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Amino-modibed double wall carbon nanotube (DWCNT-N}#carbon bber (CF)/epoxy hybrid micro-nanocomposite laminates
were prepared by a resin infusion technique. DWCNT-Xg&boxy hanocomposites and carbon bPber/epoxy microcomposites were
made for comparison. Morphological analysis of the hybrid posites was performed using Peld emission scanning electron
microscope. A good dispersion at low loadings of carbon nanot(@&3s) in epoxy matrix was achieved by a bath ultrasonication
method. Mechanical characterization of the hybrid micro-nanocomposites manufactured by a resin infusion process included
three-point bending, mode | interlaminar toughness, dynamic mechanical analysis, and drop-weight impact testing. The addition
of small amounts of CNTs (0.025, 0.05, and 0.1 wt%) to epoxy resins for the fabrication of multiscale carbon Pber composites
resulted in a maximum enhancement in Bexural modulus by 35%, a 5% improvement in Bexural strength, a 6% improvement in
absorbed impact energy, and 23% decrease in the mode | interlaminar toughness. Hybridization of carbon bber-reinforced epoxy
using CNTs resulted in a reduction ify and dampening characteristics, presumably as a result of the presence of micron-sized
agglomerates.

1. Introduction conductive nanocomposites with low percolation thresholds
[9B14]. The introduction of such CNT modibed resins into
From virtually the moment carbon nanotubes (CNTs) were already matured carbon bber-reinforced plastics (CFRP)
discovered, it was expected that they would display superiaopens the possibility for the creation of new multifunctional
mechanical properties as compared to carbon bbers. It hasnultiscale materials with optimized mechanical, thermal, as
been shown that CNTs can signibcantly strengthen polymewell as electrical properties.
matrices if the nanotubes are well dispersed, bonded, and Recent interest in multiscale composite materials has
aligned [L, 2]. A number of reports have however also shown often been inspired by nature which is full of interesting
positive e ects of the incorporation of randomly dispersed biocomposites with multiple hierarchical levels of rein-
nanotubes on the crack resistance of polymer resBis [ forcement. Bone, for example, is a fascinating multiscale
8]. Gojny et al. B], for example, reported a 43% increase hierarchical composite consisting of macro-, meso-, micro-
in the fracture toughness of a standard epoxy resin withas well as nanofeatures, all of which are responsible for
the addition of 0.5 wt% amine-functionalized double wall imparting unique mechanical characteristics such as high
carbon nanotubes. Besides the (often modest) mechanicati ness and high toughness. Man-made multiscale micro-
property improvements, CNTs have been especially successanocomposites cer a route by which multifunctionality,
ful in improving the electrical properties of polymers. Their such as enhanced thermal stability, lower coent of ther-
combination of good intrinsic conductivity and high aspect- mal expansion, and high thermal and electrical conductivity,
ratio makes them very interesting Pller for the creation ofcan be imparted to the Pber-reinforced composite through
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an addition level of hierarchy. While Pber-dominated prop-
erties of such multiscale hybrid micro-nanocomposites may
benebt to some extent from the incorporation of nanoparti-
cles, it is expected that especially resin-dominated properties
will benebt the most.

