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ABSTRACT: Carbon nanotubes (CNTs) have seen increased interest from manufacturers as a nanofiber filler for the enhancement of
various physical and mechanical properties. A major drawback for widespread commercial use has been the cost associated with
growing, functionalizing, and incorporating CNTs into commercially available polymeric matrices. Accordingly, the main objective of
this study was to investigate the effects of adding commercially viable functionalized multiwalled carbon nanotubes (MWCNT) to a
commercially available epoxy matrix. The mechanical behavior of the nanocomposites was investigated by mechanical testing in ten-
sile mode and fractures were examined by scanning electron microscopy. The thermal behavior was investigated by differential scan-
ning calorimetry and thermogravimetric analysis. Molecular composition was analyzed by attenuated total reflectance Fourier trans-
form infrared spectroscopy. Mechanical testing of the epoxy/functionalized-MWCNT indicated that the 0.15 wt % functionalized
MWCNT composite possessed the highest engineering stress and toughness out of the systems evaluated without affecting the Young’s

modulus of the material. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

The addition of carbon nanotubes (CNTs) to polymer matrices
to increase the thermal, mechanical, and electrical properties of
the resulting composite has been well documented."™'® For
CNTs to effectively enhance the properties of a composite, the
CNTs must be deagglomerated, well dispersed, and have suffi-
cient interfacial interaction with the host matrix,>*# 1131517723
Both theoretical and experimental studies indicate that opti-
mizing the polymer-CNT interface is essential to maximize
substrate properties.”*'®** The most useful approach to
increase interfacial interaction is chemical modification of the
CNT to create functionality that has the potential to crosslink
into the host matrix.>**>** A CNT functionalization of only
1% of the surface’s carbon atoms covalently linked into the
host matrix can increase interfacial shear strength by over an
order of magnitude without significantly decreasing CNT stiff-
ness due to disruption of conjugation.**” Several approaches
have been employed to overcome the obstacles associated with
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and deagglomeration with promising

However, many of the processes developed to incorporate CNTs
into high performance composites have difficulties when pro-
ducing in commercial amounts due to the problems associated
with incorporating CNTs into polymers. Carbon nanotubes
have high aspect ratios and surface areas (over 1000 m” per g)
and the high polarizability of the extended n-electron cloud
yields large van der Waals forces (estimated to be 500 eV/
micron of tube length) causing agglomeration thereby making
complete exfoliation of bundled nanotubes a difficult chal-
lenge. >H&101315192231 This tendency leads to a decrease of
most of the critical properties of well-distributed CNTs. To
form stable suspensions of CNTs in polymeric systems, the
CNTs must be isolated, followed by a surface modification to
inhibit reagglomeration and increase interactions with the host
media for the application of interest.>®'*?®3%%* The deagglom-
eration process is labor intensive and time consuming, hence
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the ongoing inability to practically apply the potential of CNTs
to commercial reality, even on a relatively small scale.

Many studies have indicated that chemical functionalization of
the carbon nanotube sidewalls can significantly increase the
interactions with the host matrix resulting in increased levels of

. . 9 —. - . .
dispersion,*781312:1921,24.2730.3236 B, example, the addition
of amino groups to double walled-carbon nanotubes
(DWCNTs) increased dispersion over nonfunctionalized

DWCNTs and increased fracture toughness over neat epoxy
resin at loadings of ~1%.* Several labs have developed methods
to achieve useful CNT material. However, the time consuming
process of functionalization and preparation in a way that make
production systems practical or economically viable, except in
the most specialized applications, has yet to be realized. For
example, Nguyen et al. and Wu et al. fabricated isocyanate func-
tionalized MWCNTs and polystyrene functionalized MWCNTs
that required 48 and 4 h, respectively, considering experimental
setup, processing, and purification steps.”>** This setup and
process time is still considered too costly for full production
scale by many manufacturers.

