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ABSTRACT: We have used amido-amine functionalized
carbon nanotubes (CNTs) that form covalent bonds with
cross-linked epoxy matrices to elucidate the role of the matrix—
filler interphase in the enhancement of mechanical and thermal
properties in these nanocomposites. For the base case of
nanocomposites of cross-linked epoxy and pristine single-walled
CNTs, our previous work (Khare, K. S.; Khare, R. J. Phys. Chem.
B 2013, 117, 7444—7454) has shown that weak matrix—filler
interactions cause the interphase region in the nanocomposite to
be more compressible. Furthermore, because of the weak
matrix—filler interactions, the nanocomposite containing dis-
persed pristine CNTs has a glass transition temperature (Tg)
that is ~66 K lower than the neat polymer. In this work, we
demonstrate that in spite of the presence of stiff CNTs in the
nanocomposite, the Young’s modulus of the nanocomposite

containing dispersed pristine CNTs is virtually unchanged

compared to the neat cross-linked epoxy. This observation suggests that the compressibility of the matrix—filler interphase
interferes with the ability of the CNTs to reinforce the matrix. Furthermore, when the compressibility of the interphase is
reduced by the use of amido-amine functionalized CNTs, the mechanical reinforcement due to the filler is more effective,
resulting in a ~50% increase in the Young’s modulus compared to the neat cross-linked epoxy. Correspondingly, the
functionalization of the CNTs also led to a recovery in the T, making it effectively the same as the neat polymer and also resulted
in a ~12% increase in the thermal conductivity of the nanocomposite containing functionalized CNTs compared to that
containing pristine CNTs. These results demonstrate that the functionalization of the CNTs facilitates the transfer of both
mechanical load and thermal energy across the matrix—filler interface.
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1. INTRODUCTION

The remarkable mechanical properties' of carbon nanotubes
(CNTs) have generated a large interest in the scientific
community in the use of CNTs as fillers in polymer
nanocomposites (PNCs), particularly in thermosetting poly-
mers, such as cross-linked epoxy.z_4 However, in general, the
reinforcement of thermosetting matrices by CNT's has not lived
up to the expectations.” On the theoretical side, the effect of
CNTs on the physics of the polymer matrix is poorly
understood.® This is partly because the wide variety of PNC
preparation and processing strategies have significantly different
effects on the properties of the final system, which has caused
obstacles to comparing experimental results from various
groups.7 Furthermore, both cross-linked epoxy and CNTs are
each a diverse class of materials, where the specific properties
vary widely within these classes.

The glass transition temperature (T,) of the nanocomposites
is an important signature of the eftect of the filler on the
thermo-viscoelasticity, and hence the physics of the polymer
matrix.® The T, is affected by the characteristics of the cross-
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linked epoxy (specific chemistry, extent of conversion, etc.), the
CNTs (number of walls, chemical functionalization, etc.), and
the presence of additives (surfactants, processing agents,
solvents, impurities, etc.). For example, the importance of the
specific details of the cross-linked epoxy matrix topology can be
seen in recent work, where it was found that the addition of
multiwalled CNTs (MWNTSs) to cross-linked epoxy results in
either an increase or a decrease in the glass transition
temperature (T,) in systems with low or high cross-link
densities, respectively.” In a corresponding example regarding
the importance of the specific details of CNT topology and
chemical functionality, a recent review'® noted that single
walled CNTs (SWNTs) tended to cause a reduction in the
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glass transition temperature (T,) of the epoxy matrix, whereas
MWNTs tended to cause an increase in the T, of the matrix
with respect to the neat polymer. However, the same review'°
included numerous exceptions to these generalizations, as well
as a number of plausible hypotheses for the mechanisms that
might cause changes in the T, of the matrix because of the
addition of the CNTs. Using experiments to verify these
hypotheses by independently controlling these variables is
challenging, because of the intricate interdependence of the
associated phenomena, such as the extent of conversion, the
extent of dispersion, and the effect of residual solvent and
surfactants, etc.

Recently, we used molecular simulations to study systems in
which the extent of dispersion of pristine SWNTs in a cross-
linked epoxy nanocomposite system was independently
varied."! This allowed us to study the volumetric, structural,
and dynamic properties of the nanocomposites in the context
of the specific interfacial interactions and the properties of the
interphase region between the matrix and the filler, which is
responsible for the load transfer between them. Briefly, we
found that: (1) cross-linked epoxy and pristine CNTs have
poor interfacial interactions, (2) the interphase between cross-
linked epoxy and pristine CNTs is more compressible (as
defined by the change in the specific volume with a change in
the temperature) than the bulk matrix, (3) the creation of this
interphase resulted in a large reduction in the T, (~66 K) of
the nanocomposite containing dispersed CNTs compared to
the neat cross-linked epoxy, and (4) the effect of the filler on
the dynamics of the matrix is nonintuitive. In addition, our
observations provided support to the conceptual analogy
between the nanoconfinement of the polymers by solid
substrates and the effect of the filler on the matrix in the
interphase region of PNCs that has been discussed in
literature.'>~"’

In recent years, the significant progress in the chemistry of
CNTs has enabled the attachment of a number of different
functional groups and polymer chains to the surface of the
CNTs.?> In the case of cross-linked epoxy based CNT
nanocom?osites, the attachment of either epoxy'®'® or
amine’””' functional groups on the CNTs allows these
CNTs to participate in the cross-linking reaction. In literature,
the functionalization of CNTs with amine functional groups
have been found to improve the mechanical properties of the
cross-linked epoxy nanocomposites.”' ~>* Such improvements
in the mechanical properties due to the functionalization of
CNTs has been mainly attributed to two factors: (1)
improvement in the dispersion of the functionalized CNTs,
and (2) improvement in the load transfer between the matrix
and the filler because of the formation of covalent bonds and
improved interfacial interactions between the matrix and the
CNTs."*2227 However, such functionalization of the CNTs in
experiments is also known to reduce the extent of curing/
conversion of the matrix,'”?' shorten the length of the
functionalized CNTs compared to the pristine CNTs,***
and introduce significant amounts of impurities in the prepared
material?® In addition, the oxidation-based functionalization of
the CNTs is known to occur in a heterogeneous manner, with
the edges of and defects in the CNTSs being relatively rich in
functional groups compared to the walls of the CNTs.>*° In
this work, the use of molecular simulations has allowed us to
use well-defined CNTs, and also to independently control the
degree of conversion of the matrix, and the degree of dispersion
of the CNTs without the use of additives such as surfactants
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and dispersive agents. Therefore, we are able to separately
decipher the effect of the covalent linkages between the cross-
linked epoxy matrix and the functionalized CNTs on the
mechanical properties of their nanocomposites. In addition, the
use of atomistically detailed model structures for these systems
allows us to fully account for the role of specific interfacial
interactions between the matrix and the filler in these materials.
Although specific chemical interactions are known to play an
important role in the thermomechanical behavior of cross-
linked epoxy systems;”" the importance of accounting for these
interactions is enhanced at the matrix—filler interface.**>

