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ABSTRACT: Surface functionalization of pretreated carbon
nanotubes (CNT) using aromatic, aliphatic, and aliphatic ether
diamines was performed. The pretreatment of the CNT
consisted of either acid- or photo-oxidation. The acid treated
CNT had a higher initial oxygen content compared to the
photo-oxidized CNT and this resulted in a higher density of
functionalization. X-ray photoelectron spectroscopy (XPS)
and thermal gravimetric analysis (TGA) were used to verify
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the presence of the oxygenated and amine moieties on the CNT surfaces. Epoxy/0.1 wt % CNT nanocomposites were prepared
using the functionalized CNT and the bulk properties of the nanocomposites were examined. Macroscale correlations between
the interfacial modification and bulk dynamic mechanical and thermal properties were observed. The amine modified epoxy/
CNT nanocomposites exhibited up to a 1.9-fold improvement in storage modulus (G”) below the glass transition (T,) and up to
an almost 4-fold increase above the T,. They also exhibited a 3—10 °C increase in the glass transition temperature. The aromatic

g

diamine surface modified epoxy/CNT nanocomposites resulted in the largest increase in shear moduli below and above the T,
and the largest increase in the T,. Surface examination of the nanocomposites with scanning electron microscopy (SEM) revealed
indications of a greater adhesion of the epoxy resin matrix to the CNT, most likely due to the covalent bonding.
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1. INTRODUCTION

Multifunctional polymer nanocomposites represent a class of
functional materials with tailored properties that include
enhanced thermal and mechanical stability, electrical con-
ductivity and EMI shielding, diffusion and transport properties,
and antivibration and damping.'~’Advanced technologies can
be developed for lightweight applications such as aerospace
structural components, jet engine parts, actuators, adaptive and
smart materials, and robust durable materials using multifunc-
tional polymer nanocomposites. The final properties of
polymer nanocomposites are dictated by inherent properties
of the constituents, interfacial area including physics, chemistry,
and dynamics of interfaces, three dimensional orientations and
spacing of the nanophase particles, and their particle particle
interactions in multiple length scales. The nanoparticle inherent
properties are its chemical composition, nanoparticle’s size and
dimensions, aspect ratio, and interfacial characteristics. The
extent of dispersion or aggregation of the nanoparticles has a
direct impact on the final properties of the polymer
nanocomposites.

Epoxy resins and epoxy resin nanocomposites have been
used in engineering structural components. Carbon nanotubes
(CNT)/epoxy nanocomposites were reported in 1994° and
since then there have been many reports for the thermal,
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mechanical, and electrical properties of CNT epoxy nano-
composites.”'?

Single wall carbon nanotubes (SWNT) are seamless rolled
up graphene sheets with diameters of 1-10 nm, a Young’s
modulus of 0.32—1.47 TPa, strengths of 10—52 GPa, and a
toughness of ~770 J/g.">~"7 CNT are nonreactive due to their
defect free, seamless arrangement of sidewall aromatic rings,
which can lead to CNT aggregation. Poor dispersion of the
CNT in the host resin results in poor properties of the polymer
nanocomposite. Aggregation translates into lower available
surface area, less interfacial interactions of CNT with the
polymer molecules, stress concentrations, and lack of stress
transfer.

Interfacial modifications have been critical to the dispersion
of CNT in the epoxy resin matrix and have drastic effects on
the physical and mechanical properties of the CNT epoxy
nanocomposites.'®>' Molecular design of interfacial chemistry
is required to control the thermal and mechanical properties of
high performance nanocomposites. The mechanisms governing
interfacial phenomena are complex and not well understood.
The interface is designed for targeted property enhancement in
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the specific polymer matrix. A recent study utilized Hansen
solubility parameters to understand the interfacial modifications
and dispersion of CNT in different polymer matices.'® Small-
molecule functionalized and electron-beam irradiated long
CNT yarns epoxy resin composites have resulted in 25% and
88% increase in tensile moduli and strength for small molecule
functionalized CNT yarn epoxy composite, and 57% and 48%
improvements in tensile moduli and tensile strength for
electron beam irradiated CNT yarn epoxy composites.”"

