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ABSTRACT: Boron nitride nanotubes (BNNTs) are a very
promising reinforcement for future high-performance composites
because of their excellent thermo-mechanical properties. To take
full advantage of BNNTs in composite materials, it is necessary to
have a comprehensive understanding of the wetting characteristics
of various high-performance resins. Molecular dynamics (MD)
simulations provide an accurate and efficient approach to establish
the contact angle values of engineering polymers on reinforcement
surfaces, which offers a measure for the interaction between the
polymer and reinforcement. In this research, MD simulations and
experiments are used to determine the wettability of various epoxy
systems on BNNT surfaces. The reactive interface force field (IFF-R) is parameterized and utilized in the simulations to accurately
describe the interaction of the epoxy monomers with the BNNT surface. The effect of the epoxy monomer type, hardener type, local
atomic charges, and temperature on the contact angle is established. The results show that contact angles decrease with increases in
temperature for all the epoxy/hardener systems. The bisphenol-A-based epoxy system demonstrates better wettability with the
BNNT surface than the bisphenol-F based epoxy system. Furthermore, the MD predictions demonstrate that these observations are
validated with experimental results, wherein the same contact angle trends are observed for macroscopic epoxy drops on nonwoven
nanotube papers. As wetting properties drive the resin infusion in the reinforcement materials, these results are important for the
future manufacturing of high-quality BNNT/epoxy nanocomposites for high-performance applications such as aerospace and
aeronautical vehicles.
KEYWORDS: contact angle, surface tension, processibility, composite materials, aerospace materials, molecular dynamics

1. INTRODUCTION
Polymer matrix composites (PMCs) are currently being
considered as a primary structural material for aerospace
vehicles. Reinforced nanocomposite materials have been
shown to provide exceptional material properties over
traditional PMCs.1−3 Boron nitride nanotubes (BNNTs)
exhibit remarkable mechanical properties at higher temper-
atures, electrical insulation, and radiation shielding4−10 and
have recently been shown to be an excellent reinforcement in
nanocomposite materials.4,11−14 However, to fabricate high-
performance BNNT-reinforced PMCs efficiently and effec-
tively, a thorough understanding of the BNNT/polymer
interfacial interaction is needed.15,16

Resin-reinforcement wettability is a key design parameter in
the manufacture of high-quality PMCs. Wettability is often
quantified by determining the contact angle of liquid droplets
on reinforcement surfaces. Molecular dynamics (MD)
simulations can be used to analyze the resin/reinforcement
interaction at interfaces, predict the corresponding contact

angle, and provide physical insight into the observed interfacial
behavior.2,3,17−22 MD simulations are often easier to control
and faster in comparison to laboratory experiments. Although
MD-predicted material properties may not always agree
perfectly with experimental measurements, MD predictions
offer direct physical insight into nano-scale atomic interactions
at the interface. MD has been used to study the wetting
properties of water and polymer resins on graphite and metallic
surfaces.23−31 Recently, Bamane et al.32 used MD simulations
to study the wettability of high-performance polymer systems
on aromatic carbon surfaces to determine the relative levels of
processibility of carbon nanotube composites. Thus far, the
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wetting properties of polymer resin systems on BNNT surfaces
have not been studied extensively. Therefore, to take full
advantage of the excellent properties of BNNTs in nano-
composites and establish the most compatible resins with
BNNTs, MD-based procedures to predict the wettability of
various resin systems on BNNT surfaces need to be developed
and validated through comparison with experiments.
There has been recent interest in using the reactive interface

force field (IFF-R) developed by Heinz et al.33,34 to model
high-performance polymer systems and PMCs.21,35,36 IFF-R
has proven its ability to accurately predict the thermo-
mechanical properties of various polymer materials.21,35,36