The high aspect ratio, high strength, low density, and high stiff-
ness are especially attractive attributes when considering use of
CNT for polymer additives >*®!>!>1¢181921 The potential mecha-
nisms for mechanical enhancement include CNT pull-out (matrix
debonding), CNT bridging, and crack deflection.>***>*® CNT
bridging, in particular, causes the most enhancement in mechani-
cal properties as a result of the high mechanical properties of the
CNT. As the crack propagates through the polymer matrix, it
approaches a CNT and transfers the load which dissipates energy
and inhibits propagation.”**® For the CNT-bridging mechanism
to dominate during a fracture event, the length of the CNT must
be above a critical length as well as have sufficient interaction
with the matrix and a high degree of dispersion.”* Below these
critical parameters, the dominating mechanism will probably be
CNT pull-out. Above different critical conditions, the dominating
mechanism will be a combination of CNT pull-out and rupture.”*

The surface morphology of fractured, brittle materials, such as
crosslinked epoxy networks, can be related to the macroscopi-
cally measured fracture properties as the released elastic energy
can be equated to the surface energy for creating new crack
surfaces.'®”?® In general, tougher materials possess rougher
fractured surfaces; this correlates to requiring more work to
propagate the crack.'®*** 7 The correlation between a frac-
tured surface morphology and measured macroscopic properties
of more ductile materials may be more complex due to plastic
deformation as the work related to plastic deformation is much
higher than the surface energy of the newly formed surface.””
When a material is less prone to fracture, it will exhibit more
variation within the microstructure compared to a surface that
contains more smooth planes.'®'”*® Perez et al reported signifi-
cantly rougher surfaces for tougher CNT based composites
when compared to the neat epoxy.'® Rougher surfaces have also
been attributed to a good adhesion between the host matrix
and the nanoparticle.'”*%*?

Previous research has suggested that coating MWCNTs with
polymeric hydroxyethyl methacrylate increased the interactions

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38463

WILEYONLINELIBRARY.COM/APP

Applied Polymer

SCIENCE

between MWCNTs and a polyurethane matrix, which was
realized via a commercially viable process.’> Accordingly, the
main objective of this study was to investigate the effects of
adding commercially viable functionalized MWCNTs to a com-
mercially available epoxy matrix for employment according to
the manufacturer’s cure schedule. The authors believe the func-
tionalization process described in the current research to be
more commercially viable than those described in the literature
due to reduced functionalization time, reduced cost of starting
materials, facile methodology, and ease of scale up manufactur-
ing. The functionalization methodology has also allowed for the
realization of enhanced mechanical and thermal properties and
reduced carbon nanotube concentrations than those observed in
the literature. The mechanical properties were determined by
electromechanical testing in tensile mode and crack propagation
was studied postfracture by scanning electron microscopy
(SEM). The thermal transitions and thermal decomposition
behavior were determined by differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA), respectively. The
molecular composition of the surface was investigated by atte-
nuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR).

METHODS AND MATERIALS

Materials

Purified, unbundled, multiwalled carbon nanotubes (MWCNT)
were used as received from Ahwahnee Technology (San Jose,
CA). The epoxy resin was EPON 8111 (Resolution Performance
Products, Pueblo, CO) and had an epoxy equivalent weight
(EEW) of 300-320 g/eq and a viscosity of 800-1100 cP at 25°C.
The curing agent was Ancamine triethylene tetramine (TETA)
(Air Products, Allentown, PA) and had active hydrogen equiva-
lent weight of 27 g/eq and a viscosity of 20 cP at 25°C. All
other items were used as received from commercially available
sources and used without further purification.

Fabrication of Poly(hydroxyethyl methacrylate)-Coated
Multiwalled Carbon Nanotubes

A 25-mL round bottom flask was loaded with MWCNT (380
mg), 2-hydroxyethyl methacrylate (HEMA) (10.0 g), tetrahydro-
furan (THF) (10.0 g), ethyl acetate (10.0 g), and a magnetic stir
bar. A 0.25 inch diameter, tapered tip sonication horn was sub-
merged in the liquid. The mixture was sonicated with a Misonix
Microson XL 2000 (Farmingdale, NY) equipped with a 0.25-
inch tapered tip at 20 W for 5 min. Benzoyl peroxide (BPO)
(100 mg) was dissolved in THF (1.0 g) and added to the reac-
tion flask after the solution was allowed to cool to room tem-
perature. The system was purged with nitrogen for 15 min, and
then placed in an oil bath at 80°C for 10 min. No control
experiments were performed as previous research has indicated
that under the conditions employed in this study, the polymer
is covalently attached to the MWCNT surface as according to
the proposed mechanism in Figure 1.*