Several strategies have been utilized for nanoparticles’
functionalization. The most common methods of CNT
functionalization are generation of functional sites using acid
mixtures,”> peroxides,” plasmas,'® and photo-oxidation.”*
These methods generate oxygenated functional sites for the
next step of chemical reactions, grafting of chemical moieties. A
pristine carbon nanotube can also be modified using secondary
interactions such as van der Waals interactions (7— stacking
of compounds containing benzene rings with CNT),*> or
electrostatic interactions (surfactants).?® These types of surface
modification are generally performed while maintaining pristine
sp® hybridization of the CNT for electrical and thermal
properties. Some polymers have a specific helical configuration
with a helix size the same diameter as the CNT. These
polymers have been demonstrated to wrap around the CNT.”
This type of modification does not damage the structure of
CNT.

The grafting approach uses a chemical moiety covalently
bonded to functional groups on the CNT surface generated by
prior chemical or irradiation methods. This chemical moiety
could be a small molecule or a longer chain designed molecule
with a monofunctional reactive end group. Grafting can be
utilized to attach an initiator to the nanoparticle surface where
polymerization starts and results in CNT surface polymer-
ization. The CNT surface initiator could be an atom transfer
radical polymerization agent (ATRP) or reversible addition—
fragmentation chain transfer (RAFT) agent where the
polymerization of monomers starts.”®

The strategy for nanoparticle interfacial modification is
determined by the targeted properties of interest. Fluorination
of carbon nanotubes resulted in their enhanced dispersion in
epoxy and an enhanced modulus and tensile strength using
only 1 wt % of the F-CNT.* Silanization of the carbon
nanotube was performed using 3-aminopropyl trimethoxysilane
(APTES),* both APTES and silica,*! and more recently, by
supercritical reaction of 3-(glycidyloxypropyl)trimethoxysilane
(GPTMS).** This resulted in enhanced thermal mechanical
properties. Carboxylic functionalized CNT infiltrated into
epoxy carbon fiber composites prepared using vacuum-assisted
resin transfer molding showed a 40% increase in shear strength
with 0.5 wt % COOH—CNT.* These epoxy COOH—CNT
nanocomposites demonstrated improved dispersion and higher
electrical and thermal conductivity.**

Amidation has been widely used to functionalize CNT.
Ethylene diamine terminated CNT were used for binding to
DNA and biological moieties.”> Amine functionalized CNT
dispersed in epoxy resulted in epoxy nanocomposites with
hig}gesr 3§1exural modulus and thermal mechanical proper-
ties.™™

Maleic anhydride functionalized plasma treated CNT were
treated with a diamine curing agent to generate a cross-linker
with amine end groups. The CNT—MA—NH, was dispersed in
an epoxy and used in the epoxy resin composite.”” The CNT—
MA-NH, epoxy nanocomposite exhibited improved thermal,

mechanical, and electrical performance.”” Differential scanning
calorimetry and calculated thermodynamic parameters indi-
cated that the diamines on the sidewalls of the CNT
participated in cross-linking whereas the tip/end diamines
functional groups did not.*®

In this study, a novel systematic grafting method based on
amine functionalization was used to generate CNT epoxy resin
nanocomposites with covalent bonding between the epoxy
resin matrix and the CNTs. CNT interfaces were modified with
aliphatic, aliphatic ether, and aromatic diamines to generate
series of interfaces with systematic changes in rigidity, polarity,
and mobility. The effects of the density of functionalization on
the properties were investigated. These interfaces were
semiquantitatively characterized by thermal gravimetric analysis
(TGA), X-ray photoelectron spectroscopy (XPS), and Fourier
transform infrared spectroscopy (FT-IR). Attempts were made
to correlate the interfacial characteristics such as chain polarity,
mobility, and rigidity with the thermal and mechanical
properties of the CNT epoxy nanocomposites.

2. EXPERIMENTAL SECTION

2.1. Materials. Carbon nanotubes (XM2334A), 2.5—-3.8 nm
diameters, containing 4—5 wt % Fe and Co catalyst were obtained
from Carbon Nanotechnology Incorporated (CNI). Diglycidyl ether
bisphenol A epoxy resin, Epon 826 (Resolution Performance
Products), polypropylene glycol diamine, and Jeffamine D230,
molecular weight of 230 (Huntsman Chemicals) were used as
received. Sulfuric acid (36 M), nitric acid (15.8 M), 1,12-
diaminododecane, 4,7,10-trioxa-1,13-tridecanediamine, N,N’ dimethyl-
formamide (DMF), thionyl chloride, and toluene from Sigma were
used as received. 4,4'-(4,4’-Methylenebis(4,1-phenylene)bis-
(methylene))dianiline had been synthesized in our laboratory.