The interfacial interactions between the matrix and the filler
are also known to play a critical role in determining the ability
of the filler to improve the thermal conductivity of the PNCs.*
Specifically, CNTs are known to have an exceptionally high
value of the thermal conductivity (single-walled CNTs,**
~6000 W m™' K'; and multiwalled CNTs,*>*° ~ 3000 W
m~' K™'). On the other hand, polymers such as cross-linked
epoxy have a low value of the thermal conductivity (~ 0.3 W
m~! K71).>* Thus, while the use of the rule of mixtures would
suggest a very large increase in the thermal conductivity of the
matrix by the addition of a small amount of CNTs, the
observed thermal conductivity of such nanocomposites
reported in literature has been only marginally higher than
the neat polymer.>® This lack of significant improvement has
been attributed to Kapitza resistance,”’ which is the thermal
resistance between the matrix and the filler. Indeed, random
walk Monte Carlo simulations have shown that the matrix—
filler and filler—filler thermal resistances play a critical role in
determinin§ the overall thermal conductivity of the nano-
composite.”*** Functionalization of CNTSs is expected to
reduce the Kapitza resistance, by creating additional paths for
the heat transfer between the matrix and the filler.*

We seek to answer the following two questions in this study:
(1) What effect does the functionalization of CNTs have on the
volumetric, structural, and dynamic properties in these
nanocomposites?, and (2) How important is the nature of
the interphase region in the overall load and heat transfer in
these materials? To answer the first question, we created model
structures of cross-linked epoxy nanocomposite containing
dispersed functionalized CNTs, and then compared the
volumetric, structural, and dynamic properties of this system
with the corresponding properties of two model systems
studied in previous work: neat cross-linked epoxy and the
nanocomposite containing dispersed pristine CNTs.""* To
answer the second question, we calculated the mechanical
properties of these model systems by simulating the
deformation of the three systems described above, and also a
fourth system: the nanocomposite containing aggregated
pristine CNTs, which was previously characterized'' for the
volumetric, structural, and dynamic properties. In addition, the
thermal conductivity of the four systems was also calculated
using the reverse nonequilibrium molecular dynamics simu-
lation (RNEMD) approach.*'

This paper is organized as follows: we begin by describing
the simulation details, which include a brief description of the
preparation of the model structures of the nanocomposite
containing amido-amine functionalized CNTs (FCNTs). This
is followed by the results and discussion of the volumetric,
structural, dynamic, mechanical, and thermal transport proper-
ties of the nanocomposite containing amido-amine function-
alized CNTs, and a comparison of these properties with those
of the neat cross-linked epoxy and the nanocomposites
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containing pristine CNTs, which were prepared and studied in
previous work.""** We close the paper by summarizing the
results in the Conclusions section.

2. SIMULATION DETAILS

The details of the force fields, molecular models, and the
calculation of volumetric, structural, dynamic, mechanical, and
thermal properties are presented in this section. In the
simulations that are reported in this work, we use the acronym,
“CNTSs” to refer to pristine single-walled carbon nanotubes and
the acronym, “FCNTSs” to refer to amido-amine functionalized
single-walled carbon nanotubes. The following abbreviations
are used for the nanocomposite model systems in this paper:
epoxy—disp. CNTs, epoxy—agg. CNTs, and epoxy—disp.
FCNTs systems for the cross-linked epoxy nanocomposites
containing dispersed pristine CNTs, aggregated pristine CNTs,
and dispersed amido-amine functionalized CNTs, respectively.

A. Force Fields and Molecular Models. Similar to our
previous studies,""*® the cross-linked epoxy network that
constituted the polymer matrix was based on the epoxy
monomer; diglycidyl ether of bisphenol A (DGEBA), and the
cross-linker; 4,4'-diaminodiphenylsulfone (4,4’-DDS), as
shown in panels a and b in Figure 1, respectively. Molecular
models of the amido-amine functionalized CNTs (FCNTs)
were prepared by adding two amido-amine groups™ (ie.,
—CONHCH,CH,NH,, see Figure 1c) to either end of the
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Figure 1. Chemical structures of (a) DGEBA and (b) 4,4-DDS. (c)
Molecular model of FCNTs used as the filler in this work. Carbon,
oxygen, nitrogen, and hydrogen atoms are shown in cyan, red, blue,
and gray color, respectively. Inset contains the chemical structure of
the amido-amine functional group.

6100

pristine single-walled CNTs of chirality (3,3). These pristine
CNTs were used in our previous simulation work,"" and the
amido-amine functional groups have been used in literature
experiments.”*** We note that because each of the amido-
amine groups can form three covalent bonds with the matrix,
rather than the one covalent bond that would be formed if the
functional group was epoxy, the former is expected to be more
effective for improving the matrix—filler load and heat transfer.

As can be seen in Figure lc, four amido-amine groups were
attached to each FCNT. Thus, the number of CNT carbon
atoms per functional group was 30, which is similar to the
number of CNT carbon atoms per functional group used in
experimental work in literature.”® Each of these amido-amine
groups can react with three epoxy functional groups from the
matrix during the cross-linking process. This aspect was taken
into account while calculating the stoichiometric ratio of the
epoxy and the amine groups in the reaction mixture during the
preparation of the cross-linked model structures, the details of
which are given in the subsequent text. These stoichiometric
considerations are important for avoiding a reduction in the
extent of curing because of the presence of the unreacted excess
component, which has been thought to be one of the possible
reasons for a reduction in the T, of the nanocomposite that has
been observed in experimental literature.”!

Although the simulation details of the work Ipresented here
are similar to those for our previous studies,""** we briefly
summarize some key features for the sake of completion. The
intra- and intermolecular forces that govern the behavior of the
molecular models were described by the general AMBER force
field®** (gAff). The partial charges on the atoms were
determined using the AMI-BCC method.**® We have
previously used these methods to simulate various cross-linked
epoxy systems and their nanocomposites, and have shown that
the simulated properties are in excellent agreement with
experimental literature.""***7>° The van der Waals and
Columbic interactions were considered explicitly up to a cutoff
distance of 9 A. Beyond this cutoff distance, we used tail
corrections and the particle—particle particle—mesh®' (PPPM)
algorithm to account for the respective long-range interactions.
All the constant pressure simulations were performed at a
pressure of 1 atm. The Nosé—Hoover thermostat and barostat
were used to control the temperature and pressure,
respectively.®” All of the simulations reported in this work
were performed using the LAMMPS simulation package.® A
time-step of 1 fs was used for the MD simulations.>*