The highly viscous liquid was washed with a 50 vol % of THF/
ethyl acetate solution three times. A wash cycle consisted of son-
icating at 20 watts for 30 s in the washing solvent followed by
10 min of centrifugation at 4000 rpm. The supernatant was dec-
anted off into a glass bottle and the pellet was resuspended in
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Figure 1. Proposal of mechanism for surface initiated polymerization of
hydroxyethyl methacrylate from multiwalled carbon nanotube.

fresh solvent via tip sonication at 20 watts for 30 s. The poly
(HEMA)-coated MWCNTs were determined to have a function-
ality of 30 wt % by TGA.

Fabrication of Poly(hydroxyethyl methacrylate)-Coated
Multiwalled Carbon Nanotube/Epoxy Plaques

The functionalized MWCNTs from the pellet were sonicated in
Ancamine TETA for 3 min at 20 watts such that plaques could
be made containing 0.15 wt % and 1.0 wt % poly(HEMA)
MWCNTS when cured. The poly(HEMA)-MWCNT functional-
ized TETA was mixed with EPON 8111 epoxy resin at the man-
ufacturer’s recommended stoichiometry for 1 min in a Thinky
planetary mixer (model AR-100, Tokyo, Japan) followed by 30 s
of defoaming then poured into a 8 in by 8 in polished alumi-
num mold and allowed to gel at room temperature. After the
system gelled, it was placed into an oven at 100°C for 2 h.

Mechanical Analysis

The plaques were cut into rectangular strips that were ~200
mm long and 12.7 mm * 0.1 mm wide via waterjet (Motive
Systems, Paso Robles, CA). The strips were allowed to condition
at 23°C and 50% relative humidity for 24 h prior to testing.
The mechanical analysis was performed at 23°C and 50% rela-
tive humidity with a Testometric Universal Testing Machine
(Model M350-5kN, Lancashire, UK) equipped with a 500 kgf
load cell in tensile mode. The machine had a capacity of 5 kN
with an accuracy of * 0.5%. The rate of grip separation was
50.0 mm/min with a gauge length of 76.2 mm (3.0 in). The
stress and strain at the proportional limit (PL), yield stress and
strain, elastic modulus, and toughness were calculated from the
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force-deformation curves obtained from five specimens per
epoxy plaque type. The toughness was estimated utilizing the
trapezoidal rule.

Hardness

The hardness of each plaque was examined using a Vogel Meas-
urements Shore D durometer at 20°C and 60% relative humid-
ity according to ASTM D 2240. Each system was tested 10 times
in random locations to ensure proper representation of the
hardness properties.

Thermal Gravimetric Analysis

The thermal stability of each epoxy type was determined
through TGA and is defined as the temperature at which the
relative weight loss is two percent. The derivative of the relative
weight loss curve with respect to temperature at a heat rate of
20°C per minute was utilized to observe the onset of major
thermal decomposition steps. The peak of the derivative with
respect to temperature was utilized to determine the tempera-
ture at which the maximum rate of thermal decomposition was
observed.

Samples were obtained of each poly(HEMA)-MWCNT/epoxy
composite and analyzed for the temperatures associated with
the 2% weight loss, 5% weight loss, and the maximum peak de-
rivative of the signal utilizing a Q500 TGA analyzer (TA Instru-
ments, DE) and TA Universal Analysis software 4.5A for evalua-
tion. The flow rate of the nitrogen (industrial grade, Air Gas,
San Luis Obispo, CA) purge gas was 20 mL/min and the fur-
nace was set to increase the temperature at a rate of 20°C/min.