2.2. CNT Surface Modification. CNT were modified with a
mixture of sulfuric and nitric acid (3:1, v/v) at 65 °C based on a
published procedure to generate oxidized CNT (OCNT).>* The
photo-oxidized CNT were prepared by exposing the CNT to
ultraviolet light. The irradiation was for 24 h and is a nondestructive
method of generating oxygenated functional groups reported else-
where (POCNT).** The carboxylic groups of these oxidized CNT
were converted to acid chloride by refluxing in thionyl chloride
solution for 24 h. CNT functionalized with acid chloride were washed
with anhydrous toluene and dried under vacuum. Then, these CNT
were dispersed in anhydrous DMF, followed by the addition of the
chosen diamines. The mixtures were refluxed for 24 h, washed until
excess diamines were removed, and then dried.

2.3. Nanocomposite Preparations. Functionalized CNT were
dispersed in DMF by sonication for 1.5 h. This was followed by the
addition of Epon 826 and further sonication for another 30 min.
Solvent was removed, and then the samples were placed in the vacuum
oven overnight at 90 °C to ensure complete solvent removal. The
dispersions of CNT Epon were further sonicated. Then, Jeffamine
D230 was added to the Epon/CNT dispersions and placed under
vacuum for degassing for 45 min. The samples were cured at 75 °C for
2 h and 125 °C for 2 h, followed by a postcuring. This method resulted
in epoxy CNT nanocomposites containing 0.1 wt % functionalized
CNT.

2.4. Characterization and Instruments. A TA Instruments
Q500 thermogravimetric analyzer was used under nitrogen from 25 to
800 °C with a scan rate of 10 °C/min. X-ray photoelectron
spectroscopy (XPS) was performed using an EscaLab 200 instrument
with a scanning microprobe and a Mg Ka radiation (1253.6 eV)
focused source with a 180° hemispherical electron energy analyzer.
Survey scans and high resolution spectra of C 1s, N 1s, and O 1s were
obtained. The atomic percentage ratio values were calculated from the
high resolution spectra. Shirley background subtraction, shift of data
sets based on 284.6 eV, atomic percentage based on survey scans, and
peak deconvolution of high resolution spectra were performed. The
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Figure 2. Schematic of (a) three types of diamine, (b) reaction of acyl chloride OCNT (or POCNT) with diamines, and (c) three amine modified
CNT.

dynamic mechanical data were obtained using ARES rheometer in 3. RESULTS AND DISCUSSION

shear mode from room temperature to 200 °C at 1 Hz frequency. 3.1. CNT Characterization. 3.1.1. HR-TEM. TEM micro-
) . o . graphs of as-received CNT (Figure 1a,b) show the presence of
High resolution transmission electron microscopy (HR-TEM) of the extremely long double wall carbon nanotubes with a few single
nanoparticles was performed using a Philips CM200 instrument. walls, triple, and some multiwall CNT. Carbon nanotubes have
an extremely large surface area (SWNT, 1315 m?/g; double
wall NT, 700-800 m?/g)."”* As-received CNT are mostly

SEM Hitachi instrument on carbon coated fracture surfaces. double walled with ~700—800 mz/ g surface area. CNT were

Scanning electron microscopy (SEM) was performed using a FEG-
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treated with two methods to generate oxygenated functional
groups on the CNT nanotube surface for grafting. In the first
method, a mixture of sulfuric and nitric acid (v/v, 3:1),
combined with heat and sonication was used.*” In second
method, oxidation of CNT by means of photoirradiation was
utilized.>* Treatments of CNT with both methods generate
oxygenated functional groups, i.e., carboxylic groups on CNT
surface.

Oxidized carbon nanotubes have carboxylic groups on the
CNT surfaces that were used for reaction with diamines. First,
these carboxylic groups were converted to acid chloride to
enhance the reactivity, and then reacted with diamines. The
chemical structures of the diamines, the reaction scheme of
diamine with acyl chloride functionalized CNT, and the surface
modified OCNT and POCNT with diamines are presented in
Figure 2a,b,c. The acyl chloride CNT reacted with three types
of diamines, aliphatic diamine with 12 carbon atoms, 1,12-
diaminododecane (C12-OCNT), aliphatic ether diamine,
4,7,10-trioxa-1,13-tridecanediamine (aliphatic ether-OCNT),
and 4,4'-(4,4'-methylenebis(4,1-phenylene )bis(methylene))-
dianiline (Ph4-OCNT).