IFF-R is especially accurate for simulating interfacial
interactions between the matrix and reinforcement materials
with its ability to assign accurate partial charges on
molecules.37 However, IFF-R has not yet been parameterized
to model BNNT surfaces and the virtual π electrons to capture
internal polarity effects. To efficiently perform wetting
simulations using MD, it is necessary to parameterize IFF-R
for BNNT surfaces.
The objective of this study is to provide insight into the

epoxy/BNNT wetting process with the help of experimental
observations and MD simulations. First, IFF-R is parametrized
for BNNT surfaces. Second, the parametrized IFF-R is used in
MD simulations to predict the contact angle values of four
epoxy systems on BNNT surfaces as a function of temperature.
Physical insight into the corresponding results is quantified by
interaction energy (IE) calculations of the epoxy functional
groups. Carbon nanotubes (CNTs) have been the focus of
many wetting studies,17,18,38 hence the wetting properties of

epoxy with CNTs and BNNTs are compared. Furthermore,
model validation experiments are performed by measuring the
contact angle values of the same epoxy systems on macroscale
BNNT and CNT buckypaper surfaces.

2. MATERIALS
The four epoxy-based polymer systems analyzed in this study are
listed below, and Figure 1 shows their molecular structures. These
systems were chosen because of their engineering relevance, ease of
processing, and relatively low viscosity.

• Bisphenol-F epoxy with an aromatic hardener: diglycidyl ether
bisphenol F (DGEBF) epoxy monomer and a diethyltoluenedi-
amine (DETDA) hardening agent. The stoichiometric molar
ratio of resin to hardener is 2:1. This system is commercially
marketed as EPON 862/EPIKURE W.

• Bisphenol-A epoxy with an aliphatic hardener: diglycidyl ether
bisphenol A (DGEBA) epoxy monomer and a diethylenetri-
amine (DETA) hardening agent. The stoichiometric molar
ratio of resin to hardener is 5:2. This system is commercially
marketed as EPON 828/EPIKURE 3223.

• Bisphenol-F epoxy with an aliphatic hardener: DGEBF epoxy
monomer and a DETA hardening agent. The stoichiometric
molar ratio of resin to hardener is 5:2.

• Bisphenol-A epoxy with an aromatic hardener: DGEBA epoxy
monomer and a DETDA hardening agent. The stoichiometric
molar ratio of resin to hardener is 2:1.

3. MOLECULAR MODELING PROCEDURES
Molecular modeling and simulations were performed using the
Large-Scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) software package developed by Scandia National

Figure 1. Molecular structures of epoxy systems: (a) bisphenol-F epoxy with an aromatic hardener, (b) bisphenol-A epoxy with an aliphatic
hardener, (c) bisphenol-F epoxy with an aliphatic hardener, (d) bisphenol-A epoxy with an aromatic hardener.
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Laboratories.39,40 This section describes the parameterization
for hexagonal boron nitride (h-BN) in IFF-R and the
molecular modeling of the BNNT surfaces and resin droplets
with MD. Details on the contact angle calculation method and
IE analysis are also included. IFF-R parameters were used to
model the epoxy polymer systems.33 The geometric mixing
rule was applied to define the pair coefficients between
interatomic interactions. It is important to note that other
powerful potentials could also be implemented in a study such
as this.41

3.1. Parameterization of h-BN. Figure 2 shows the
molecular structure of h-BN with three boron atoms and three
nitrogen atoms forming six-membered rings. Each boron atom
and nitrogen atom are connected to three nitrogen and three
boron atoms, respectively, to generate an infinite graphene-like
sheet. The structure of h-BN is isoelectronic with graphene,
with added polarity between more electropositive boron atoms
and more electronegative nitrogen atoms along the covalent
B−N bonds. Accordingly, the parameterization is analogous to
previous efforts to validate IFF-R33 parameters for graphene,
graphite, and aromatic molecules that include virtual π
electrons for accurate interfacial property predictions.42−44 In