Differential Scanning Calorimetry

DSC experiments were performed to determine first and second
order thermal transitions of the poly(HEMA)-MWCNT/epoxy
composites between —70°C and 150°C. Samples obtained from
the prepared epoxy/poly-HEMA-MWCNT containing 0, 0.15,
and 1.0 wt % MWCNT were placed in separate aluminum pans
and nonhermetically sealed. Thermal transitions were evaluated
on a TA Instruments Calorimeter model DSC Q2000 (TA Instru-
ments, DE). The poly(HEMA)-MWCNT experiments consisted of
a heat/cool/heat cycle between —70 and 150°C at a rate of 20°C/
min in accordance with ASTM D3418-03.*> The nitrogen flow
rate inside the calorimeter cell was set to 50 mL/min and was
supplied by a nitrogen generator (Domnick Hunter, model
G5010W, Birtley, UK) with a purity of 99.999% N,.

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy

The molecular composition of the surfaces was examined using
ATR-FTIR spectroscopy. Each scan consisted of measurements
between 4000 and 650 cm™' into a ZnSe based ATR crystal
with dimensions 80 x 10 x 4 mm’ and 45° face angle. Each
spectrum consisted of 100 scans and was rationed versus a
background spectrum. The latter was obtained prior to analyz-
ing the samples and consisted of 100 scans. The spectra were
obtained from the cast plaque comprised of poly(HEMA)-
MWCNT/epoxy composites utilized for mechanical testing. A
Pike Horizontal Attenuated Total Reflectance assembly, model
8224, was attached to a Digilab FT-IR FTS 2000 spectrometer.
To avoid atmospheric contaminants a constant purge flow with
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dried nitrogen and flow rate of 30 ml/min was applied during
the analyses. All obtained final spectra were corrected for base-
line and for optical distortions using Digilab software Win IR-
pro 3.6.

Scanning Electron Microscopy

The surface characteristics of the fractured surface of the pla-
ques were investigated utilizing an FEI Quanta 200 scanning
electron microscope at an electron acceleration voltage of 20 kV.
The surface of the fractured plaques was sputter-coated with a
ca. 10nm thick gold coating using an Emitech K550X sputter
coater and Ar as process gas. All images were obtained with the
electron beam normal to the fractured surface.

RESULTS

Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy

ATR-FTIR spectroscopy experiments were conducted to deter-
mine the molecular composition of the surface of the carbon
nanotube raw material, functionalized MWCNTs, and epoxy
composites.

Figure 2 illustrates ATR-FTIR spectra I for raw MWCNT, and 1I
for poly(HEMA)-modified MWCNT and transmission IR spec-
trum III of neat poly(HEMA) as a reference material. As can be
seen when comparing the IR fingerprint region between 1300
and 1000 cm™' in Figure 2, ATR-FTIR spectrum II and IR
transmission spectrum III are complimentary and the relative
intensity was determined by integration of bands. In this finger-
print region, band intensities A through D follows sequence B
> C > A > D for both IR spectra II and III. In contrast, IR

Absorption [au]
p-g
s}
@]
(w)

Transmission%

0 000
wavenumbers cm-1

Figure 2. Comparison of IR fingerprint region between 1300 and 1000
cm™' ATR-FTIR spectra of raw MWCNT (I) and poly(HEMA)-modified
MWCNT (II). Transmission FTIR spectrum of neat poly(HEMA) (III).
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Figure 3. ATR spectra of raw MWCNT (I) and poly(HEMA)-modified
MWCNT (II).

spectrum I (raw MWCNT), as illustrated in Figure 1(a) does
not reveal this characteristic 4-band pattern. This indicates that
the surface chemistry of modified MWCNT is defined by pres-
ence of OH-containing poly(HEMA) polymer which is expected
to govern interface related chemistry.

It can also be seen in Figure 2 that IR spectrum I of raw
MWCNT indicates a relative complex surface chemistry (with
possibly oxygen related functional groups present). Because of
the latter evaluation of an additional IR spectral range was nec-
essary to specifically reveal OH content at raw versus modified
MWCNT type.