The purpose of hybridization in composites is to extend
the concept of tailoring properties to suit requirements
and to o set the disadvantages of one component by the
addition of another L5P17]. Recent research erts in
this Peld have focused on properties of hybrid micro-
nanocomposites in which dispersed second phase nanopar-
ticles are added to the epoxy matrid8B2. Mahrolz
et al. 2Q reported a signibcant enhancement in mechanical
performance including improvements in stiess and tensile
strength, delamination resistance, and safety factors of
their epoxy-based multiscale composites. Mode Il fracture Micro-sized carbon bber Dispersed CNTs
behavior of the Igmlnates was examlned by Karapappq;slgure 1: Multiscale hybrid micro-nanocomposite based on CNTs
et al. 18 and an increase was reported in fracture energy, .4 carbon bber. (adopted fron3§).
of the CFRP doped with 0.5% and 1% CNTs (about 45%
and 75%, resp.). Chen et akRZ 23 prepared an epoxy-
silicate nanocomposite using an aerospace grade epoxy resin )
and carbon Pbers and showed higher storage modulus &rrier properties for gasses and vap@$ #0], and reduced
glass bber/CNT/epoxy composites and reported an increadéth aligned CNTs and their derivatives provide areetive
in interlaminar shear strength by 20%. Tsantzalis et almeans to connect nanoscale entities to the macroscopic
[25, 26] doped carbon bber reinforced epoxy laminates withworld a_nd were sh_own to possess interesting eIect_rochem_lcaI
carbon nanobbers (CNFs) and titanate piezoelectric (PZTProperties attractive for a wide range of potential appli-
particles and reported a 100% increase in fracture energ§@tions, including methanol direct fuel cells and highly
of laminates with the addition of 1 wt% CNFs. Wich- Sensitive chemical and biological senso#8].[ Frankland
mann et al. P7] developed fumed silica/glass bber/epoxy,et al. 44 modeled multiscale hybrid micro-_nanocomposites
micro-nanocomposites by resin transfer moulding techniquePresence of nanotubes near the surface of carbon bbers can
(RTM) and reported a 16% increase in interlaminar shearha@ve a small, but positive, ect on the properties of the
strength and superior electrical properties as a result of #mina. _ _ _
small addition (0.3 wt%) of CNTs. Chowdhury et aRg] The use of the nanotube-modlbed epoxies as a matrix
investigated the eects of nanoclay on the mechanical and System for carbon bber-reinforced composites has not been
thermal properties of woven carbon bber-reinforced epoxyfully studied, which is the aim of this study. It is not the
and reported an 18% and 9% improvement in Rexural @M of this study to re_place any continuous carbon bb.er
strength and modulus, respectively, with the addition of With CNTs. However, dispersing them in small amounts in
3 wt% nanoclay. Dean et al. reported on the synthesiéhe polymerresm can potennallyenhanqe _matnx—dommated
and fabrication of glass Pber-reinforced composites base@roperties of these carbon Pber compositéggre 3. In this
on vinyl ester and epoxy nanocomposites, respectiZdy [ work, we prepa_lred muIt!scaI(_a hybrid micro-nanocomposites,
30. Qiu et al. [32 improved electrical conductivity and based on amino-functionalized double wall carbon nan-
mechanical properties of CFRPs byeetive inbltration Otubes (DWCNT-Nh), carbon Pber fabrics, and epoxy
of CNTs using vacuum-assisted resin transfer moldingMatrix.
technique.

Thostenson et al. 33 and Kepple et al. 34 grew 2 Experimental Details
CNTs on carbon Pbers and embedded these Pbers into
an epoxy matrix and reported superior interfacial bond 2.1. Materials.The epoxy matrix used in this study consists
strength between the polymer and the CNT-modibed car-of a CYCOM 823 RTM liquid epoxy resin with an aromatic
bon Pber. Gou et al. 35 worked on the fabrication of anhydride hardener, supplied by Cytec Engineering Materials
carbon nanobber-modibed glass Pber-reinforced polyestditd., UK. This epoxy system is a standard resin for the
matrix. Vlasveld et al.36, 37] showed a more than 40% aerospace industry and infusion procesgis. [Plain weave
increase in Rexural and compressive strength at elevatezhrbon Pber fabric (P1726, 0/90with an areal density of
temperatures with the incorporation of 10 wt% nanoclay 0.445 kg/m, was also obtained from Cytec. Cadek et4#] [
in continuous Pber-reinforced thermoplastics. Additional showed that DIWCNTs-polymer composites, as compared to
interesting properties of nanocomposite resins for advancedther CNTs, give potentially the best balance of properties
composites reported in literature are a reduced creep ratén terms of dispersibility and mechanical properties for use
[37] and coe cient of thermal expansion3p], improved  as reinforcement of polymers. Amino-functionalized CNTs
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Figure 2: Vacuum infusion lay-up sequence.