3.1.2. TGA. Figure 3 shows the TGA of the as-received CNT
compared with the functionalized CNT. TGA analysis of the as-
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Figure 3. TGA of as received CNT, acid treated CNT, OCNT, Ph4-
OCNT, Cl12-diamine-CNT, and aliphatic ether diamine-OCNT.

received CNT showed a thermal stability up to 598 °C (onset
of decomposition). Acid treated CNT have a weight loss
starting at ~197 °C where the weight steadily decreases to
86.5% at 473 °C. The initial weight loss is due to the presence
of the additional oxygenated functional groups on the CNT
surface that gradually decompose and oxidize. The C12-OCNT
and aliphatic ether-OCNT exhibited initial decomposition
temperatures of 330 and 321 °C. This lower temperature
decomposition indicates the presence of the aliphatic hydro-
carbon chain on the CNT surfaces. The aliphatic ether-OCNT
exhibited an even lower starting decomposition temperature,
perhaps due to the lower energy carbon oxygen bonds. These
CNT showed a plateau at temperatures >400 °C, until they
reached temperatures above 500 °C, where the complete
decomposition of CNT occurred. TGA has been widely used to
determine the organic content of surface functionalized
CNT. 3238

The aromatic diamine treated CNT, Ph4-OCNT, did not
show any weight loss up to 596 °C. Aromatic treated diamine,
Ph4-OCNT, showed low temperature decomposition similar to
acid treated CNT, but improved thermal stability at temper-
atures above 500 °C. The improved thermal stability of the
Ph4-OCNT at higher temperatures is attributed to the presence
of aromatic groups on the CNT surfaces.

3.1.3. XPS. The surfaces of as received CNT, acid treated
CNT, and the diamine modified CNT were examined by XPS
(Figure 4). The acid treated CNT exhibited 8.4% of atomic
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Figure 4. High resolution spectra of N 1s, C12-OCNT (red line),
aliphatic ether-OCNT (blue line), and Ph4-OCNT (green line).

oxygen compared to >3% atomic oxygen of the as-received
CNT, determined by high resolution spectra of O 1s. The
POCNT exhibited 3.4% oxygen on the surface. The carbon-to-
oxygen ratios of as-received CNT, photo-oxidized CNT, and
acid treated CNT were 31.3/1, 28.4/1, and 10.9/1. Acid treated
CNT showed the highest level of oxygen content and highest
level of oxygenated functional groups on the surface.

Survey scans of diamine modified CNT showed the presence
of C 1s, N 1s, and O 1s where nitrogen was absent in the as-
received and acid modified CNT. The atomic percentages of
the elements in diamine modified CNT were obtained from the
high resolution scans are summarized in Table 1. The presence

Table 1. Elemental Analysis of Nitrogen Present on the
Surface of Diamine Modified CNT

functionalized CNT nitrogen, %

C12-OCNT 4.00
CI12-POCNT 2.75
Ph4-OCNT 2.06
Ph4-POCNT 1.56
Aliphatic ether-OCNT 3.06
Aliphatic ether-POCNT 1.34

of nitrogen was only detectable for the diamine modified CNT.
Table 1 shows the nitrogen content of the diamine treated
CNT with starting OCNT and POCNT. This study allows us
to compare the effects of the initial oxygenated functional
group on the functionalization surface density. The CNT that
were originally treated with acid exhibited a higher nitrogen
percent compared to the functionalized CNT modified with
starting photo-oxidized CNT. The nitrogen percentage for the
diamine treated CNT prepared from acid treated CNT was in
the range of 2—4%. The nitrogen percentage of the diamine
functionalized CNT prepared from photo-oxidized CNT
showed lower nitrogen content in the range of 1.34—2.75%.
This is attributed to the high number of carboxylic groups on
the surface of acid treated CNT and therefore, increased
number of diamine covalently bonded on the CNT surfaces.
Deconvolution of C 1s high resolution spectra of OCNT and
aliphatic ether-OCNT are presented in Figure Sab, respec-
tively. Figure Sa shows peaks corresponding to the binding
energies of 284.6, 2854, and 289.9 eV corresponding to
graphite carbon, f-carbon, and carbonyl/carboxylic acid.””~*!
Figure Sb shows the deconvoluted peaks for the aliphatic ether-
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Figure 7. Storage shear moduli (a) and damping tan & (b) of epoxy (M), 0.1 wt % C12-OCNT CNT/epoxy (A), aliphatic ether-OCNT (O), and

aromatic-OCNT /epoxy (C0) nanocomposites.