This approach is seen in ATR-FTIR spectra of Figure 3.
Hydroxyl content is illustrated by the band at ~3415 cm™' (OH
stretch) where trace I describes raw MWCNTs and IR trace II
modified MWCNTs. Integration of the OH band area at about
3415 cm™" was done for both IR traces I and II and each value
was rationed versus integrated band area for alkyl related band
(between approximately 3050-2770 cm ') present in each trace
I and II of Figure 3. Such a procedure enables semiquantitative
conclusions on OH content change for raw MWCNTs where a
complex surface chemistry is indicated in IR spectra. The calcu-
lated ratio for modified MWCNTs was 2.2 versus 0.1 for raw
MWCNT proving that the OH content in modified MWCNTs
has significantly increased after poly(HEMA) was attached.
Hydroxyl enriched surfaces on the modified MWCNTs should
govern its interface chemistry.

The chemical effects of incorporating poly(HEMA)-modified
MWCNT in different amounts in epoxy as additive is illustrated
by compositional ATR-FTIR analysis in Figure 4, focusing on
spectral range between 1800750 cm ™. For this IR study, pro-
tocols described by O’Brien/Hartman,*' Dannenberg/Harp,*’
and Fountain®® were used for band assignments and definition
of functional groups typically present in crosslinked epoxy net-
works. As seen in IR trace I of Figure 4 composition and band
pattern of composite with low concentration (0.15 wt %)
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Figure 4. ATR-FTIR spectra of poly(HEMA)/MWCNT containing epoxy
composites with 0.15 wt % (I) and 1 wt % (II). Trace III illustrates neat
epoxy film.

poly(HEMA)/MWCNT is in close resemblance to neat epoxy,
seen in trace III of Figure 4. However, the band pattern of the
latter appears to be slightly different when compared with IR
spectral pattern obtained from the higher 1 wt % poly(HEMA)/
MWCNT concentration, seen in IR trace II of Figure 4.

In an approach to more precisely analyze how the modified
MWCNT interface affects conversion in epoxy-composites when
the polymer network is formed, a closer look at important IR
spectral regions was investigated [Figure 5(a, b)]. In Figure 5(a),
traces IA through IIIA of ATR-FTIR spectra illustrate overall
concentration of OH groups in two epoxy composites and neat
epoxy while IR traces IB through IIIB illustrate remaining
oxirane concentration in crosslinked setups and are used to
compare overall cure in epoxy, following.*?

ATR-FTIR spectra in Figure 4(a) were used to semiquantify OH
group concentration in epoxy composite networks. Standard
procedure was to integrate the band of OH stretch at ~3360
cm ™" [highlighted in Figure 4(a)] and ratio versus integrated
alkyl group band (between 3005 and 2800 cm™'). These data
are summarized in Table I. The calculation leads to a sequence
where OH group concentration of neat epoxy >> 1 wt % >

/0\ OH R OH

| |
(a) 2RCHCH, + R'NH, - R-CH-CH,-N-CH,-CH-R

o
/\ OH

|
(b) RCHCH, +R'OH - RCH-CH,-OR’

Figure 5. Potential reactions between oxirane groups and amines (a) and
hydroxyls (b).*!
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0.15 wt %. Evaluation indicates the highest OH group concen-
tration for neat epoxy, seen at trace IIIA of Figure 4(a) and low-
est OH group concentration for composite with 0.15 wt %,
seen in IR trace IA of Figure 4(a). Observation is supported by
literature and that epoxy curing reaction between oxirane func-
tional group and amine based hardener—seen in Figure 5
Scheme (a)—results in higher number of OH functional groups
compared to curing reaction where oxirane groups react with
OH groups as reactive specimen.’’ In latter curing scenario
overall OH group concentration remains unchanged, illustrated
by reaction the scheme in Figure 5(b).

Both curing reactions are simplified: for this reason, used multi-
functional amine curing agent is illustrated with one amine
group only in Figure 5 Scheme (a). Polyfunctional poly(-
HEMA)-modified MWCNT is illustrated with single OH group
in Figure 5 Scheme (b). The observation that final OH group
concentration in cross-linked poly(HEMA)/MWCNT networks
is smaller than for neat epoxy supports that modified and OH
rich MWCNT interface successfully takes part in epoxy cross-
linking reaction and becomes chemically attached to the epoxy
network. Again, this can be concluded from ATR-FTIR spectra
of Figure 6(a) and traces IA and IIA where relative intensity of
OH bands is lower when compared with neat epoxy setup at IR
trace IIIA.