lead to a more homogeneous distribution in the matrix and 2.4. Vacuum InfusionThe dispersed mixtures were slowly
a reduced risk for agglomerates, as compared to pristinenfused into a vacuum bag containing six plies of woven
CNTs 4, 5. DWCNT-NH» (Nanocycl 2152) was supplied carbon fabric with a (0/90 lay-up under a negative pressure
by Nanocyl S.A., Belgium. As per supplier, these CNTs wer@-igure 3. The authors would like to emphasize that even
synthesized by CVD method, having diameters of aroundhe small amounts of DWCNT-NkEemployed in this study
4.7nm, lengths up to several microns, a carbon purity ofdrastically increased the viscosity of the matrix. To reduce the
more than 90%, and a functionalization of less than 0.5%. viscosity and promote Buidity, the colloidal suspension and
vacuum infusion stainless steel base was heated @ Fbe

i i . infused lay-up was cured at 125 (heating rate= 1 C/min)
2.2. Dispersion Proceduriéree compositions (0.025, 0.05, tor an hour and slowly cooled in a closed oven to avoid
and 0.1 wt%) of DWCNT-NH were dispersed in the epoxy matrix cracking. The thickness of the laminates was 3
matrix u'sing a high—ppwer bath ultrasonication (Decon g 30 mm. By matrix digestion tes#§, the bber volume
Ultrasonics Ltd, FS Minor, 75 Watts) for bve hours. ASfraction and void content was estimated to be 55% and
per authorsO previous work7, this method is highly o 505, respectively. More details of this process are described
e ective for lower concentrations of CNTs and results iNelsewheredd. The same procedure was followed for making
a good level of dispersion. Anhydride hardener (20 Wt%)neat carbon bber-reinforced epoxy laminates without CNTs.
was added after dispersing CNTs in epoxy. The mixtures, it of specimens prepared is giverable 1 For the mode
were extensively hand-mixed for 5 minutes. After degassinginterlaminar fracture toughness testing, the same lay-up
(at 50 C/30mmHg) the suspension for 30 minutes in a g resin infusion procedures were carried out. However, an
vacuum oven, one batch of materials was used to makgsert bim, made of 1@m thick PTFE bIm, was placed in the

DWCNT-NH_/epoxy nanocomposites by an open mould yiq-plane of the lay-up to create a crack opening.
casting method, while a second batch was used for the

manufacturing of the hybrid micro-nanocomposites by . o
vacuum infusion technique. 2.5. Mechanical Characterizatidfiexural strength was mea-

sured in a three-point bending test using an Instron 6025

screw-driven universal tensile testing machine at a cross-
2.3. Open Mould Casting.he homogenized suspensions head speed of 5mm/min at room temperature. At least
were slowly poured between two mirror-polished stainles$ve specimens were tested for each composition. Double
steel plates at an angle30 ) in a vertical position to prevent cantilever beam (DCB) specimens were prepared for mode
entrapment of air bubbles during casting. Demoulding sprayl fracture toughness tests according to ASTM D5528-01. The
(Frekote 44, Hysol, The Dexter Corp.) was applied to thecomposite specimens were cut to size (120 mr20 mm)
plates before casting for easy separation. The resin wasd a composite material made of glass bber and epoxy
cured at 125C (heating rate= 1 C/min) for an hour  (commonly used for end-tabs) was cut (120 nxm20 mm)
and cooled slowly in an oven to avoid thermally inducedand bonded to both sides of the specimens to increase the
matrix cracking. The thickness of the epoxy nanocomposité3exural regidity. Piano hinges were bonded to the ends of
plates was & 0.25mm. No voids and shrinkage marks the specimens, and the distance between the loading points
were observed by the naked eye. The same procedure wasthe end of the insert PIm (beginning of the crack) was
employed to make neat epoxy plates. 50 mm. The sides of the specimens were spray painted with
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Table 1: Samples prepared for this study.

Sample description Method of preparation Sample ID Fiber volume fraction (%) Void Content (%)
Neat epoxy Open mould casting A \ Negligible
0.025 wt% DWCNT-NH + epoxy Open mould casting B N Negligible

0.05 wt% DWCNT-NH + epoxy Open mould casting C N Negligible

0.1 wt% DWCNT-NH, + epoxy Open mould casting D \| Negligible

CF + epoxy Vacuum infusion E 56.5 0.50

0.025 wt% DWCNT-NH + CF + epoxy Vacuum infusion F 55 0.67

0.05 wt% DWCNT-NH + CF + epoxy Vacuum infusion G 57 0.80

laminates were clamped between two plates. At least bve
samples were tested for each composition and were impacted
Falling dart at a bxed initial impact energy level of 6 joules. Ultrasonic
~ C-scan was performed using a jet probe inspection system
(Midas-NDT) to measure the damaged area in laminates.