OCNT with binding energies of 284.6, 2864, and 291.1 eV
corresponding to graphitic carbon, ether linkage, and carbonyl/
ester groups.”” *' The area under the peak at higher binding
energy corresponding to the carboxylic group of OCNT
significantly decreased when OCNT reacted with aliphatic
ether diamine. Figure Sb shows a peak at 286.4 eV
corresponding to the ether linkage (C—O—C) with 39% peak
area. The data suggests nearly complete reaction of aliphatic
ether diamines with the carboxylic groups on the surface of
OCNT. The area under higher binding energy peak shifted

16625

slightly to a higher binding energy of 291.1 eV, indicating the of
presence of carbonyl/ester due to the carbonyl remaining after
the reaction or carbonyl of acyl chloride.*” The area under this
peak significantly decreased to 0.5% of the total area.

CNT Epoxy Nanocomposites. 3.2.1. Dynamic and
Thermal Properties. Amine functionalized CNT were added
to the epoxy resin to generate covalent bonding with the
polymer matrix. The CNT epoxy nanocomposites are designed
for maximum load transfer between low modulus epoxy resin
matrix and high modulus CNT. Gonzalez-Dominguez et al.

dx.doi.org/10.1021/am5056849 | ACS Appl. Mater. Interfaces 2014, 6, 16621—16630
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showed that the reactive amine group on the side wall of the
CNT participates in the cross-linking reaction of the epoxy.*
Jin et al. reported improved mechanical properties including
dynamic modulus, fracture toughness, and 11 °C increase in
glass transition temperature of dodecylamine treated CNT
epoxy nanocomposites.** Putz et al. investigated the effects of
the cross-linking density on the interfacial zone and its effects
on a modified CNT epoxy resin nanocomposite.”> The
interfaces of the CNT were designed to explore the effects of
interfacial dynamic and chain rigidity on the thermal and
mechanical properties of the epoxy CNT nanocomposites.
There is no report of a systematic study of the chemical
structure of interfacial area on the bulk properties of CNT
epoxy nanocomposites. Figure 6 shows the proposed the
mechanism by which the chemical bonding between the
diamine on the CNT surface and the epoxy matrix occurs.

Simulations of the surface modified CNT epoxy resin matrix
demonstrated a 10-fold increase in the matrix shear modulus of
the interface in the examined length scale.* Storage shear
modulus, G’, of epoxy and epoxy nanocomposites containing
1,12-diaminododecane, 4,7,10-trioxa-1,13-tridecanediamine,
and 4,4'-(4,4'-methylenebis(4,1-phenylene)bis(methylene) )-
dianiline modified CNT were studied. Figure 7a,b shows the
storage shear moduli and damping tan 6 of the neat epoxy, 0.1
wt %, C12-OCNT/epoxy, aliphatic ether-OCNT epoxy, and
aromatic Ph4-OCNT/epoxy nanocomposites. This study
examines the effects of the interfacial rigidity and polarity on
the mechanical properties of the epoxy nanocomposites. The
storage shear moduli of all amine functionalized CNT epoxy
nanocomposites were at least 1.3 times higher than that of the
neat epoxy resin (Figure 7a). The aromatic modified CNT
epoxy nanocomposites had the highest moduli below and above
glass transition temperatures. The G’ of the Ph4-OCNT epoxy
nanocomposite was 1393 MPa, 1.9 times higher than that of the
neat epoxy resin, 731 MPa, at 30 °C. The G’ was very low in
the rubbery state above T,. The G’ of the Ph4-OCNT epoxy
resin was 5.9 MPa, which was a 3.98-fold increase at 100 °C
compared to that of the neat epoxy resin matrix (1.5 MPa).
This significant increase in shear moduli is attributed to the
chain restriction due to the covalent bonding between the
epoxy resin matrix and high modulus CNT through a rigid
aromatic interface. The C12-OCNT epoxy nanocomposite also
showed higher moduli below and above glass transition
temperature. The C12-OCNT epoxy nanocomposite has a
modulus of 989 MPa, which is a 1.35 times increase at 30 °C.
The dynamic shear modulus of this nanocomposite was
significantly higher at temperatures above T,. The G’ of the
CI12-OCNT epoxy nanocomposite showed a 2.48 times
increase compared to that of the neat epoxy resin at 100 °C.
Aliphatic ether-OCNT epoxy nanocomposite exhibited a higher
modulus (993 MPa) below the glass transition temperature, in
the same range as the C12-OCNT epoxy nanocomposites.
Their G’ was slightly higher or nearly the same as that of the
epoxy resin nanocomposites above T, ie, at 100 °C. The
aliphatic ether amine modified CNT generated the most
flexible interface with the epoxy resin matrix. It also
demonstrated the least contribution to the modulus enhance-
ment, especially above T.