An additional effort to determine how interface chemistry and
presence of modified MWCNT affects curing rate in epoxy final
content of oxirane group after crosslinking was analyzed and is
illustrated by ATR-FTIR spectra of Figure 4(b) and traces 1B
through IIIB. To semiquantify data, the band area for oxirane
ring deformation at 915 cm™' was determined by integration
(and normalized to out of plane bending vibration of para sub-
stituted benzene ring at 830 cm™ ). This approach follows eval-
uation suggested in literature to determine general cure rate of
epoxy thermosets*>*’; numerical data from this procedure are
summarized in Table I. Integration of the oxirane band at 915
cm ™' for ATR-FTIR traces IB through IIIB of Figure 4(b) fol-
lowed the sequence IIB > IB ~ IIIB. This sequence indicated
that the highest remaining oxirane group concentration was
observed for the composite with 1 wt % poly(HEMA)/MWCNT
concentration while lowest for 0.15 wt % content which was
equivalent for neat epoxy.

ATR-FTIR experiments indicated that crosslink formation and
crosslink structures are different for epoxy composite setups
when oxirane group conversion is used as qualitative measure.

Table I. Integrated Bands for Evaluation of Conversion Reaction/Crosslink
Formation for Epoxy Composites

Integrated Integrated oxirane
OH band at group band at
Epoxy composite type 3380 cm * (au) 915 cm ? (au)
0.15 wt % 0.10 0.02
poly(HEMA)/MWCNT
1wt % 0.42 0.05
poly(HEMA)/MWCNT
Neat epoxy 1.21 0.02

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38463
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Figure 6. ATR-FTIR spectra of poly(HEMA)/MWCNT containing epoxy
composites with 0.15 wt % (I) and with 1 wt % (II) compared with neat
epoxy (III). Traces “A” illustrate OH functional group and “B” oxirane
functional group content in epoxy/composites.

Because 1 wt % poly(HEMA) MWCNT composites indicated
the lowest conversion (and highest remaining oxirane content),
curing appears to be reduced for elevated concentration of
modified MWCNT; therefore, reduced concentrations of this
additive type employed in potential technical composites appear
to be favorable.

Mechanical Analysis

The cast poly(HEMA)-MWCNT/epoxy plaques containing 0,
0.15, and 1.0 wt % poly(HEMA)-coated MWCNTs were eval-
uated for mechanical strength. The force-deformation curves
were obtained from 5 specimens per loading of poly(HEMA)-
MWCNT (0, 0.15, and 1.0 wt %) and characterized for proper-
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ties relating to the proportional limit, yield point, and tough-
ness (Table II).

Mechanical analysis indicated that the poly(HEMA)-MWCNT/
epoxy composite containing 0.15 wt % possessed the highest
mechanical properties for stress and strain at the proportional
limit (PL) and maximum stress and strain for the systems eval-
uated in this study (Table II). However, the Young’s Modulus of
the composite of both the poly(HEMA)-MWCNT and the neat
system were within ~2%. Although a major objective of carbon
nanotube studies is to enhance the Young’s Modulus of a sys-
tem, increasing the ultimate tensile strength of a composite
while retaining similar stiffness properties enables CNT-modi-
fied systems to be utilized in the same applications as intended
with higher performance. Mechanical analysis indicated that the
epoxy composites did not undergo plastic deformation under
the conditions employed indicating that the increase in tough-
ness observed was induced by a different mechanism. The
increase in toughness can then be attributed to an increase in
load transfer from the matrix to the MWCNT. These results
indicate that more research should be performed for MWCNT
concentrations near 0.15 wt % for determination of the optimal
carbon nanotube loading.

Hardness

The hardness of each system was measured with a Shore D du-
rometer to observe the effect incorporating functionalized
MWCNTs (Table III). Each measurement was obtained from a
specimen of the plaques used for mechanical analysis to ensure
that the substrate did not influence the results. The hardness of
each system behaved similarly to the mechanical properties
observed above; the 0.15 wt % functionalized MWCNT had the
highest hardness and the neat and 1.0 wt % composite types
had similar values (Table III).