B. Preparation of Model Structures. Model structures of
the epoxy—disp. FCNTs system were prepared in this work
(see Figure 2) and properties of these systems were compared
with properties of the model systems of the neat cross-linked
epoxy, the epoxy—disp. CNTs, and the epoxy—agg. CNTs
systems that were described in our previous work.'"** To
maintain stoichiometry of the epoxy and amine groups, we used
896 molecules of DGEBA, 424 molecules of DDS, and 8
FCNTs to prepare the “reaction mixture”; the mass fraction of
FCNTs thus is 3.4 and 2.75%, calculated with and without the
functional group atoms, respectively. This initial reaction
mixture was simulated at 553 K using constant NPT (constant
number of particles, pressure, and temperature) simulations.
The directed diffusion-based simulated polymerization®®
approach was then used to prepare the nanocomposite
containing FCNTSs. The extent of dispersion of the filler in
the epoxy—disp. FCNTs system was identical to that in the
epoxy—disp. CNTs system." " The procedure for dispersing the
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Figure 2. Snapshot of the epoxy-disp. FCNTs nanocomposite
structure. The FCNT's are shown in orange color. Carbon, hydrogen,
oxygen, nitrogen, and sulfur atoms are shown in cyan, white, red, blue,
and yellow color, respectively. The DGEBA units with covalent
attachments to the FCNTSs are represented by thicker bonds, whereas
hydrogen atoms are not shown for clarity.

FCNTs, as well as the simulated polymerization was identical to
the preparation'' of the epoxy—disp. CNTs system, with a few
modifications that were required to account for the creation of
covalent bonds between these FCNTs and the matrix.
Specifically, the four amido-amine groups on each of the
FCNTSs were expected to react with twelve units of the epoxy
monomer DGEBA. These covalent bonds were created before
the simulated polymerization of the rest of the “reaction
mixture”, ie., the formation of bonds between DGEBA and
4,4'"-DDS wusing the directed diffusion based simulated
polymerization.*” The extent of conversion of the matrix for
the model structures of the epoxy—disp. FCNTSs system is
compared with those of the previously studied systems'"** in
Table 1.

Table 1. Comparison of the Extent of Chemical Conversion
of the Epoxy-Disp. FCNTs System with the Conversion of
the Systems Studied in Previous Work

extent of conversion
0.989 + 0.0036
0.987 + 0.005S
0.994 + 0.0018
0.988 + 0.0015

system
neat cross-linked epoxy™
epoxy—disp. CNTs"!
epoxy—agg. CNTs"!
epoxy—disp. FCNTs

C. Volumetric, Structural, and Dynamic Properties.
The volumetric, structural, and dynamic properties of the cross-
linked epoxy and the epoxy—dlsp CNTs system, which were
obtained in the previous studies,'"*" are compared with the
corresponding properties of the epoxy—disp. FCNTs system
that are calculated in this work. The epoxy—disp. CNTs and the
epoxy—disp. FCNTs systems have similar morphology other
than the presence of the covalent bonds between the CNTs
and the matrix in the latter but their absence in the former.
Therefore, by focusing primarily on the comparison between
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these two systems, we were able to independently decipher the
effect of the functionalization of the CNTs on the
thermomechanical properties of the nanocomposites.

Although the details of these calculations are similar to our
previous work,"* for the sake of completion, we summarize
the key features of these calculations for the three properties.
The specific volume of the epoxy—disp. FCNTs system was
obtained by a stepwise cooling process (step-size: 20 K) of the
model structures starting from a high temperature in the
rubbery state (T = 763 K). A constant NPT simulation was
performed for 2 ns in each step, and the volumetric data was
collected in the last half of each of these cooling steps. At the
end of each temperature step, a snapshot of the model
structures was saved for further calculations.

The radial distribution function of the heavy atoms in the
matrix in cylindrical shells around the FCNTs was calculated
and compared with a similar quantity in previous work'" for the
epoxy—disp. CNTs system. For the dynamic properties, the
mean-squared displacement (MSD) was calculated for the
central carbon atoms of DGEBA units and the nitrogen atoms
of the DDS units, which are expected to be the fastest and the
slowest atoms in the matrix, respectively. The MSD was also
calculated for the carbon atoms of the FCNTs. These
calculations were performed at a temperature of 454 and 494
K, the same as those in the previous work on neat cross-linked
epoxy, epoxy—disp. CNTs, and epoxy—agg. CNTs systems."!

D. Determination of Mechanical Properties. The
mechanical properties were characterized by calculating the
Young’s modulus (E) and the Poisson ratio of the four model
systems: (1) neat cross-linked epoxy, (2) epoxy—disp. CNTs,
(3) epoxy—agg. CNTs, and (4) epoxy—disp. FCNTs systems,
by simulating the uniaxial deformation of these systems. For
this purpose, we used the well-relaxed model structures
obtained during the stepwise cooling simulations that were
carried out for studying the volume — temperature behavior.
Five replicas of each of the four systems were deformed in each
of the three Cartesian directions in both a compressive and
tensile manner, thus allowing us to obtain the Young’s modulus
and Poisson ratio as an average of 30 simulations for each of the
four systems.

The uniaxial deformation was simulated at a constant
engineering strain rate of 1 X 10° 57" and at a temperature of
300 K, ie., deep in the glassy state. Concurrently with this
deformation, a constant NPT simulation was performed to
allow the model systems to relax. The Nosé-Hoover barostat*>
was applied to the dimensions lateral to the deformation with a
target pressure of 1 atm. Such a process allows the lateral
dimensions to adjust to the longitudinal deformation based on
the relaxation of the model structures, enabling us to calculate
the Poisson ratio. Two of us recently used this method to
characterize the mechanical response of a different cross-linked
epoxy system as a function of the strain rate and the
temperature.5

E. Calculation of Thermal Conductivity. The thermal
conductivity of the four model systems was calculated using the
reverse nonequilibrium molecular dynamics*' (RNEMD)
method, which has been implemented in the LAMMPS
simulation package.”> The RNEMD method*' relies on
generating a thermal gradient in response to an imposed
steady heat flux. This steady heat flux is induced by swapping
the velocities of the hottest (particle with the highest velocity)
and the coldest (particle with the lowest velocity) particles,
which belong to predefined cold and hot slab regions of the
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simulation box. This swapping process is repeated at a specified
time interval, which on average creates a constant heat flux, and
consequently results in the establishment of a thermal gradient.
This time interval is chosen such that the temperature
difference across the simulation box is relatively small.
Specifically, in our work, we used a time interval of 120 time
steps, which allowed us to maintain a temperature difference of
less than 30 K across the simulation box. Maintaining a small
temperature difference allowed us to neglect the temperature
dependence of the thermal conductivity and thus assume that
the thermal conductivity was a constant for the model structure
at the average temperature of the simulation. The thermal
conductivity of the system was then calculated by dividing the
measured heat flux by the average temperature gradient. The
average thermal conductivity was obtained by performing these
calculations along each of the three directions for each of the
five replicas of the four model systems. For the thermal
conductivity calculations, the well-relaxed structures obtained at
a temperature of 303 K and pressure of 1 atm were subjected to
constant NVE simulations for a duration of 4 ns.