this work, IFF-R for h-BN utilizes the energy expression of the
fixed-bond polymer consistent force field, which includes a 9-6
Lennard-Jones potential,33 and a Morse potential for nonlinear
bonded interactions.
The h-BN model was refined relative to graphite by adding

the internal dipole moments of the B−N bonds via atomic
charges, matching crystal lattice parameters, and tuning the
force constants such that the covalent bond vibrations
correlated well with the experimental Raman spectrum.8 The
charges on the boron and nitrogen atoms were estimated from
NMR data,45 expectations from the extended Born model,37

and measured dipole moments of similar compounds.
Accordingly, boron carries a charge of +0.45 ± 0.05e, and
nitrogen carries an equal and opposite charge of −0.45 ±
0.05e.45−47 Force field parameters associated with the bonding
between virtual electrons and boron or nitrogen atoms, virtual
electron charge, bond angle bending, and Lennard-Jones
interactions were adopted from graphite parameters.42 As
graphite and h-BN are isoelectronic, the virtual electrons were
treated in the same manner by including two virtual electron
clouds per atom with a mass of 1 g/mol each that was
subtracted from the boron and nitrogen masses, as shown in

Figure 2. Molecular model of the BNNT surface with (a) the unit cell of BNNT, (b) dummy atoms representing virtual π electrons, and (c) the
BNNT surface view in the XY plane (d) snapshot at 2 ns simulation time of contact angle simulation in the XZ plane (e) snapshot at 2 ns of the
contact angle simulation in 3D.
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Table S1 in the Supporting Information. The development of
the force field parameters for boron, nitrogen, and the virtual
electron atoms is detailed in the Supporting Information.
3.2. BNNT Surface. A pseudo two-dimensional setup for

contact angle simulations with MD (Figure 2) has been shown
to be efficient and accurate.23,24,30 Bamane et al.32 predicted
the contact angle values of several high-performance polymers
on aromatic carbon surfaces as a function of temperature. A
similar approach was used herein to predict contact angles for
the epoxy resins on flat BNNT surfaces. A periodic simulation
box of size ∼400 Å × 21 Å × 205 Å was used to create the
monolayer BNNT surface as shown in Figure 2. Figure 2 also
shows the dummy atoms modeled to represent the virtual
electrons to capture the effect of multipole moments. Detailed
discussions on virtual electrons can be found elsewhere.48 The
initial atomic coordinates were generated using the “Lattice”
command in LAMMPS. The total number of atoms in the
surface model was 9600, which included 1600 boron atoms,
1600 nitrogen atoms, and 2 virtual π electrons per boron and
nitrogen atoms.
3.3. CNT Surface. The monolayer CNT surface MD model

had a periodic simulation box size of ∼400 Å × 21 Å × 210 Å,
as shown in the Supporting Information (Figure S1). The
initial atomic positions were generated using the “Lattice”
command in the LAMMPS software package. The total
number of atoms in the surface model was 9720, which
included 3240 C atoms and 2 dummy atoms per C atom.
3.4. Wetting Simulations. Similar to Bamane et al.,32 the

wetting simulation procedure consisted of two steps: the
monomer droplet formation and the monomer-surface contact
simulations. Figure S2 shows a graphical representation of the
MD workflow. More information about the development of
the framework in terms of simulation time, polymer chain
length effect, and model size can be found elsewhere.32 Both
droplet formation and contact angle simulations were
performed for five replicate models for each resin system to
account for the statistical variation in the predictions of contact
angle values. The wetting simulations were performed at
elevated temperatures ranging from 87 to 177 °C.32
To create the droplet models in Step I, resin monomers were

added to empty simulation boxes using the initial equilibrium
configurations of the monomers. ChemDraw49 was used to
efficiently obtain the initial equilibrated monomer structures.
After importing into LAMMPS, a more comprehensive energy
minimization was performed using the conjugate-gradient
method in LAMMPS. The droplet formation simulations were
performed in the constant volume and temperature (NVT)
ensemble with a timestep size of 1 fs. Table S5 shows the
number of atoms modeled in the droplet model per resin
system.
In Step II, the monomer droplet models were inserted in the