Thermal Gravimetric Analysis
Characterization of the functionalized MWCNTs indicated that
they are comprised of ~30 wt % poly(HEMA).

The addition of poly(HEMA)-MWCNTs at 0.15 wt % will
increase thermal stability of the system as observed in Figure 7
using thermogravimetric analysis. At a 1.0 wt % loading of the
poly(HEMA)-MWCNTs, thermal stability of the system
decreased compared to the neat epoxy system (Table IV); this

Table II. Mechanical Properties of Poly(hydroxyethyl methacrylate)-Coated Multiwalled Carbon Nanotube-Epoxy Composites

Stress strain @ Max @ PL Max Stress Young's Strain Modulus Toughness
PL (MPa) (mm/mm) (MPa) (mm/mm) (MPa) MJ/m®)
Neat
Ave 54.8 0.053 54.8 0.053 1036.9 1.8
Stdev 4.4 0.005 4.4 0.005 447 0.3
0.15 wt %
Ave 62.3 0.061 63.2 0.062 1028.4 2.3
Stdev 4.8 0.005 4.7 0.005 453 0.4
1.0 wt %
Ave 56.1 0.054 56.1 0.054 1033.8 1.6
Stdev 1.6 0.001 1.6 0.001 291 0.3
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Table III. Shore D Hardness of Poly(hydroxyethyl methacrylate)-Coated
Multiwalled Carbon Nanotube-Epoxy Composites

Epoxy composite type Shore D hardness Std deviation

Neat 82 5
0.15 87 5
1% 83 15

behavior was also observed when investigating the mechanical
properties (Table II) and can be attributed to stoichiometric
imbalance caused by the increased concentration of hydroxyl
groups from the functionalized MWCNTs or incomplete conver-
sion of the crosslinking system due to steric hindrance of the
poly(HEMA)-coated MWCNT during the cure.

Differential Scanning Calorimetry

The DSC scans indicated that none of the specimens analyzed
were fully cured despite utilizing the manufacturers’ cure sched-
ule. As a result, an increase in the glass transition was observed
upon the second heating scan when compared with the peak
signal of the physical aging peak due to increased cure. How-
ever, the main objective of this research was to incorporate
commercially viable functionalized MWCNTs into a commer-
cially available system according to the recommended cure
schedule; thus, the systems studied here should accurately repli-
cate the physical properties when employed in real world appli-
cations. The maximum signal, glass transition temperature from
the cooling cycle, and glass transition from the heating cycle are
found in Table V.

The glass transition temperature of a thermosetting polymer is
directly dependent on the crosslink density, number of free
chain ends, and rigidity of polymeric segments, and has been
the subject of previous The poly(HEMA)-
MWCNTs introduced to the epoxy system leads to an increase
in chain ends and free volume in the system, from poly(-
HEMA), unreacted TETA and the epoxy resin, which should al-
ter the glass transition temperature. However, differential scan-
ning calorimetry indicated no observable change in the glass
transition temperature of the resin system utilized in this study
when incorporating poly(HEMA)-MWCNTs at a concentration
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Figure 7. Representative thermograms of EPON 8111/TETA epoxy sam-
ples that were functionalized by poly(HEMA)-multiwalled carbon nano-
tubes at 0, 0.15, and 1.0 wt %.

of 0.15 wt %. The composite that contained 1.0 wt % poly
(HEMA)-MWCNTs was observed to have a lower T, and
physical aging peak when compared to neat resin; this may be
attributed to an increased amount of free chain ends and stoi-
chiometry imbalance of the additional functional groups of the
poly(HEMA)-MWCNTs.

Scanning Electron Microscopy

The surface roughness of a fracture material can bring insight
into the mechanism of crack propagation through the material.
In general, the rougher the surface, the more tortuous path the
crack must propagate during the fracture event.'®™'®2%* When
a crack initiates, propagation occurs along the plane of least
resistance (typically matrix defects) until a portion of the matrix
has sufficient energy to stop or deflect propagation.