3. RESULTS AND DISCUSSION

We begin by reporting the volumetric, structural, and dynamic
properties of the epoxy—disp. FCNTs system. These results are
compared with previous work on neat cross-linked epoxy*® and
the epoxy—disp. CNTs systems.'' These discussions are
followed by a comparison of the Young’s modulus, the Poisson
ratio, and the thermal conductivity of these three model
systems along with the epoxy—agg. CNTs system. In all cases,
the uncertainty in the results was determined by averaging over
S replicas for each of the four model systems.

A. Functionalization of CNTs Eliminates the T,
Depression Shown by Dispersed Pristine CNTs in Their
Cross-linked Epoxy Nanocomposites. The model struc-
tures of the epoxy—disp. FCNTSs system were relaxed at a high
temperature (T = 783 K) using a constant NPT molecular
simulation and then subjected to a stepwise cooling procedure.
The cooling rate used in these simulations is 1 X 10" K s7,
which is identical to that in our previous work.""* In Figure 3,
the dependence of the specific volume of the epoxy—disp.
FCNTs system with the temperature is compared on our
previous results for neat cross-linked epoxy*® and the epoxy—
disp. CNTs systems.'' As can be seen from the figure, the
epoxy—disp. FCNTs system has significantly lower specific
volume (i, significantly higher density) than the other two
systems. The T, was estimated by determining the temperature
at the intersection of the linear fits to the rubbery (603—763 K)
and the glassy regions (303—403 K). As can be seen, the value
of T of the epoxy—disp. FCNTs system (Tg =517 +23K) is
significantly higher than the T, of the epoxy—disp. CNTs
system (T, = 446 + 12 K). On the other hand, the T, of the
epoxy—disp. FCNTs system is comparable to that of the neat
cross-linked epoxy (T, = 512 + 13 K), within the uncertainties
associated with those values. Since the extent of dispersion of
the filler in the case of the epoxy—disp. CNTs and the epoxy—
disp. FCNTs systems is identical, this suggests that the
functionalization of the CNTs eliminates the T, depression
shown by the epoxy—disp. CNTs system compared to the neat
cross-linked epoxy. This T, depression was attributed to poor
interfacial interactions between the pristine CNTs and the
cross-linked epoxy in our previous work.

B. Functionalization of CNTs Renders the Interphase
More Incompressible. A comparison of the temperature
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Figure 3. Comparison of the volume—temperature data of cross-linked
epoxy—disp. FCNTs system with data obtained in previous studies for
the neat cross-linked epoxy™ and the epoxy—disp. CNTs system.'

dependence of the specific volume of the epoxy—disp. CNTs
and the epoxy—disp. FCNTs systems can be used to obtain
more information about the effect of the functionalization on
the compressibility of the interphase region. In previous work,"!
we have defined the quantity: excess specific volume (V) to
quantify the difference between the specific volume of the
epoxy—disp. CNTs and epoxy—agg. CNTs systems at a given
temperature. In that work, since the other characteristics of the
two systems, such as the mass fraction of the CNTs, were the
same, this excess specific volume arose exclusively because of a
difference in the extent of dispersion of the CNTs in the two
systems. Thus, in that work,"" the value of the V, .. as well as
its dependence on the temperature led us to conclude that the
interphase region between pristine CNTs and the cross-linked
epoxy matrix is compressible. This conclusion was possible
because the only difference between those two model systems
was the volume fraction of the interphase, which was caused by
the aforementioned differences in the extent of dispersion.

In this work, the value of the V., between the epoxy—disp.
CNTs and epoxy—disp. FCNTs systems which can be
calculated at a given temperature, will have a subtly different
interpretation than that in our previous work."' Here, since the
difference between the two models (ie., epoxy—disp. CNTs
and epoxy—disp. FCNTs systems) is in the nature of the
interphase and not the volume fraction of the interphase region,
this quantity can be used to assess the effect of the change in
the nature of the interphase on the relative compressibility of
the two interphase regions. In particular, here we define the
excess specific volume as: Ve = 2(Vaip = Viune)/ (Vaip +
Vime) - The trend in Vi, with a change in temperature is
shown in Figure 4. It can be seen from Figure 4 that the use of
pristine CNTs compared to the functionalized CNTs results in
an excess specific volume due to the nature of the interphase for
these systems. Furthermore, the V., monotonically decreases
with a decrease in temperature for these systems. This trend
suggests that the interphase formed by the cross-linked epoxy
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Figure 4. Temperature dependence of the excess specific volume of
the epoxy—disp. CNTs system with respect to epoxy—disp. FCNTSs
system.

matrix and the amido-amine functionalized CNTs has
significantly lower compressibility than the interphase formed
by cross-linked epoxy matrix and the pristine CNTs. (Note:
Compressibility is defined here in terms of the change in the
volume with respect to a change in the temperature.) This
observation is consistent with the expectation that functional-
ization of CNTs increases the compatibility between the matrix
and the filler. Indeed, amido-amine functionalized CNTs have
been reported in the literature to be more compatible with the
cross-linked epoxy compared to pristine CNTs.*>*’

C. Local Structure of Matrix is Unaffected by
Functionalization of CNTs. In previous work, we found
that poor compatibility of the matrix and the filler in the
epoxy—disp. CNTs system did not result in the depletion of the
matrix atoms around the filler. In order to determine the effect
of FCNTs on the local matrix structure, the radial distribution
function (RDF) of the heavy atoms of the matrix in cylindrical
shells around the FCNTs was calculated at a temperature T =
494 K. Figure S presents a comparison of this RDF with a
similar RDF'" for the heavy atoms of the matrix in cylindrical
shells around the pristine CNTs in the epoxy—disp. CNTs
system. As can be seen from the figure, the functionalization of
the CNTs did not result in large changes in the local structure
of the matrix of the epoxy—disp. FCNTSs system as compared
to that in the epoxy—disp. CNTs system. Specifically, neither
the height of the first peak, nor the location of the first peak
showed significant changes. The functionalization of the CNTs
did allow a few more matrix atoms to reside spatially close to
the CNTs as can be seen by comparing the values of the RDF
at distances less than ~5 A. However, it is clear that the RDF is
poorly correlated with interfacial interactions, as was also
reported by us in previous work,'" and as is indicated by the
literature on water containing systems in the field of
biophysics.*® Although the local structure of the matrix around
the filler is relatively unaffected by the functionalization of the
filler, the dynamic properties are expected to be more
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Figure S. Comparison of the RDF of heavy atoms of the polymer
matrix around the carbon atoms of the CNTs for the epoxy—disp.
FCNTs system at a temperature of 494 K with a similar RDF for
epoxy—disp. CNTs system reported in previous work."" The error bars
(not shown) are of the size of the symbols.

significantly affected by the presence of the covalent bonds
between the matrix and the filler.

