only
18+14% for the UB composite on addition of uncub@ter due to the formation of a multiphase masix

RIPS (as indicated by the DMTA damping data) amdatiditional toughening mechanisms that such a
morphology provides. The addition of MWCNTS, whialroduce additional toughening mechanisms such as
tube debonding and pull-out results in further, engignificant increases in,&values for the UBC composite

of =28% for the initiation values and 33% for propagattompared to the UB composite. However, it és th
addition of the curable binder that has the magtiicant effect on the (z.p.op Values, which increase b0 %
for the B composite compared to the UB compositei¢ivequates to +40 % compared to composite Ajgnd
~30 % for the BC composite compared to the UBC amsitp, (which equates to +106 % compared to
composite A). These increases in fracture energylt from changes in the morphology of the intaitear

region upon curing of the binder. The DMTA dampitaga showed curing of the binder produced a binder
dominatedy-phase with a much higher softening temperatusin@iby 25 °C as it is now crosslinked) as well as

a more distinct 3-phase structure, which will erdeatihe toughening effects of this multiphase matrix

Table5. Average values for mode Il ILFT ffor composites produced using as-received fajaad four
types of coated fabrics: non-curable binder (UBNt26 MWCNTS in non-curable binder (UBC); curable
binder (B); 1 wt.% MWCNTSs in curable binder (BC).

Giic-max Gic-vis Gic-ne Giic-prop % increase in

H 2 2 2 2 GIIC—Prop

Composite /kIm /kIm /kdm /kIm .
relative to A

A 1.49+0.21 1.20 £ 0.09 1.09 £0.03 1.38 £0.22 -
uB 1.84 +0.06 1.05+0.17 0.96 £0.21 1.74+0.31 18+14
UBC 1.40 £ 0.27 1.35+0.25 1.23+0.05 2.33+0.32 57+21
B 2.13+£0.16 1.41+0.21 1.13+0.17 2.07 £0.15 40+10
BC 2.53+0.07 2.27+0.11 1.57 £0.02 3.04 +£0.02 106+2
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Figure9. Typical R-curves from mode Il 4ENF tests for conifessproduced using as-received fabric (A) and
four types of coated fabrics: non-curable bindeB)UL wt.% MWCNTSs in non-curable binder (UBC); chia
binder (B); 1 wt.% MWCNTSs in curable binder (BC).

Figure 10 shows SEM micrographs of mode Il fracBudaces of composites A, B and BC. For compdsite
the micrographs show almost entirely interfacidlfe where exposed fibres are free of matrix draftacture
surface of the matrix is relatively smooth. In tast, for composite B the micrographs show filihed are part-
covered with matrix and the fracture surface ofrtfedrix is rougher and shows evidence of sub-micron
secondary-phase particles, which is indicativeathbincreased interfacial bonding and of increasattix
toughness due to the formation of a multiphaseirakor the BC composite, addition of MWCNTSs entes
the fracture resistance of the matrix by introdgaaditional toughening mechanisms such as tubdeptiand
fracture [21]. This is confirmed by the micrographhich show pulled-out sections of MWCNTSs on ttaefure
surfaces. It can also be seen that the MWCNTdegwiedominantly ipm-scale agglomerates as discussed
previously. The presence of MWCNTSs and their aggmtes throughout the binder-toughened matrixerea
abrupt stiffness variations and introduce localutgances in the stress distribution, which haventehown to
result in crack deflection in epoxy-MWCNT nanocorspes [21, 11]. This inhibits propagation through
matrix as a crack must pass either through or araneas with different stiffness which results ircrease in

energy absorbance.
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Figure 10 Typical SEM micrographs of fracture surfaces of4HeNF specimens for composites produced
using a) as-received fabric (A) and two types afted fabrics: curable binder (B); 1 wt.% MWCNT<urable
binder (BC).

An increase in interfacial bonding between the G& matrix for the B composite is proposed to beagom

factor in the increase in its&prop OVer the A composite. For example, Madukar anazBIr[22] showed (g to

increase by a factor up to 2.9 upon increasingfibatrix adhesion in epoxy-CF composites by surface

treatment of the as-produced CF; the increase l@sagbed to the initiation of energy-absorbing haegsms
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such as matrix deformation and fibre pull-out.tHa current study, the multiphase matrix generbieRIPS on
addition of the binder is another factor in thergase of the mode II' ILFT of composite B. The fation of a
multiphase structure introduces potential additi@mergy absorbtion mechanisms to the matrix ssch a
deflection of the crack, deformation of the secapgehase particles or microcracking and makes itemo
difficult for cracks to propagate [20]. For exampthe effects of an epoxy-thermoplastic multiphasgrix
formed by RIPS were studied by Wu et al [16]. Cosifes reinforced with a uniweave unidirectional CF
fabric, un-coated and coated with a poly(aryletb@yke), PAEK, were prepared using RTM6-2 as theixat
Composites with a PAEK-toughened matrix showed@dlincrease in mode Il ILFT compared to the
composite with the unmodified matrix, resultingrfréhe formation of a tough multiphase matrix in the

interlaminar regions due to the PAEK coating onGlefabric.
6 Conclusions

Multi-scale composites were prepared using CF ¢adpiread-coated with an epoxy resin binder comtgiap to
1 wt.% MWCNTs. The simple coating process usedquask and easy but also increased the resistance t
compression of the CF tows. This resulted in loparking fractions during vacuum-only RI and reqdiitiee
use of a hybrid RI/hot-press moulding techniquénwignificant overpressure capability to compréssdoated
fabrics. The uncured binder and matrix epoxy systermed a multiphase matrix due to reaction-indugkase
separation (RIPS) which increased values gffg, and Gic.prop ILFT by up to 110 and 57%, respectively, but
also caused significant plasticisation of the meand reduced the main, Tas measured by the drop in dynamic
storage modulud)y up to 45 °C. This plastication was addressetidegree by crosslinking of the binder,
which also increased&erop ILFT by 87% and Ge.prop by 40%. However, it was the combination of cured
binder with 1 wt.% MWCNTS that gave the highest@ases in ILFT; 234 % in&prop and 106% in (z_prop
The addition of MWCNTSs also inhibited the plastiisn of the matrix, reducing the drop ig t®
approximately 25 °C, but DMTA showed there was atiinarked reduction in storage modulus compared to
composite A across the full experimental tempeeatange. Thus, whilst the simple spread-coatioggss
used provided a quick and easy nanoparticle madifio of CF fabric reinforcement to produced mattale
composites with reinforced CF-matrix interfacé® plasticisation of the matrix by the binder mustinhibited.
Approaches such as addition of higher levels (>%Wvbf MWCNTS, treating the nanotubes to improwerth
interfacial adhesion with the binder, curing thedsir before composite processing and the use behif

epoxy binders to coat the fabrics may addrestioislem.
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