BNNT surface simulation boxes. The initial position of the
droplets in the contact simulations was kept less than 7 Å away
from the top of the BNNT surface so that there would be van
der Waals interactions between the BNNT surface and the
monomer droplet. MD simulations were performed for 2 ns in
the NVT ensemble with a timestep size of 1 fs. Some of the
contact simulations at higher temperatures of 147 and 177 °C
required a timestep size of 0.1 fs to fully capture the high
velocity of the atoms. Figure 2 shows a snapshot of the contact
angle simulation at 2 ns for bisphenol F epoxy with the
aliphatic hardener system at 87 °C.

3.5. Contact Angle and IE Calculations. The previously
established method of calculating the contact angle values from
the MD simulation data by Bamane et al.32 was used.
Specifically, an array of two-dimensional 1 Å × 1 Å windows
was created in the x−z plane of the simulation box, and the
mass density of each window was determined. The
corresponding mass density map data generated at the end
of the contact simulations was analyzed using an in-house
Python script. A graphical representation of the contact angle
values was created using an RStudio script. Further details
about this procedure can be found elsewhere.32

The IE between individual chemical groups in the droplets
and the surface was calculated using the “compute group/
group” command in LAMMPS. The long-range coulombic
interactions were included by using pair style “lj/cut/coul/
long”. A global cutoff radius of 10 Å was used to calculate the
Coulombic interactions. Long-range forces were calculated
using the particle−particle particle-mesh solver defined by the
“kspace” command with style “pppm” in LAMMPS. The IE
was determined using

= +E E EIE (1,2) ( )1,2 1 2 (1)

where IE1,2 is the IE between atoms in group 1 and group 2; E1
is the energy of atoms present in group 1; E2 is the energy of
atoms present in group 2; and E(1,2) is the total energy of
atoms present in groups 1 and 2. The IE was calculated by
assigning the surface atoms to group 1 and the monomer
molecules to group 2. The IE values were averaged over the
last 200 ps of the contact simulations. It is important to note
that higher magnitudes of IE in the negative direction
correspond to stronger interactions.

4. EXPERIMENTAL PROCEDURES
Nanotube papers, commonly called buckypaper, were produced by
dispersion of nanotube powders in methanol, followed by vacuum
filtration and drying to yield paper-like nonwoven sheets. The BNNTs
were small-diameter, few-walled BNNTs (BNNT-P by Tekna,
Canada). These BNNTs are produced using an h-BN feedstock and
purified to remove some impurities, in particular elemental boron, as
reported in detail elsewhere.50,51 Transmission electron microscopy of
BNNTs produced in this process shows high-quality BNNTs with
typical diameters of 5 nm and, most commonly, 2−5 walls.50 For a
CNT comparison, thin (davg ∼ 10 nm), multi-walled CNTs (NC7000
by NANOCYL, Belgium) were employed. Two epoxy systems were
used in the experiments, namely EPON 828 with EPIKURE 3223 and
EPON 862 with EPIKURE W (Miller-Stephenson). The epoxy
systems were mixed, based on the ratios employed in the modeling
work, using a planetary mixer (Thinky ARE-310) at 2000 rpm with 30
s of mixing and 30 s of defoaming. Conversions from the
stoichiometric ratios used in modeling to the weight ratios required
experimentally are shown in the Supporting Information (Tables S3
and S4). The resulting mixing ratios were:

• 28.54 parts hardeners per 100 parts resin for EPON 862/
EPIKURE W, which is slightly higher than the manufacturer-
recommended mix ratio (26.4:100), and

• 12.1 parts hardener per 100 parts resin for EPON 828/
EPIKURE 3223, which is nearly equal to the manufacturer-
recommended ratio (12:100).