2.6. Field Emission Scanning Electron MicrosSopsl
samples were cut from fractured specimens. All samples were
Surface A gold coated and then transferred to an FE-SEM (FEI, Inspect
\ F, 10 kV) for examination. Gold coating was done to visualize
agglomerates rather than individual CNT.

60x 60x 3mm sample 3. Results and Discussion
Surface B
3.1. SEM Characterizatioblsing SEM analysis, the interply

Figure 3: Schematics of falling dart impact testing. resin (between 3rd and 4th ply) of the cured laminate
was studied to evaluate the level of impregnation of the
) ) ) ) ) nanotube modibed resin within the carbon Pber plies as
a white paint primer, and marking was dr_awn on the PrIMer well as in between the pliefigure 4shows the interply
for every mm. The sample was loaded in tensile mode in gegion in the centre of the woven fabric laminate (between
HounsPeld universal testing machine, at 1 mm/min. Crackz,q and 4th plies). No clear bltering ect of the carbon
growth was observed using a digital microscope and thé;pric on the DWCNT-NH for samples F and G was
measurements of load and displacement at correspondingbserved' as was reported in earlier stud2®. [However,
crack length were recorded. ThezGalues in this study were 4, sample H, which contains 0.1 wt% DWCNT-NH
calculated using the modiPed beam theory (MBT) usiig (  there was a clear dérence in the clearness of the resin
3p coming out of the suction line, indicating lower nanotube
= D@+ )’ 1) content due to bltering of larger agglomerates present in
this resin system by the carbon fabric. It should be noted
where P is the load, is the load point displacemenh  that due to the large dierence in scale, it is not possible to
is specimen widtha is the delamination length, and directly observe both DWCNTs-NHand carbon Pbers in
is determined experimentally by generating a least squarthe same image (see Figurgs) and 4(b)). Agglomerates
plot of the cube root of compliance, '€, as a function of of DWCNT-NH, are visible in Figureg(b) and 4(c) for
delamination length. sample F. The lower viscosity may lead to better wetting of
Dynamic modulus and viscoelastic response was studietthe carbon bbers and dispersion of the DWCNT-Nbiut
in a DMA Q800 (TA Instruments Itd., UK) in bending mode a nonuniform distribution of CNT aggregates is observed
at a frequency of 1 Hz. Heating occurred at a rate @/min in Figure 4. The nonuniform dispersion of DWCNT-NE
and in a temperature range between 30 and 20@-lexural  (Figures4(a), 4(b), and4(c)) in between carbon Pber layers
properties were measured according to ASTM D 790-03hould be due to the aggregate nature of CNTs because
(sample size 68x 12.7x 3mm, span-to-depth ratie= 16).  of their high specibc surface area and strong interaction
Similar size samples were used in DMA. forces between them. Key failure mechanisms in continuous
Energy absorption during impact was measured on Rabber reinforced composites like Pber fracture, Pber pull-out,
plates (sample size 60 x 60 x 3mm) using a Ceast Pber/matrix debonding, crack bridging-igure 4(d), and
instrumented dart impact tester (Dart Vis, diameter  matrix cracking have also been observed in CNT-modibed
18 mm) btted with a data acquisition systeFigure 3. The  polymer composites as demonstrated by Thostenson and

Gic
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4th ply
250pm Epoxy + CNTs 500um

(@) (b)
15um 500 nm
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Figure 4: FE-SEM images of hybrid (0.025 wt% DWCNT-NHhicro-nanocomposites: (a), (b) middle of cured laminate (between 3rd and
4th plies), (c) agglomerates of DWCNT-NKpointed), and (d) individual DIWCNT-NH bridging epoxy matrix (pointed).

Chou [49 50 and the same is expected for these hybridmodulus for sample G. Flexural modulus increased up to
micro-nanocomposites. 0.05 wt% of DWCNT-NH (sample G) and then decreased.