D. Functionalization of the Filler Suppresses the
Mobility of Matrix Atoms. The effect of the CNTs on the
dynamics of atoms in the polymer matrix is nonintuitive, as
reported in our previous work,"" and as reviewed elsewhere.®
Because we had previously assessed the eftect of pristine single-
walled CNTs on the mobility of the matrix atoms in cross-
linked epoxy nanocomposites, a similar assessment in the
epoxy—disp. FCNTs system will allow us to decipher the effect
of functionalization of CNTs on this aspect. Similar to our
previous work,"" we calculated the MSD of the central carbon
atoms of DGEBA units at a temperature of 494 K in the
epoxy—disp. FCNTs system and compared it with the
corresponding value for the epoxy—disp. CNTs system from
our previous work,'" as shown in Figure 6. The central carbon
atoms of DGEBA units were chosen for analysis because these
are expected to be the most mobile atoms in the matrix.*” As
can be seen in Figure 6, functionalization of the CNTSs had a
strong effect of reducing the translational mobility of the matrix
atoms. Specifically, the MSD of the matrix atoms in the epoxy—
disp. FCNTs system is a factor of 3 lower than that of both the
neat cross-linked epoxy and the epoxy—disp. CNTSs system.
This reduction can be attributed to (1) the higher density of
the epoxy—disp. FCNTs system compared to both the neat
cross-linked epoxy and the epoxy—disp. CNTs systems, and (2)
the presence of multiple functional groups on the filler, the
resulting covalent bonds are likely to cause a significant
reduction in the mobility within the matrix.

E. Covalent Bonds between Functional Groups and
Matrix Pin the FCNTs in the Matrix. The MSD of the
carbon atoms of the FCNT's will provide additional insight into
effect of the covalent bonds between the matrix and the filler on
the dynamics of the filler. Figure 7 shows the temporal
evolution of the value of the MSD of the carbon atoms of the
FCNTs in the epoxy—disp. FCNTSs system; the figure also
shows a comparison of these data with a similar trend for the
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Figure 6. Comparison of the MSD of central carbon atoms on
DGEBA units in the epoxy—disp. FCNTSs system at a temperature of
494 K with the corresponding MSDs in the neat cross-linked epoxy
and the epoxy—disp. CNTs systems from previous work."!
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Figure 7. Comparison of the MSD of carbon atoms on CNTs in the
epoxy—disp. FCNTs system at a temperature of 494 K with the
corresponding MSD in the epoxy—disp. CNTs system from previous
work"!

CNT atoms in the epoxy—disp. CNTs system studied in our
previous work."" As can be seen from Figures 6 and 7, the
presence of covalent bonds between the matrix and the FCNTs
fundamentally changes the nature of the dynamics between the
two phases. The drastic reduction in the MSD of atoms of
FCNTSs compared to pristine CNTs, which can be seen in
Figure 7, suggests that the covalent bonds between the
functional groups of the FCNTs and the matrix had an effect
of pinning the FCNTs to the matrix. The 12 connections
between each of the FCNTSs and the matrix effectively render
the FCNTs immobile. On the other hand, the mobility of the
carbon atoms on the pristine CNTs is significantly higher than
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the matrix atoms on shorter time-scales, which is indicative of a
decoupling of dynamics between the filler and the matrix in that
system. Our observations are consistent with an experimental
study®* of the variations in the Raman spectra of both the
pristine and the amine functionalized MWNTs in their cross-
linked epoxy nanocomposites, respectively, as a function of the
tensile strain. Specifically, it was found that under the tensile
deformation, the interatomic distances of the carbon atoms in
the pristne MWNTs were unaffected, indicating that the
dynamics of the matrix and the filler were uncorrelated. On the
other hand, these distances were affected by the application of
the tensile deformation in the case of the nanocomposite
containing amine functionalized MWNTs, suggesting that the
matrix—filler dynamics were coupled.

F. Compressible Interphase Between the Matrix and
Pristine CNTs Interferes in the Mechanical Load Trans-
fer. The coupling of the dynamics of the matrix and the filler in
the case of the epoxy—disp. FCNT's system can be expected to
facilitate load transfer between the epoxy matrix and the
FCNTs. As described in the previous section, the mechanical
properties of these four systems were calculated by applying
uniaxial deformation at a strain rate of 1 X 10° s™'on the well-
relaxed structures of each system at a temperature of 300 K,
which is deep in the glassy state for all of these systems. In
particular, we calculated the Young’s modulus and the Poisson
ratio for these systems, which are shown in Table 3.

Table 3. Glass-Transition Temperature (T,), Young’s
Modulus (E), Poisson Ratio (¢), and the Bulk Modulus (B)
of Neat Cross-Linked Epoxy and the Three Nanocomposite
Systems”

system T, (X) E (GPa) v B (GPa)

cross-linked 512 + 13 5.74 + 0.14 0.368 + 0.003 725 £ 0.19
epoxy

epoxy— 446 + 12 5.70 £ 0.32 0.379 + 0.003 7.85 + 045
disp.
CNTs

epoxy—agg. 499 + 5 6.47 + 0.45 0.363 + 0.004 7.87 £ 0.55
CNTs

epoxy— 517 + 23 8.63 + 0.21 0.343 + 0.007 9.16 + 0.29
disp.
FCNTs

“The mechanical properties reported here were obtained at a
temperature of 300 K.