The moieties that alter crack propagation in the system used in
this study can be either chemical bonds or functionalized
MWCNT (if present in the matrix). To observe crack propaga-
tion during the fracture event, the fractured surfaces were inves-
tigated using SEM at 500 and 2000x magnification (Figure 8).

The surface morphology of the neat epoxy after fracture had
several smooth structures when observed at 2000x [Figure
8(b)]. These structures appear throughout the fractured surface

Table IV. Thermogravimetric Measurements of poly(HEMA)-MWCNT/epoxy Nanocomposites at Various Heating Rates

Sample 2% Weight Loss 5% Weight Loss 10% Weight Loss Derivative Onset 1  Derivative Onset 2 Derivative Peak
20°C/min
Neat
Average 238 278 318 200 325 369
St Dev 11 14 10 5 7 3
0.15 wt %
Average 245 287 326 206 327 372
St Dev 10 15 9 5 3 8
1.0 wt %
Average 232 269 312 201 328 371
St Dev 8 13 19 3 3 2
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Table V. Thermal Transitions of Poly(hydroxyethyl methacrylate)-
Functionalized Multiwalled Carbon Nanotube-Epoxy Composites

Sample Endotherm Peak T4 cool Tq
Neat
Average 58.53 57.87 62.36
Std Dev 0.22 0.79 1.13
0.15wt %
Average 58.49 57.68 62.16
Std dev 0.60 1.45 1.32
1.0 wt %
Average 55.79 53.73 58.48
Std dev 0.49 0.57 0.85

as shown by the images obtained at 500x [Figure 8(a)l]; the
presence of these structures indicates that there were several
planes where the crack was relatively free to propagate. The
poly(HEMA)-MWCNT/epoxy composite at 0.15 wt % loading
qualitatively contained much smaller and more numerous
smooth sections on the fractured surface when compared to the
neat epoxy. This can be attributed to crack propagation being
either stopped or deflected due to the presence of well dispersed
MWCNTs with enhanced interaction with the epoxy matrix.
This behavior of crack propagation in the 0.15 wt % poly
(HEMA)-MWCNT/epoxy system follows the mechanical proper-
ties as described above. The surface morphology of the 1.0 wt
% poly(HEMA)-MWCNT/epoxy composite is very different
from those observed in the neat and 0.15 wt % poly(HEMA)-
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MWCNT/epoxy systems. This can be attributed to agglomera-
tion of the MWCNTs due to higher MWCNT concentration
within the matrix or an increase of free volume due to more
chain ends within the polymer matrix.

CONCLUSIONS

Purified multiwalled carbon nanotubes were chemically func-
tionalized by a surface initiated polymerization of 2-hydroxy-
ethyl methacrylate using BPO. The poly(HEMA)-MWCNTs
were incorporated into a commercially available epoxy resin and
the thermal and mechanical properties were investigated. Strips
of poly(HEMA)-MWCNTs/epoxy were cut via waterjet from
cast plaques. Mechanical analysis indicated an ultimate tensile
strength approximately 30% higher at a poly(HEMA)-MWCNT
loading of 0.15 wt % when compared with the neat resin, yet a
similar Young’s modulus. The fractured surfaces of the tensile
experiments were examined by scanning electron microscopy;
the surface of the 0.15 wt % was found to possess a rougher
surface when compared to the neat and 1.0 wt % specimens.
These results indicate that the poly(HEMA)-coated MWCNTs
have good interfacial interaction with the epoxy resin. The glass
transition temperature of the 0.15 wt % was found to be nearly
the same as the neat epoxy polymer whereas the T, of the 1.0
wt % was slightly lower compared to the neat epoxy. The effects
of varying functionalization parameters (i.e. initiator concentra-
tion, sonication time, polymerization time, monomer composi-
tion) and carbon nanotube concentrations must be better
understood to synthesize functionalized MWCNTs for optimal
properties for various applications.

Figure 8. SEM image of neat epoxy at 500x (a) and 2000x (b), 0.15 wt % at 500 (c), and 2000x (d), and 1.0 wt % at 500x (e) and 2000x (f).
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