The glass transition temperatures of all amine functionalized
CNT epoxy nanocomposites were higher than the that of the
neat epoxy resin by at least 3 °C (Figure 7b). The area under
the tan 0 damping peak decreased with incorporation of amine
functionalized CNT to the epoxy resin matrix at an applied

range of strain and frequency of 1 Hz. Tan ¢ is the ratio of loss
modulus to storage modulus, G”/G’. A higher area under the
tan 6 peak suggests higher energy dissipation in the polymer
system. Addition of stiffer CNT to the epoxy resin matrix
resulted in a decrease in the area under the damping peak. In
addition, this study demonstrates that the interface plays a role
in the area under the damping peak. The CNT epoxy
nanocomposite with the aliphatic ether interfacial structure
shows high damping characteristics, possibly due to the flexible
ether linkage, whereas the aromatic interface shows the lowest
damping area, most likely due to the rigid aromatic structure.
The area under the damping peak for the C12-OCNT epoxy
nanocomposite was in between that of the flexible ether and
rigid aromatic interface CNT epoxy nanocomposite.

Many studies reported an increase in damping characteristics
of epoxy CNT nanocomposites caused by a stick—slip
mechanism due to elastic mismatch and shear lag when the
stress is above the critical value, resulting in polymer chain
slippage from the CNT.*~* The main factors affecting the
damping characteristic of CNT epoxy nanocomposites are
reported as the critical shear stress, nanotube content, and
CNT structural characterisitics.”> Our prepared amine function-
alized CNT epoxy nanocomposites do not show any increase in
damping, rather a decrease in damping. These results suggest
that the proposed slip—stick mechanism based on chain
slippage on the CNT surface causing increased damping is
absent. This could be attributed to the low concentration of
CNTs (0.1 wt %), covalent bonding between the amine
functionalized CNT and epoxy resin matrix, low applied
frequency, or stress and strain below the critical value required
for polymer chain slippage to occur.

The glass transition temperature of the neat epoxy was 71.2
°C, whereas aliphatic ether-OCNT, C12-OCNT, and aromatic
functionalized CNT epoxy nanocomposites have T, values of
74.4, 81.1, and 81.6 °C, respectively. The increase in the T, is
attributed to the contribution of functionalized CNT to the
chain segmental motion. When CNT are covalently bonded to
the epoxy resin matrix, the three-dimensional network requires
higher thermal energy for onset of chain segmental motion
compared to the neat polymer system. The aromatic modified
CNT nanocomposites have the highest T, lowest area under
the damping peak, and highest modulus. These property
enhancements are attributed to the role of rigid interface
covalently bonded to the three-dimensional network of epoxy
resin. The aliphatic ether modified CNT exhibited the lowest
T, of the nanocomposites, a higher area under the damping
peak, and a comparable improvement in G" compared to the
1,12-diaminododecane and aromatic modified CNT epoxy
nanocomposites. This is possibly attributed to the highly
flexible interface between CNT and the epoxy resin matrix.

1,12-Diaminododecane surface modified CNT with acid
treated CNT (OCNT) and photo-oxidized CNT (POCNT)
were prepared and incorporate into the epoxy resin to generate
C12-OCNT and C12-POCNT epoxy nanocomposites. Figure
8 shows the storage shear modulus, and the tan 6 data of C12-
OCNT and C12-POCNT epoxy nanocomposites. The C12-
OCNT epoxy nanocomposite shows a slightly higher modulus
below T, but a more pronounced increase in the temperature
range above the glass transition temperature. The T, of the
C12-OCNT nanocomposite was higher than the T, of the C12-
POCNT nanocomposite. The C12-OCNT epoxy nano-
composite had a modulus of 989 MPa vs 890 MPa for the
C12-POCNT epoxy nanocomposite below T,. The difference
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Figure 8. Storage shear moduli and damping tan § of the C12-OCNT
(M) and C12-POCNT (O) epoxy nanocomposites.