As can be seen in that table, the value of E for the neat cross-
linked epoxy is calculated to be 5.74 + 0.14 GPa. In recent
work,*® two of us have shown that the value of the E in the
glassy state calculated using simulations is expected to be ~2
GPa higher than that obtained in experiments. This difference
in the value of E arises from the overlap of the o and the
relaxation modes at the high strain rates that are used in
simulations and their separation at lower strain rates that are
employed in experiments. In particular, at the typical
deformation conditions used in experiments (~1 Hz), the f
peak temperature for the cross-linked epoxy system used in our
work is reported to be 229 K.*' This 3 peak temperature shifts
to higher values with higher strain rates, thus at the strain rate
of 1 X 10° s7* that is used in these simulations, the  peak
temperature is expected to be greater than 300 K, ie., f
relaxation does not occur at the simulation conditions.>
Because the value of the Young’s modulus increases by about 2
GPa as temperature is lowered from a value higher than the j
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relaxation peak temperature to a lower value,*® the simulated
value of E reported here is in good agreement with
experimental value (E = 279 + 0.03 GPa) reported in
literature for the same cross-linked epoxy system.>

In the case of the epoxy—disp. CNTs system, despite the
excellent dispersion of the stiff CNTs, the value of E for that
system is comparable to that of the neat cross-linked epoxy.
This observation suggests that the reinforcement of the matrix
due to the stiff filler is negated by the compressible interphase
region between them. On the other hand, the epoxy—agg.
CNTs system showed a value of E that was ~12% higher than
that of both the neat cross-linked epoxy and the epoxy—disp.
CNTs system. We attribute this observation to the presence of
a smaller amount of the compressible interphase in this system
due to the aggregation of the CNTs. The lower values of both
the T, and the E of the epoxy—disp. CNTs system, as well as
the higher value of its Poisson ratio compared to the
corresponding properties of the epoxy—agg. CNTs system
suggests that the former is more ductile’” than the latter at a
given temperature below their T,. This inference agrees with
experimental literature,®® where it was reported that the
nanocomposite containing well-dispersed MWNTSs was more
“liquid-like” than the nanocomposite containing aggregated
MWNTs. With regard to this comparison, we note that the
term “dispersion”, in experiments, usually refers to “macro-
dispersion”, i.e., the dispersion of clusters of CNTs throughout
the experimental sample, unlike the dispersion of individual
CNTs (ie, “nanodispersion”),” which is the case in the
present simulation work. In literature,** simulations of a coarse-
grained linear polymer and its nanocomposite were observed to
show significantly lower values of E under a tensile deformation
than those calculated under a compressive deformation. In our
work, given the uncertainty associated with the calculation, no
systematic trend is observed between the values of E calculated
under tensile and compressive deformations. We attribute this
lack of a significant difference between the two values of E
observed by us to the highly cross-linked nature of the matrix
used in this work, unlike the study reported in literature, where
a system of linear chains was used.®

G. Functionalization of CNTs Facilitates the Load
Transfer Between the Matrix and the Filler. As previously
discussed, the epoxy—disp. FCNTSs system shows a value of the
T, that is similar to that of the neat cross-linked epoxy, and the
interphase region in that system was relatively incompressible
as compared to that in the epoxy—disp. CNTs system. As can
be seen in Table 3, the functionalization of the CNTs resulted
in ~50% increase in the value of E of the system compared to
both the neat cross-linked epoxy and the epoxy—disp. CNTs
system. This observation indicates that the incompressible
interphase between the FCNTs and the matrix was more
effective at load transfer than the compressible interphase
between the pristine CNTs and the matrix. Indeed, our
observations agree with several papers in literature that have
reported that amine functionalized CNTs are effective at
reinforcing cross-linked epoxy matrices, whereas pristine CNT's
are not.”' >

The Halpin—Tsai®" model has been used in literature>® to
estimate the value of E of cross-linked epoxy—CNT nano-
composites. If the filler is assumed to be randomly oriented in
the three directions, and the value of E for the neat cross-linked
epoxy and the CNTs are taken to be 5.74 GPa and 1 TPa from
the present work and literature," respectively, the E for the
nanocomposite can be estimated to be 6.71 GPa using the
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Halpin—Tsai model. In the case of the epoxy—disp. CNTs
system, the simulated value of E is lower than the Halpin—Tsai
model estimates, while in the case of the epoxy—disp. FCNTs
system, the simulated value of E is significantly higher than the
model estimate. The inability of the Halpin—Tsai model to
predict these differences between the value of the E of the
epoxy—disp. CNTs and the epoxy—disp. FCNTSs systems can
be attributed to the neglect of the matrix—filler interfacial
interactions and the associated interphase in the Halpin—Tsai
model. Thus, the Halpin—Tsai model is unable to account for
the changes in the thermoviscoelastic properties of the
nanocomposites that are likely to occur because of the creation
of an interphase.®

For isotropic and viscoelastic materials,"> the value of the
Bulk modulus (B) can be calculated from the Young’s modulus
(E) and the Poisson ratio () by the following relationship: B =
E/3(1 — 2v). The value of B is of particular interest to our
discussion of the compressibility of the interphase, because B is
simply the inverse of the compressibility, albeit for the entire
system consisting of the CNT, interphase region and the bulk
epoxy matrix. In Table 3, the values of the B for the four
systems so calculated from E and v values are presented. As can
be seen, the epoxy—disp. FCNTs system has a value of B which
is ~17% higher than that of the epoxy—disp. CNTs system.
Because the only difference between the two systems is the
nature of the matrix—filler interphase, this higher value of B can
be directly attributed to the higher incompressibility of the
matrix—filler interphase in the case of the epoxy—disp. FCNTs
system compared to the epoxy—disp. CNTs system. The
relatively high uncertainty associated with the calculation of B
and mechanical properties in general, makes it difficult to draw
any conclusion about the relative trend in B values for the
epoxy—disp. CNTs and the epoxy—agg. CNTs systems. The B
value of the epoxy-disp CNTs system appears to be slightly
higher than that of the neat cross-linked epoxy system but such
a comparison is complicated by the opposing effects of two
factors: presence of both the compressible interphase as well as
the stiff CNT fillers in the former system, and the absence of
these two in the latter.

In summary, we note that B values can be used to derive
conclusions about the compressibility of the interphase region
in the nanocomposite systems. In practice, such an application
of B values is complicated by factors such as the high
uncertainty in calculation of the mechanical properties in
simulations and the presence of stiff nanofillers in the system.
In comparison, the calculation of the volumetric properties is
associated with significantly less uncertainty in simulations than
the calculation of the mechanical properties. We thus assert that
the trend in the excess free volume with temperature discussed
in the previous'' and the present work is a more sensitive
measure of the compressibility of the interphase region than the
Bulk modulus.