Following mixing, small drops (5−10 μL, as measured by fitting
images of the initial drop shape to the Young−Laplace equation) were
placed on buckypaper samples, and their contact angles were
measured using a contact angle optical tensiometer (Attension
Theta by Biolin Scientific, Sweden) with a temperature-controlled
stage. The measured contact angle values decreased over time and
typically approached stable values within 1 min, as shown in the
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Supporting Information (Figures S5−S8). The final contact angles
were calculated by averaging the dynamic contact angle values over 56
to 60 s of test time for each test.
Measurements were performed in a sequence alternating from

CNT paper to BNNT paper and back to CNT paper. Agreement
between the angles measured on the CNT paper before and after the
measurements on the BNNT paper verified that the comparison
between nanotube types was not affected by changes in the cure state
of the epoxy during the time of the experiment. A minimum of three
droplets were measured for each set of conditions.

Nanocomposite samples were also prepared by wetting buckypaper
samples with the bisphenol-F epoxy mixed with an aromatic hardener.
This epoxy infusion was performed by placing a small amount of the
resin onto a buckypaper sample on a hotplate at 90 °C. The sample,
which was supported on a release film, was tilted to help spread the
resin fully across the buckypaper and then allowed to sit for 10 min
before gently dabbing the surface with a lint-free wipe to remove
excess resin. The wetted buckypaper was then vacuum-bagged on a
hotplate at 100 °C to support full infusion and remove remaining
excess resin and cured at 120 °C for 2 h while maintaining the

Figure 3. Contact angle vs temperature for all epoxy systems predicted by MD simulations. Lines represent the curve fits to the data, and error bars
represent the standard error of the predictions.

Figure 4. Comparison of the distribution of IE by functional groups in the bisphenol-F epoxy systems at 87 and 177 °C. The average standard error
of IE values of the entire system (not shown in the figure) is 52 kcal/mol.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.2c05285
ACS Appl. Nano Mater. 2023, 6, 3513−3524

3517

https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c05285/suppl_file/an2c05285_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c05285?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c05285?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


vacuum. Figure S3 shows the process of wetting the BNNT
buckypaper and the BNNT/epoxy infusion process. CNT/epoxy
buckypaper samples were prepared following the same procedure.
The comparison of properties of CNT and BNNT composites
prepared by this infusion process is discussed in the Supporting
Information (Section S4).

5. RESULTS AND DISCUSSION
Figure 3 shows the comparison between the contact angle
values of the bisphenol-F epoxy systems predicted by MD
simulations. It can be clearly observed that the contact angle
values decrease linearly with increases in temperature. This
trend is expected as increases in temperature enable further
mobility (kinetic energy) of the epoxy monomers on the
surface, thus allowing them to more easily achieve lower-
energy configurations within the droplet and at the interface,
thus driving down the contact angle. The contact angle values
for the bisphenol-F epoxy with the aromatic hardener are
consistently lower than those with the aliphatic hardener. The
difference in the contact angle values is consistent throughout
the temperature range and is observed to be nearly 6°. It is
clear that the bisphenol-F epoxy with the aromatic hardener
shows better wettability than the aliphatic hardener system on
the BNNT surface.
The contact angle values for the bisphenol-A-based epoxy

systems are shown in Figure 3. The contact angle values for
both systems decrease with increases in temperature. It is clear
that the contact angle values of the bisphenol-A epoxy with the
aromatic hardener are lower than those with the aliphatic
hardener at lower temperatures. At 117 and 147 °C, there is no
statistical difference between the contact angle values between
the two systems. At 177 °C, the contact angle values for the
aliphatic hardener system are lower than those of the aromatic
hardener system.