in modulus above T, was more significant, 3.89 MPa vs 2.74
MPa for the CI2-OCNT and CI12-POCNT epoxy nano-
composites, respectively. XPS data showed significantly lower
oxygen content on the POCNT surface and lower atomic
nitrogen percentage on the amine modified POCNT. The
lower modulus, lower T, and slightly higher area under the
damping peak can be attributed to the lower density of
functionalization due to lower available functional groups. This
resulted in higher covalent bonding between the CNT and the
epoxy resin matrix. This effect is more prominent at
temperatures above T, where the polymer matrix has energy
to undergo chain segmental motion, but the CNT thermal
properties are not affected at this temperature range. The
higher density of covalent bonding between the CNT and
epoxy resin matrix results in hindering these motions and
consequently larger effects in modulus at the temperatures
above the glass transition temperature. The T, of the CI2-
OCNT epoxy nanocomposite is 81.1 °C, whereas the T, of the
C12-POCNT epoxy nanocomposite was 72 °C. The increase in
T, is also attributed to the higher density of functionalization
between the epoxy and CNT.

Table 2 summarizes the storage shear moduli (<T,) of the
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carbon nanotube epoxy nanocomposites oxidized with acid

Table 2. Storage Shear Moduli of Diamine Treated CNT
Epoxy Nanocomposites with 1,12-Diaminododecane, 7,10-
Trioxa-1,13-tridecanediamine, and 4,4'-(4,4'-
Methylenebis(4,1-phenylene)bis(methylene))dianiline
Treated CNT, Comparison of CNT Initially Acid Treated
(OCNT) and Photo-oxidized (POCNT)

type of CNT functionalization in epoxy storage shear modulus <T,,

nanocomposite MPa
neat epoxy 731 £ 75
Ph4-OCNT 1393 + 207
Ph4-POCNT 1350 + 170
aliphatic ether-OCNT 993 + 104
aliphatic ether-POCNT 877 + 150
C12-OCNT 989 + 104
C12-POCNT 890 + 76

(OCNT) and oxidized via photo-oxidation (POCNT) and then
treated with the three types of diamines. The moduli of the
epoxy CNT nanocomposites prepared from CNT with initial
lower oxygen content were lower below and above the glass
transition temperature. The moduli values for epoxy CNT

nanocomposites containing a higher initial oxygen content and
initial nitrogen content were higher both below and above the
glass transition temperature for all epoxy CNT nano-
composites. The initial higher levels of oxygen content
indicated initial higher oxygenated functional groups on the
CNT surface. XPS also showed that amine functionalized CNT
from acid treated CNT contained more nitrogen. Higher
nitrogen content is an indication of higher density of amine end
groups on the CNT interface, leading to more functional
groups accessible for covalent bonding with the epoxy resin
matrix.

Higher density of functionalization of OCNT leads to a
higher stiffness and higher modulus of the epoxy CNT
nanocomposites, however, the acid treatment could also result
in decrease of aspect ratio. The lower aspect ratio results in
improved dispersion which contributes to enhanced modulus.
The POCNT has only been treated with UV light with minimal
damage to CNT and effect on the aspect ratio. Therefore,
higher aspect ratio CNT with more aggregation could result in
epoxy CNT nanocomposites with lower modulus and
mechanical properties.

3.2.2. SEM. The dispersions of all amine functionalized CNT
in the epoxy resin matrix were evaluated by examination of the
fractured surfaces with high resolution SEM. SEM has been
widely used to evaluate the dispersion of CNT in the epoxy
resin matrix.2%303%3* Figure 9a,b,c shows the fractured surface
of C12-OCNT, aliphatic ether-OCNT, and aromatic Ph4-
OCNT epoxy nanocomposites. All CNT epoxy nanocomposite
samples exhibited some degree of aggregation and nesting.
However, the aromatic Ph4-OCNT epoxy nanocomposite
showed significant improvements in the CNT dispersion,
smaller CNT aggregate sizes, and less frequent aggregates
compared to the C12-OCNT and aliphatic ether-OCNT epoxy
nanocomposites (Figure 9c). The fractured surface of CI12-
OCNT epoxy nanocomposites sho<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>