3.2. Flexural Testingso far nanotube-blled polymers have 3.3. Impact Testind=alling-weight impact testing has poten-
not had many industrial successes in which they showetial for evaluating the damage tolerance of laminated
a mechanical property advantage over traditional carborcomposite materials. This type of testing gives signibcant
Pbers b1], even though the potential reinforcing properties, information about failure mechanisms and behavior of
notably strength, of CNTs are superior to those of carbonmaterials under low velocity impactl}, 55. Postpro-
Pbers 2. The low loadings of CNTs often employed in cessing of the measured impact parameters, force, time,
epoxy resins imply less inhomogenities but also less posand impact velocity results in the complete energy history
tive perturbations of mechanical properties3. Previous and the energy absorbed during impact by the composite
attempts to combine nanocomposites with micron-size Pbergaminate. Upon impact the total impact energy can be
often resulted in a strong decrease in strength, presumablgivided into two parts. The brst is the elastically stored
caused by poor adhesio87]. In our case, adding CNTs energy in the composite plate, which is released after
to CFRP imparted a small increase in Rexural strengtmaximum defRection by rebouncing of the laminate. This
(Figure 5(a) of around 5% for sample F, indicating a good rebouncing energy is successfully transferred back to the
bonding between the CNT-modibPed epoxy resin and theimpactor. The second is, the energy absorbed in the
carbon Pbers. Nanotube modibcation of the pure epoxy resitomposite laminate available for damage that consequently
showed an increase in Bexural strength of nearly 50% focontrols the extent of damage and residual strend®) 17,
sample C, but this is still signibcantly below the theoretically55].

predicted values54. Flexural strength of the CNT/epoxy To study the impact damage tolerance of the micro-
nanocomposites increased up to a loading of 0.05 wt% ohanocomposites, here, the authors only report the Oabsorbed
DWCNT-NH, (sample C) and then decreased, presumablyenergyO of the composite laminates. It should be noted that
due to agglomeration at higher nanotube concentrationsthe neat resin-based samples A, B, C, and D cannot be
For hybrid micro-nanocomposites Rexural strength only compared with the CFRP-based samples E, F, G, and H.
increased up to 0.025 wt% of DWCNT-NHsample F). As  The brst four samples were too brittle and shattered upon
compared to sample A, a very small improvement in Bexuralfull-penetrating) impact, whereas the latter four containing
sti ness Figure 5(b) for samples B (10%), C (11%), and D carbon Pber did not penetrate. The energy absorbed, cal-
(8%) was observed. However, the introduction of DWCNT- culated by the area under the force-displacement curve, is
NH, in CFRP resulted in a near 35% improvement in Bexuralpresented ifFigure 5(c) CNTs improved the impact strength
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Figure 5: Mechanical characterizations (three-point bending test and drop-weight impact(@sfexural strength(b) Rexural modulus,
and(c) energy absorbed (area under the curve of force versus displacement).

1000000

by up to 30% (sample C) for the nanotube-modibed epoxylaminates both showed similar damage are€5@4 mn¥) on
resin. In the case of hybrid micro-nanocomposites, carborthe impacted surfacd-(gure §. At the initial impact energies
Pbers were expected to absorb most of the energy duringf 6 Joules, no damage was detected at the nonimpacted
impact because of their large volume. After hybridization,surfaces (surface Bigure 3 of the laminates. Results in
slightly more energy was absorbed by the hybrid micro-Figure 5(c)show a negligible enhancement in the energy
nanocomposites. However, no signibcaneet on damage absorbed by samples F (3% improvement) and G (6%
area was observed in the ultrasonic C-scaRgure §. improvement) as a result of the presence of DWCNT-NH
Hybridized (0.1 wt% CNTs) and nonhybridized CFRP This small increase was not very exciting given the large
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Without CNTs With CNTs

20mm 20mm

@ (b)

Figure 6: C-scan images of nonhybridized CFRP and hybridized (0.1 wt% CNTs) micro-nanocomposite.

increase in surface areaered by the CNTs. Regarding the 60
enormous surface area of nanoPllers, only small volume .
fractions of CNTs are needed to modify a large volume ofthe 50+ S
matrix, resulting in a high interphase fractio27]. Energy X
absorbed by the hybrid micro-nanocomposites increased 40+ /
only up to loadings of 0.05 wt% DWCNT-Ni(sample G) z / v ” . P
and then decreased for sample H. A similar trend was alsog 30+ ‘ *-
observed for epoxy nanocomposites in which the maximum S / L7
energy was absorbed by sample C (0.33 J, 30% enhancement 204 =~