The distribution of IE values for each functional group in
both bisphenol-F epoxy systems is shown in Figure 4. The IE
contributed by the phenyl rings in the aromatic hardener
system is 333 ± 1 kcal/mol greater than that of the aliphatic
hardener system at 87 °C and 240 ± 1 kcal/mol greater at 177
°C. Because of the lower resin-to-hardener ratio for the
aromatic system, there is a smaller number of large epoxy
monomers in the aromatic system. This allows greater mobility
of monomers on the surface, including the aromatic hardener
groups. Increases in the IE contributed by the epoxide groups
in the aliphatic hardener system are because of the higher ratio
of epoxy to hardener monomers relative to the aromatic
system. As shown in Figure 4, the overall effect of differences in
phenyl- and epoxide-group IE values results in lower contact
angle values for the aromatic system.
The contributed IE of the different chemical groups in the

two bisphenol-A systems with the BNNT surface is shown in
Figure 5. The IE distribution is compared between the two
systems at 87 and 177 °C temperatures to provide insight into
the change in the wettability trend around 130 °C. For the
aromatic hardener system, the interaction between the droplet
and the surface is primarily driven by phenyl groups. When the
temperature is increased from 87 to 177 °C, there is an
increase in the IE contributed by the phenyl rings by 54 ± 1
kcal/mol, which accounts for 44% of the total increase in IE,
whereas aliphatic carbon groups contribute to 32%. However,
in the aliphatic hardener system, the increase in IE with
increasing temperature is dominated by both phenyl and
epoxide groups. The increase in IE contributed by the phenyl
rings is 103 ± 1 kcal/mol, which is 52% of the total increase in
IE; and the epoxide group interaction is increased by 66 ± 1
kcal/mol, which is 33% of the total increase in IE. This
demonstrates that at the higher temperature, the influence of
the epoxide groups drives the wettability of the aliphatic
hardener system. This influence of the epoxide groups is not

Figure 5. Comparison of IE distribution by functional groups for bisphenol-A epoxy systems at 87 and 177 °C. The average standard error of IE
values of the entire system (not shown in the figure) is 61 kcal/mol.
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observed in the aromatic hardener system because of the
preferential adsorption of phenyl rings on the BNNT surface,
providing steric hindrance against epoxide group interactions.
Figure S9 shows the orientation of phenyl rings with the
BNNT surface. It is important to note that this study is only
focused on non-cross-linked monomers, and the IE distribu-
tion of the functional groups of the cross-linked polymer
system will likely be different than that shown in Figure 5. The
prediction of the IE distribution for these epoxy systems will be
a subject of future work.
From Figure 3, the bisphenol-A epoxy systems show better

wettability than the bisphenol-F epoxy systems at 87, 117, and

147 °C. At 177 °C, the bisphenol-F system with the aromatic
hardener shows better wettability than the bisphenol-A system
with the aromatic hardener. From Figures 4 and 5, it is evident
that the total IE is the highest for the bisphenol-F epoxy resin
system with an aromatic hardener at 177 °C. This system
shows the highest increase in IE contributed by phenyl rings
(39%) when the temperature is increased from 87 to 177 °C.
At 177 °C, the effect of increased interactions of epoxide
groups in the bisphenol-A epoxy systems is lower than the
effect of increased interaction of phenyl groups in bisphenol-F
epoxy with the aromatic hardener, hence exhibiting lower
contact angle values.

Figure 6. Comparison of experimental and MD-predicted contact angle values as a function of temperature for the bisphenol-F epoxy with the
aromatic hardener.

Figure 7. Contact angle observations of bisphenol-F epoxy with an aromatic hardener at 22 and 117 °C on (a) CNT buckypaper and (b) BNNT
buckypaper. SEM images of the buckypaper surfaces for (c) CNT buckypaper and (d) BNNT buckypaper. Scale bars are 1 μm.
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The predicted and experimentally measured values of the
contact angle on BNNT and CNT surfaces are plotted against
temperature (two different scales) in Figure 6 for the
bisphenol-F epoxy with the aromatic hardener. Wetting
experiments are observable at the macro-scale, where a
relatively large drop interacts with the surface of a nonwoven
paper composed primarily of nanotubes, and MD simulations
are carried out at the nano-scale, with a difference of about 9
orders of magnitude in the length scale. Therefore, a
comparison of the absolute contact angle values between
experiments and MD simulation is not direct, but a