H. Heterogeneities in the Nature of the Interphase
Could Explain the Occurrence of Crazing in Epoxy-
Based Nanocomposites. Our results can also provide
molecular insight into a recent report’® of the occurrence of
crazing in cross-linked epoxy reinforced by amido-amine
functionalized CNTs. In the use of polymeric materials for
structural applications, the occurrence of crazing during
deformation leads to significant energy dissipation.”> As a
result, the fracture toughness of these materials is significantly
enhanced and material failure is delayed, which are desirable
characteristics for structural applications. Crazing is a “micro-
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Figure 8. Temperature profiles for (a) cross-linked epoxy and (b) epoxy—disp. FCNTSs systems.

scopically localized” phenomenon that involves a highly
concentrated state of localized stresses and is driven by the
formation of drawn fibrils of the polymer that span the
interfaces of load bearing cracks in the polymer.*® The presence
of defects and contaminants often amplifies this localized stress
concentration and hence, promotes the occurrence of crazing.*®
Local heterogeneities in the polymer, whether intrinsic to the
polymer or extrinsic (induced by the addition of fillers) are
considered to be essential for the observation of crazing.*® In
the case of filler reinforced polymers, filler-induced changes in
the local T, (and correspondingly, local free volume and local
dynamics) of the matrix have been suggested to drive the
formation of fibrils.** Indeed, crazing was also recently studied
using coarse-grained molecular simulations of linear polymer
chains with rodlike fillers, where the filler was found to lead to
premature crazing compared to the neat polymer.®®

Because cross-linked epoxy is a thermoset, it is a rather stiff,
but not a particularly tough material, and crazing is typically not
observed in this material.*°~®® However, in recent experimental
work, crazing in cross-linked epoxy reinforced by amido-amine
functionalized MWNTSs (A-MWNTs) was observed.® In that
same work, crazing was not observed in both the neat cross-
linked epoxy and cross-linked epoxy reinforced by pristine
MWNTs. Furthermore, it was reported that the fibrils observed
during crazing in the nanocomposite containing A-MWNTSs
were primarily comprised of the matrix material, and not the A-
MWNTs. This observation suggests that the A-MWNTs did
not directly participate in the crazing process; rather the A-
MWNTs modified the thermomechanical response of the
matrix to the deformation by inducing local heterogeneities in
the cross-linked epoxy matrix.

In the case of experimental samples of A-MWNTSs, amido-
amine functionalization tends to occur near the edges of
CNTs.>*"* Thus, it is reasonable to expect that there are
significant local heterogeneities in the thermo-mechanical
character of the interphase between the matrix and the filler
in experimental samples of the nanocomposites. Within the
same experimental sample of the nanocomposite containing A-
MWNTs, different locales in the material can be expected to
exhibit the thermo-mechanical characteristics resembling those
of the four model systems that were studied in this work.
Specifically, across the four systems, large variations were found
in the density (1.209—1.250 g/cm?), the T, (446—517 K), and

6106

the E (5.70—8.63 GPa) values. We speculate that a combination
of such heterogeneities in the nature of the interphase and the
local T, will g)lay an important role in driving the formation of
craze fibrils.”®** On the other hand, the use of pristine
MWNTs to reinforce cross-linked epoxy will reduce the extent
of these local thermomechanical heterogeneities, and reduce
the likelihood of crazing compared to the use of A-MWNTs.*®

I. Thermal Conductivity Modestly Increases Due to
Functionalization of the CNTs. The thermal conductivity of
the neat cross-linked epoxy and the three nanocomposite
systems was calculated using the RNEMD method.*" The time-
averaged temperature profiles for the cross-linked epoxy and
the epoxy—disp. FCNTs system, which were generated in
response to the imposed heat flux in the RNEMD method,*!
are shown in Figure 8. As can be seen in that figure, the
temperature difference between the hot and the cold regions in
the cross-linked epoxy and the epoxy—disp. FCNT's system was
24 and 21 K, respectively. This temperature difference (not
shown) in the case of the epoxy—disp. CNTs and the epoxy—
agg. CNTs systems was 21 K. In addition, we note that the
temperature profile that was established in response to the
imposed heat flux in the case of all the four systems was
approximately linear. This linearity allows us to assume that the
thermal conductivity of a given model system was constant
across the simulation box.

The calculated values of the thermal conductivity (k) are
shown in Table 4. Cross-linked epoxy has a thermal

Table 4. Thermal Conductivity Values for the Four Model
Systems

system thermal conductivity (W m™ K™')
cross-linked epoxy 0.279 + 0.009
epoxy—disp. CNTs 0.300 + 0.01
epoxy—agg. CNTs 0.320 + 0.01
epoxy—disp. FCNT's 0.363 + 0.009

conductivity of 0.279 W m™' K™!, which is in reasonable
agreement with the experimental value for the same system that
was reported in literature® (k was approximately 0.2 W m™
K™"). The epoxy—disp. CNTs system exhibits ~8% enhance-
ment in the thermal conductivity compared to the cross-linked
epoxy. On the other hand, the epoxy—agg. CNTs system has a
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higher thermal conductivity compared to the epoxy—disp.
CNTs system, which suggests that the thermal resistance
between the polymer matrix and the CNTs is higher than the
thermal resistance between different CNTs. This trend in the
values of k of the epoxy—disp. CNTs and the epoxy—agg,
CNTs systems agrees with experimental results in literature,”
where it was found that a reduction in the matrix—filler
interfacial area results in an increase in the filler-induced
enhancement of the thermal conductivity.

Furthermore, our results show that the epoxy—disp. FCNT's
system has a somewhat higher value (~ 21%) of the thermal
conductivity compared to the epoxy—disp. CNTs system. In
the case of the epoxy—disp. FCNTSs system, there are two
competing effects:

(1) A reduction of the thermal resistance at the matrix—filler
interface due to the presence of additional paths for
39,71

phonon transfer

These additional paths can act as scattering points at the
interface of CNTs, which will significantly reduce the
intrinsic thermal conductivity of the CNTs, and hence
tend to reduce that of the nanocomposite.”””>

©)

Our result suggests that of the two competing effects
mentioned above, the first effect dominates the thermal
transport behavior of the epoxy—disp. FCNTs system. Similar
observation of the enhancement in the value of k has been
reported in literature”® for cross-linked epoxy nanocomposites,
where it was found using experiments that amine functionalized
MWNTs in the nanocomposite resulted in a ~ 25%
improvement in the thermal conductivity compared to the
nanocomposite containing pristine MWNTs. On the other
hand, other work in literature reported that amine-function-
alized CNTs were inferior to their pristine counterparts at
enhancing the thermal conductivity of cross-linked epoxy in
their nanocomposites.”

4. CONCLUSIONS

In this work, the effect of using amido-amine functionalized
CNTs on the properties of cross-linked epoxy nanocomposites
was studied. The use of molecular simulations allowed us to
compare properties of the epoxy nanocomposite containing
pristine and functionalized CNTs, without changing the length
of the CNTs, the extent of the conversion of the matrix, or the
extent of dispersion of the filler. In particular, the extent of the
dispersion of the FCNTs in the epoxy—disp. FCNTs system
was the same as that of the pristine CNTs in the eFoxy—disp.
CNTs system, which was previously studied by us."" Thus, the
differences in the thermo-mechanical properties of the two
systems arise only because of the changes in the nature of the
interphase region in the nanocomposite systems due to the
functionalization of the CNTs.