as compared to neat epoxy). However, compared to standard / =
rubber or thermoplastic toughened epoxy systems these 104 / ==
enhancements in impact toughness of CFRP through the p oCie
introduction of CNTs are not all that signibcant. Signibcantly 0 T : : : : . . .
higher improvements in toughness can be achieved using o 2 4 6 8 10 12 14 16 18 20
more traditional methods such as polymer blen&s|[or Displacement (mm)

hybridization with other more ductile bPbersl§ 17, 57, _e- Epoxy +CF

5§. —A— Epoxy + CF + 0L wt% DWCNT-NH,

Figure 7: Mode | interlaminar fracture toughness analysis of
3.4. Mode | Fracture Toughness Analyi#is. load-displac- nonhybridized CFRP and hybridized (0.1 wt% DWCNT-NH
ement curve Figure 7 of the CFRP laminate without CNTs micro-nanocomposite. Data points represent stick-slip fracture
shows a stick-slip failure mode which is common for epoxymode.
laminates. Stick-slip fracture follows a crack propagation
and crack arrest behavior which indicates unstable crack
growth. In neat CFRP composites the crack propagate®.5. Dynamic Mechanical Analydiy/namic mechanical
gradually and only a small drop in load was recordedanalysis (DMA) is a powerful technique for studying the
(Figure §. The laminate with 0.1 wt% CNTs also shows viscoelastic behavior of polymer-based materials. It is also
a stick-slip fracture mode. However, as there are less drofhe preferred method of measuring the glass-transition tem-
steps in the load-displacement curve for the hybrid micro-perature {[y) of polymeric materials. Experiments involve
nanocomposite, fracture was fast and more catastrophiache application of an oscillatory stress to the sample while
as compared to cracking in the neat CFRP compositemonitoring the resulting strain which consists of both in-
Consequently, load decreases signibcantly during propagahase and out-of phase components. The strain can then be
tion of the crack for hybrid micro-nanocomposites. Aver- used to calculate the in-phase response, or storage modulus
ageGic values for nonhybridized CFRP microcomposites(G ), and the out-of-phase response, or loss modul@s)(
and hybridized micro-nanocomposites are 0.38%Jand  The ratio of G/G is known as the tan, which is a
0.31kJm?, respectively. Hence, the mode | interlaminar parameter for the damping characteristics of materials. The
fracture toughness decrease®B%) with the introduction T4 is determined by the corresponding peak of the loss
of the CNT. FE-SEM images of fractured surfaces arenodulus curve $]]ortan
shown in Figure 8 Both fracture surfaces show hackle  As expected from the three-point bending results, CNTs
formation as the predominant failure mode for both matri- improved the storage modulus of the nanocomposites
ces. and the hybrid micro-nanocomposites, as evidenced from
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Figure 8: FE-SEM images of mode | fractured surface: (a) nonhybridized CFRP, and (b) hybrid micro-nanocomposite (0.1 wt% DWCNT-
NH,).
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Figure 9: Dynamic mechanical analysis: (a) storage modulus for neat epoxy and nanocomposites, (b) storage modulus for CFRP and
hybrid micro-nanocomposites, (c) loss modulus for neat epoxy and nanocomposites, and (d) loss modulus for CFRP and hybrid micro-
nanocomposites.
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Table 2: E ect of CNTs on glass transition temperature and tan-delta for nanocomposites and hybrid micro/nanocomposites.

Sample description Sample ID Glass transition temperatu@) ( Tan-delta
Neat epoxy A 116+ 3 A+ 2
0.025 wt% DWCNT-NH + epoxy B 122 4 27+ 3
0.05 wt% DWCNT-NH + epoxy C 122 5 31+ 4
0.1 wt% DWCNT-NH, + epoxy D 122 3 %+ 4
CF + epoxy E 118+ 5 108+ 4
0.025 wt% DWCNT-NH + CF + epoxy F 118 3 8+ 3
0.05 wt% DWCNT-NH + CF + epoxy G 11& 6 #A+ 4
0.1 wt% DWCNT-NH, + CF + epoxy H 118 4 100+ 3

at room temperature.