comparison of trends in wettability as a function of
temperature is more directly comparable. Therefore, two
different temperature ranges representing experimental data
and MD simulation data are shown in Figure 6. Both
experimental measurements and MD predictions show a
decrease in contact angle values on both surfaces with
increasing temperatures. The experimental and predicted
data clearly show higher wettability of the bisphenol-F epoxy
system on BNNT surfaces relative to CNT surfaces over the
entire respective temperature ranges, except at 147 °C, where
there is no statistical distinction between the predicted contact

Figure 8. Comparison of IE distribution by functional groups for bisphenol-F epoxy with aromatic hardeners on BNNT and CNT surfaces at 177
°C. The average standard error of IE values of the entire system (not shown in the figure) is 56 kcal/mol.

Figure 9. Comparison of experimental and MD predicted contact angle values as a function of temperature for the bisphenol-A epoxy with the
aliphatic hardener.
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angles. The measured values show a difference of ∼20° in the
contact angle values for the two surfaces throughout the entire
experimental temperature range of 22−87 °C.
Figure 7 shows a visual comparison of contact angle values

for the CNT and BNNT surfaces observed in the experiments.
The difference in the contact angles for the bisphenol-F epoxy
system is clearly observed at room temperature, while the
contact angles are low, showing excellent wetting for both
nanotube paper types at 117 °C. Figure 7 also shows the SEM
images of CNT and BNNT buckypaper surfaces used in these
experiments.
Figure 8 shows the predicted IE values of the bisphenol-F

epoxy system with the aromatic hardener on BNNT and CNT
surfaces. It is evident that the epoxy interactions with both
BNNT and CNT surfaces are dominated by phenyl groups.
The IE contributed by phenyl rings with the BNNT surface is
higher by 139 ± 1 kcal/mol than with the CNT surface. The
IE contribution of aliphatic C groups on the BNNT surface is
28% of total IE, whereas on the CNT surface, it is 33%. This
clearly shows that the aliphatic C groups show a better
interaction with the CNT surface than with the BNNT surface.
The epoxide groups show higher interaction with the BNNT
surface by 50 ± 1 kcal/mol. This is due to the attraction
between positively charged B atoms and negatively charged O
atoms in the epoxide groups. The surrounding negatively
charged N atoms cause the O atoms to further shift closer to
the positively charged B atoms, resulting in stronger
interactions between the surface and epoxide groups. The
higher interactions of phenyl rings and epoxide groups with the
BNNT surface appear to provide higher wettability relative to
the CNT surface.
Figure 9 shows the predicted and experimentally measured

contact angle values of the bisphenol-A epoxy system with
aliphatic hardeners on BNNT and CNT surfaces. It is
important to note that Figure 9 has different temperature

scales corresponding to simulation and experimental measure-
ment. Because nano- and micro-scale droplet contact angles
are not expected to be the same, as discussed above, the linear
fits shown in Figure 9 are not extrapolated. For both surfaces,
the predicted and measured contact angle values decrease with
increasing temperature. The predicted and measured average
contact angles are lower for the BNNT surface throughout the
temperature range (although not statistically different for the
predictions). Comparable trends observed in Figures 6 and 9
between measured and predicted values validate the developed
MD framework to simulate the wetting experiments. The
improvement in the comparison of predicted and measured
contact angles could be achieved with much larger MD
models, which is not currently feasible given limited computa-
tional resources.
The functional group IE contributions for the BNNT and