The epoxy—disp. FCNTSs system showed a value of the T,
that was comparable to that of the neat cross-linked epoxy. This
trend was in contrast with the large T, depression (~66 K)
shown by the epoxy—disp. CNT's system compared to the neat
cross-linked epoxy. Furthermore, the dependence of the excess
specific volume between the epoxy—disp. CNTs and the
epoxy—disp. FCNTs systems on the temperature indicated that
the interphase between the matrix and the FCNTs in the
epoxy—disp. FCNTSs system is far less compressible than the
interphase between the matrix and the pristine CNTs in the
epoxy—disp. CNTs system. Thus, it can be concluded that the
formation of covalent bonds between the matrix and the filler,
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as is the case for the functionalized CNTs, is an effective
strategy for reducing the compressibility of the matrix—filler
interphase in nanocomposites.

An analysis of the dynamics of the matrix and the filler was
performed by calculating the MSD values of the matrix atoms
and the CNT atoms, respectively. The trends in the MSD of
the matrix atoms show that the functionalization of the CNTs
causes a large reduction in the mobility within the polymer
matrix of the epoxy—disp. FCNTs system compared to that of
the neat cross-linked epoxy and the epoxy—disp. CNTs
systems. More importantly, the value of the MSD of the
carbon atoms in the FCNTs shows a drastic reduction (more
than an order of magnitude) compared to the corresponding
value of the MSD in the epoxy—disp. CNTs system. This large
reduction in the mobility of the CNT atoms suggests that the
creation of covalent bonds between the matrix and the filler
because of the functionalization of the CNTs has the effect of
pinning the FCNTs in the matrix. Furthermore, this pinning of
the FCNTs in the matrix couples the dynamics of the matrix
and the filler, in contrast to the decoupling of the dynamics of
the matrix and pristine CNTs in the epoxy—disp. CNTs system,
as reported in our previous work."!

The mechanical properties of the four systems were
characterized by simulating the uniaxial deformation of model
structures of these, and thus calculating the Young’s modulus
and the Poisson ratio. It was observed that in spite of the
presence of the stiff CNTs, the dispersed pristine CNT's caused
no enhancement in the Young’s modulus of the epoxy—disp.
CNTs system compared to the neat cross-linked epoxy. This
observation was attributed to the presence of the compressible
interphase between the matrix and the CNTs in this system,
which offsets the mechanical reinforcement due to the stiff
CNTs. On the other hand, a reduction in the amount of this
compressible interphase due to the aggregation of the CNTs
resulted in ~12% enhancement in the Young’s modulus in the
epoxy—agg. CNTs system compared to the neat cross-linked
epoxy. Furthermore, the epoxy—disp. CNTs system showed a
higher value of the Poisson ratio than that of the epoxy—agg.
CNTs system. This trend in the value of the Poisson ratio
indicates that the former is more ductile’” than the latter. This
pattern of behavior of the Young’s modulus and the Poisson
ratio is in agreement with experimental literature, which
showed that the epoxy nanocomposite containing dispersed
multiwalled CNTs was deemed to be more “liquid-like”
compared to the nanocomposite containing aggregated multi-
walled CNTs, which, in turn, was deemed to be more “solid-
like”>® In the case of the epoxy—disp. FCNTSs system, the
lower compressibility of the interphase between the matrix and
the FCNTs compared to that of the epoxy—disp. CNTs system
caused a large enhancement in the Young’s modulus of the
epoxy—disp. FCNTs system. The Young’s modulus for this
system was ~50% higher than that of the neat cross-linked
epoxy and the epoxy—disp. CNTs systems. The value of the
Poisson ratio of this system was also lower than that of the
other three systems.

Furthermore, these results also suggest a possible molecular
mechanism for the observation of crazing and enhanced
ductility in cross-linked epoxy nanocomposites containing
amido-amine functionalized MWNTSs that was reported in
experimental literature.”® In experimental systems of the
nanocomposite containing functionalized CNTs, significant
heterogeneities are expected in the local thermomechanical
properties of the nanocomposite, which would manifest in large
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variations in the value of the T, the compressibility of the
matrix—filler interphase region, the Young’s modulus, the
Poisson ratio, and the extent of the dispersion of the filler. The
neat cross-linked epoxy and the three nanocomposite systems
studied by us represent these heterogeneous regions; our
simulations show the differences in the T, and the mechanical
properties of the systems. These simulation results thus suggest
that the heterogeneities in experimental samples of the
functionalized CNTs used in nanocomposites can be expected
to facilitate occurrence of crazing in cross-linked epoxy, which
was recently reported in the literature.*®

We also calculated the thermal conduction properties of the
matrix, where the enhancement in the thermal conductivity was
caused by the nature of the interphase region. In particular,
while the thermal conductivity of the nanocomposite
containing pristine well-dispersed CNTs only increased by
~8% compared to the neat cross-linked epoxy, the function-
alization of the filler resulted in a ~21% enhancement in the
thermal conductivity.

In this work, we were able to independently control the
functionalization and the extent of dispersion of the CNTs
because of the use of molecular simulations. This independent
control enabled us to focus on the effect of the functionaliza-
tion of the CNTs on the thermomechanical behavior of
nanocomposites from the context of the nature of the
interphase region surrounding the filler in the nanocomposite,
which is difficult to study directly using experiments. In recent
years, polymer—CNT interfacial strength has been investigated
by analyzing contributions of various system components to the
energy in simulations’* or from a study of the forces involved in
“pulling out” the filler from either the matrix or a filler
agglomeration in experiments’> and simulations.”””® We have
used the ability of atomistic simulations to achieve a control
over the degree of dispersion of the fillers in the polymer matrix
without the use of additives such as stabilizer molecules. By
comparing the volumetric, structural, dynamic, mechanical, and
thermal transfer properties of nanocomposites of pristine and
functionalized CNTs with the same loading and the degree of
dispersion of the fillers, we have obtained insight into the role
played by the CNT functionalization in governing the
properties of the interphase region, which in turn, determine
the overall properties of the nanocomposite.

The CNTs used in both the previous'' and the present work
are short compared to experiments and also and have a small
radius. Furthermore, we have not varied the aspect ratio of the
CNTs, which can play an important role in designing practical
applications. At this time, because of the limitations on the
length-scales accessible by molecular simulations, factors such
as the effect of the aspect ratio of the CNTs are best studied by
experiments or multiscale modeling. However, we note that the
matrix—filler interactions in polymer nanocomposites are not
expected to be affected by the radius or the length of the
CNTs.® Indeed, although the ability of CNTSs to enhance
matrix properties such as the fracture toughness*®*** and
damping characteristics’*®"*> has proved promising, an
atomistic scale understanding of the matrix—filler interactions
will be crucial for further improvements. The ability of
molecular simulations to explicitly account for the interatomic
interactions and topology can provide insight into the
molecular mechanisms that govern these phenomena in the
nanocomposites. Such information of the molecular mecha-
nisms derived from atomistic simulations, along with
techniques of mesoscale modeling, and experiments, will
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constitute a powerful tool kit for designing nanocomposite
systems for material applications.*®
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