Figures9(a)and9(b). It can be seen irFigure 9(a)that Ty, 110D13Q@) in Figures9(c) and 9(d) suggest higher
sample D (0.1 wt% CNT/epoxy) possessed a lower storaggampening characteristics of hybrid micro-nanocomposites
modulus as compared to neat epoxy and other nanocom-and nanocomposites containing higher CNT concentra-
posites (having lower concentrations) over the temperaturdions.
range (30D13QC). This is an indication that agglomerates in Most of the mechanical features of hybrid micro-
sample D may act as Raws, lowering the storage modulusanocomposite started to decrease above 0.05 wt% CNT,
Above 130C neat epoxy and all the epoxy nanocompositesmainly because of three reasons: (i) Pltering of CNTs
possessed the same storage modulus, indicating that th®y the carbon fabric, leading to reduced dispersion and
presence of nano-reinforcement was not signibcant abgve inhomogeneous CNT dispersions throughout the laminate;
A similar trend was observed for the micro-nanocompositeq(ii) higher CNT contents in epoxy reducing the wetting and
as shown irFigure 9b). Sample H (0.1 wt% CNT/CF/epoxy) bonding between carbon Pbers and the nanotube modibed
possessed an inferior storage modulus as compared to othegsin [60]; and (iii) agglomeration, which has a signibcant
lower compositions of hybrid micro-nanocomposites over e ect on the strength, stness, and especially toughness of
the temperature range 30 to 11& At high temperatures, the the CNT-modibPed epoxyd9, 61]. The presence of large
loss modulus of the nanocomposites and the hybrid micro-agglomerates decreases theative surface area of CNTs
nanocomposites decreased with increasing CNT contengr, in other words, reduces the eiency of the nano-
shifting the Ty peak downward (Figure§(c) and 9(d)). reinforcement. For pure nanocomposites (samples B, C, and
Higher concentrations possessed lower-energy dissipation) the latter reason is more appropriate, explaining the
ability as well. This eect is very clear at higher tem- drop in mechanical properties with the addition of 0.05
perature (above 9C). Hence, it can be concluded that wt% CNTs. CNTs need to be separated from the bundles
dampening characteristics (tar) of nanocomposites and and dispersed uniformly in a polymer matrix to maximize
hybrid micro-nanocomposites start to improve above 90Btheir interaction with the matrix $0. In a CNT/polymer
100 C, because of increased energy dissipation ability of theomposite, aggregation of CNTs may become a defect that
matrix. causes the mechanical properties of the resin and hence the
Based on the tanpeak, thel 4 for all samples are givenin composite to deteriorate. Therefore, the primary problem
Table 2 At least bve samples were tested for each conditiorin fabricating a nanocomposite is to ensure a homogeneous
According to Table 2 CNTs slightly enhanced th&; of  dispersion of CNTs in the polymer matrix. So far, only
epoxy nanocomposites up to® (sample C;Tg = 122C).  ultrasonic, three-roll milling and high-speed mechanical
Instead of having a positive ect on Ty, hybridization  stirring have been veribed to beextive methods for the
resulted in a reduction iy, possibly due to a more non- dispersion of CNT in epoxy resin6f. But from this
uniform distribution of CNTOs in the CFRP laminates as astudy, it appeared that bath ultrasonication is a good way
result of bltering eects by the carbon fabric$9. These to disperse lower concentrations of CNT in epoxy. Better
results are consistent with the work performed by Lee et alhomogenizing techniques should be employed for dispersing
[59. It is interesting to note that micro-nanocomposites higher contents of CNTs in epoxy. The results of Allaoui
and epoxy nanocomposites showed inferior dampeninget al. [63] suggest that it would not be helpful to use high
properties (at room temperature) as compared to CFRPCNTs concentrations to improve the mechanical properties
and neat epoxy, respectively. Here it can be concluded thaif composites if they are in random distribution. The
hybridization with CNTs results in a signibcant reduction upper limit, for the addition of CNTs, is governed by the
(22% in case of sample G) in dampening properties ofdistribution and topology (aspect ratio) of the CNTs. Similar
these composites at room temperature. More work need$o short bPber composites, the orientation of the nanobbers
to be done to explain this reduction in properties and plays an important role, and the higher the degree of
the nonuniform behavior inTable 2 On the other hand, alignment of CNTs, the higher their reinforcing eiency
lower values for loss modulus at higher temperatures (neaf64).
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4. Conclusion [7] J. H. Du, J. Bai, and H. M. Cheng, OThe present status and
key problems of carbon nanotube based polymer composites,O
Express Polymer Lettead. 1, no. 5, pp. 253273, 2007.