CNT surfaces for the bisphenol-A epoxy resin and aliphatic
amine hardeners are shown in Figure 10. From the data in
Figure 10, it is evident that the IE of the resin system is higher
for BNNT surfaces, which supports the wettability trends in
Figure 9. Similar to the bisphenol-F-based resin system, the
resin interactions on the BNNT surface are dominated by the
phenyl groups. The IE contributed by phenyl groups is 954 ±
1 kcal/mol, which is 44% of total IE, whereas the interactions
on the CNT surface are jointly dominated by phenyl and
aliphatic carbon groups. On the CNT surface, phenyl groups
contribute 573 ± 1 kcal/mol, which is 32% of the total IE, and
aliphatic carbon groups contribute 572 ± 1 kcal/mol, which is
32% of the total IE. Amine groups present in the aliphatic
hardener show stronger interactions on the BNNT surface
than on the CNT surface. This is due to the attraction between
negatively charged N atoms in the amine groups and positively
charged B atoms. This indicates that the hardener molecules
have a significant impact on the wetting of the bisphenol-A
system on the BNNT surface. The relatively high interactions

Figure 10. Comparison of IE distribution by functional groups for the bisphenol-A epoxy with aliphatic hardeners on BNNT and CNT surfaces at
147 °C. The average standard error of IE values of the entire system (not shown in the figure) is 61 kcal/mol.
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of the phenyl and amine groups result in the better wettability
of the bisphenol-F system on the BNNT surface.
Nanocomposites produced by the infusion of the EPON

862/EPIKURE W epoxy resin (i.e., the bisphenol-F resin with
the aromatic hardener) into the BNNT and MWCNT
buckypaper are shown in Figure S4 in the Supporting
Information. Table S6 from Supporting Information shows
the comparison of the CNT and BNNT nanocomposites
manufactured by a simple infusion test. Measurements of
sample mass and dimensions shows that, with equivalent
conditions, the CNT-epoxy composites are thicker than the
BNNT-epoxy composites and have lower nanotube content
(21 wt % CNTs vs, 32 wt % BNNTs) and lower density (1.25
g cm−3 vs 1.37 g cm−3, respectively), as shown in Table S6.
The thickness of the initial buckypaper increased with epoxy
addition in the case with CNTs, while it was unchanged or
decreased slightly in the same case for BNNTs (Figure S4).
The differences are attributed to the more favorable wetting of
BNNTs in comparison to CNTs, which is consistent with the
lower contact angles measured on BNNT buckypaper surfaces
and with the MD simulations, where BNNT surfaces show
better wettability than CNT surfaces. This demonstrates the
effect of wettability on the processibility of polymer composites
and the synthesis of high-performance composite materials.

6. CONCLUSIONS
The results of this study demonstrate several important points.
First, the nanoscale modeling method and force field utilized
herein are validated and match the trends observed in related
macroscale experiments. Second, the wettability of epoxy is
greater on BNNT surfaces than on CNT surfaces for a wide
range of temperatures. The interaction between functional
groups in the epoxy system with the surface and the local
atomic charges at the surface and droplet interface drive the
wettability. Third, the wettability of bisphenol-A resins is
generally greater than that of bisphenol-F resins on BNNT and
CNT surfaces. Finally, aromatic curing agents generally
contribute to better wettability relative to aliphatic curing
agents, except at higher temperatures when mixed with the
bisphenol-A resin. These same conclusions cannot necessarily
be drawn for other epoxy/hardener monomer combinations
containing arbitrary numbers of functional groups, mixing
ratios, and chain lengths. Separate simulations need to be
conducted for these other epoxy/hardener systems.
Overall, these observations indicate that BNNTs show better

composite manufacturing processibility than CNTs. Because
better processability can lead to composites with fewer defects
and voids, it is expected that BNNT/epoxy composites can
have better strength and durability properties than CNT/
epoxy composites under similar processing conditions. There-
fore, BNNT-reinforced PMCs are expected to perform better
in applications such as aerospace and aeronautical vehicles.
It is important to note that this research is only focused on

uncross-linked epoxy systems. Future studies are planned to
study the interfacial interactions of the cross-linked systems.
Further MD model validation will be possible by comparing
predicted mechanical properties to experimentally measured
properties.
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