[8] Y. X. Zhou, P. X. Wu, Z.-Y. Cheng, J. Ingram, and S.

Jeelani, Olmprovement in electrical, thermal and mechanical

Multiscale hybrid micro-nanocomposites er a route
by which multifunctionality can be introduced in Pber-
reinforced composites. DWCNT-N#carbon Pber/epoxy
micro-nanocomposites were prepared and their mechanical  properties of epoxy by blling carbon nanotubé&®press
properties were compared with their respective pure micro- Polymer Lettersol. 2, no. 1, pp. 40048, 2008.

and nanocomposites. Apart from Rexural modulus, fracture [9] J. Sandler, M. S. P. Sher, T. Prasse, W. Bauhofer, K. Schulte,
toughneSS,Tg, and tan , CNTs imparted a rather minor and A. H. Windle, ODevelopment of a dispersion process
enhancement in mechanical properties of woven fabric-  for carbon nanotubes in an epoxy matrix and the resulting
based CFRP. The addition of small amounts of CNTs (0.025, ~ €lectrical propertiesEplymervol. 40, no. 21, pp. 596795971,
0.05, and 0.1 wt%) to epoxy resins for the fabrication :
of multiscale carbon Pber composites resulted in a maxL
imum enhancement in Rexural modulus by 35%, a 5%
improvement in Bexural strength, a 6% improvement in
absorbed impact energy, and a 23% decrease in the mo
| interlaminar toughness. Hybridization of carbon Pber-
_re'nforced epoxy gsmg CNTs lep resul.ted in a reduction nanotube/thermoplastic polyurethane composi@gnposites

in Tg and dampening characteristics, owing to the presence  gcience and Technologyl. 69, no. 10, pp. 149991504, 2009.

of micron-sized agglomerates. However, even without thesﬁZ] R. Zhang, M. Baxendale, and T. Peijs, OUniversal resistivity-
aggregates, it was concluded that DWCNT-Nathieved strain dependence of carbon nanotube/polymer composites,O
only a limiting toughening eects in the CFRP. Especially Physical Review ol. 76, no. 19, Article ID 195433, 2007.
compared to standard rubber or thermoplastic toughened[13] F. Inam and T. Peijs, ORe-aggregation of carbon nanotubes

0] J. K. W. Sandler, J. E. Kirk, I. A. Kinloch, M. S. P. Sfraand
A. H. Windle, OUltra-low electrical percolation threshold in
carbon-nanotube-epoxy compositeBglymervol. 44, no. 19,
pp. 5893D5899, 2003.

fl] R. Zhang, A. Dowden, H. Deng, M. Baxendale, and T.

Peijs, OConductive network formation in the melt of carbon

epoxy the enhancements were not all that signibPcant. These
results are especially disappointing considering the large
surface-to-volume ratio of CNTs compared to other Pllers,[14] F. Inam, H. Yan, D. D. Jayaseelan, T. Peijs, and M. J. Reece,
including carbon bbers, and the ect thisNin theoryN

can have on energy absorption mechanisms such nanotube

in two-component epoxy systemJournal of Nanostructured
Polymers and Nanocomposites 2, no. 3, pp. 87D95, 2006.

OElectrically conductive aIuminaNca}rbon nanocomposites
prepared by Spark Plasma SinteringpOrnal of the European

debonding or pull-out p4. Therefore, a careful future Ceramic Societyol. 30, no. 2, pp. 1530157, 2010. )

optimization of processing parameters such as nanotubgl5] A.A.J. M. Peijs, R. W. Venderbosch, and P. J. Lemstra, OHybrid
dispersion at higher concentrations, nanotube alignment  composites based on polyethylene and carbon PbresNpart
and localization, should lead to further improvements in 3. Impact resistant structural composites through damage

mechanical properties of these multiscale composites. management Compositesol. 21, no. 6, pp. 522B530, 1990.
[16] A. A. J. M. Peijs and R. W. Venderbosch, OHybrid composites
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hybrid design on impact strengthjéurnal of Materials Science
Lettersvol. 10, no. 19, pp. 1122D1124, 1991.
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P. Karapappas, A. Vavouliotis, P. Tsotra, V. Kostopoulos, and A
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