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Abstract: In polymer nanocomposites, the interface region between the matrix and the fillers has
been identified as a key interaction region that strongly determines the properties of the final material.
Determining its structure is crucial from several points of view, from modeling (i.e., properties
prediction) to materials science (i.e., understanding properties/structure relationships). In the
presented paper, a method for characterizing the interface region of polymer nanocomposites is
described using molecular dynamics (MD) simulations. In particular, the structure of the polymer
within the interface region together with its dimension in terms of thickness were analyzed through
density profiles. Epoxy resin nanocomposites based on diglycidyl ether of bisphenol A (DGEBA) were
studied using this approach, and the interface region with triple walled carbon nanotubes (TWCNT)
and carbon fibers (CF) was characterized. The effect of carbon nanotube diameter, type of hardener,
and effect of epoxy resin cross-linking degree on interface thickness were analyzed using MD models.
From this analysis no general rule on the effect of these parameters on the interface thickness could be
established, since in some cases overlapping effects between the analyzed parameters were observed,
and each specific case needs to be analyzed independently in detail. Results show that the diameter
has an impact on interface thickness, but this effect is affected by the cross-linking degree of the epoxy
resin. The type of hardener also has a certain influence on the interface thickness.

Keywords: interface; carbon nanotubes; carbon fibers; epoxy resin; nanocomposites; molecular
dynamics

1. Introduction

Nanoparticle reinforced polymeric composites have generated considerable attention among
material scientists and engineers due to their potential of producing superior physical, chemical,
and mechanical properties. The influence of nano-scale size fillers on the composite properties is
somewhat surprising because this type of effect is not seen in conventional composite materials [1].
The presence of nanoparticles introduces an enormous amount of interfacial area in which polymer
chains undergo conformational changes and deformations at the nanoscale [2,3]. The interfacial
interaction between polymer and nanoparticle manifests itself as perturbation of the structure
(e.g., density, chain orientation or arrangement) and the dynamics of the polymer [4-6]. This region of
altered polymer properties is commonly referred to in the literature as the interface.

Carbon nanofillers, such as carbon nanotubes (CNT), graphene, and graphene nanoribbons
(GNR), have attracted recent attention due to their extraordinary thermo-physical and electrical
behavior [7]. The covalent bonds between the carbon atoms in this type of nanofiller are among the
strongest of bonds, which provide them with high mechanical strength [8]. The large surface area,
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low density, outstanding electrical [9,10], thermal [11]. and mechanical properties [12] make them
relevant for developing fiber-reinforced nanocomposites that have found applications in aerospace,
medicine, electronics, automobile, packaging, adhesives, and many other industrial and household
applications [13-15]. In a similar way, fibrous materials based on this type of structure have also
attracted the attention of many researchers. Carbon fibers (CF) have been developed as one of the
most important industrial materials of modern science and technology occurring since 1960 [16].
Due to the superior mechanical properties including high specific strength and modulus, low density
and thermal expansion, heat resistance, and chemical stability, carbon fibers have provided as
reinforcement materials the impetus for researchers in developing high-performance composite
materials. Again, although in these cases the interaction areas are much lower, an important component
which governs the properties of CF reinforced composites is the interface between fibers and polymeric
matrix. In fact, this interface notably influences the off-axis strength properties, the impact toughness,
the environmental stability, and the functional performance of CF composites [17].

In many cases the extraordinary properties of composites cannot be explained or predicted
from standard continuum mechanics models [18-21]. The influence of interface properties on the
mechanical properties of the composite is especially critical when the reinforcement is in the nanoscale
dimension, and cannot be considered with standard two-phase micromechanics approximations. In the
last decades, new formulations of these analytical models for nanoscale size inclusions have been
developed in which surface/interface effects become important [22]. In these extended analytical
models the interface is considered as a third phase, with behavior and mechanical properties different
from that of the bulk polymer. Several studies have shown better performance of these three-phase
models with respect to the related two-phase model in the determination of mechanical properties of
nanoreinforced polymers [23-26].

The existence of a non-covalent interfacial region between carbonaceous fillers (nanotubes and/or
fibers) and polymer matrix decrease the potential reinforcement expected to carbon nanotubes, due to
the poor load transfer between each component in the nanocomposite [23]. Understanding the
characteristics of this interface region between the carbonaceous filler (nanotube or fiber) and polymer
matrix is a key factor in improving the design of polymer nanocomposites and takes advantage
of all the capabilities that carbon nano-reinforcements bring. The experimental characterization of
polymer surfaces and interfaces in many cases requires quite special/complex techniques, and often a
combination of different techniques is needed [27]. To date, the accuracy and repeatability of basic
force/displacement measurements taken using probe microscopy—a technique which made possible
for the first time imaging and manipulation of materials at the level of individual atoms—has been a
subject of debate. Because of this uncertainty, it appears that accurate, quantitative material testing is
currently limited to devices that resolve only down to the microscale (10~ m). Due to the difficulties
in the experimental characterization of the interface regions, the most used strategy is to estimate the
properties of the interface region by atomistic simulation techniques, such as molecular dynamics
(MD) or related coarse-graining (CG) approaches [28]. The majority of these previous works have
focused on the characterization of carbon nanotube-polymer reinforcements [23,29,30], although in
recent years great effort has been made to model the interface region of nanoclay or other nanoparticle
reinforced composites [4,6,24,31,32]. In this sense, Arash et al. [23], based on an energy approach,
studied the influence of CNT aspect ratio (length over radius ratio) on the mechanical properties of
the interface region. Tsafack et al. [33] analyzed the effect of different chemical modification of CNT
(dopants, functional groups, and vacants) on the affinity index, which is the average distance between
a given polymer molecule and the CNT.
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In the presented study, a variety of molecular models of carbon nanotube/fiber and epoxy resin
nanocomposites were developed in order to study and characterize the interface region in terms of its
main structural features by means of molecular dynamics (MD) simulations. The method proposed for
the study was based on the analysis of the accumulated standard deviation (ASD) profile generated
from polymer density curves, which allowed for a more systematic characterization of the interfaces.
The effects of the carbon nanotube diameter, type of hardener, and cross-linking degree of epoxy
resin on interface thickness, van der Waals (vdW) gap, and peak density were analyzed from the
average position of atoms obtained from the MD simulations. In this sense, the methodology was
proven to constitute a useful and effective tool for nano-composites interface characterization which
can complement other experimental approaches.

2. Materials and Methods

As previously introduced, the models developed are based on epoxy resin polymers. The epoxy
component of the resin is the diglycidyl ether of bisphenol-A (DGEBA) while two types of hardeners
were considered: the polyamine diethylene triamine (DETA); and the methyl tetrahydrophthalic
anhydride (MeTHPA). The chemical structure of the epoxy and the hardener molecules is shown in
Figure 1, in which partial charges are also pointed out. These partial charges were calculated according
to bond increments as stated in the COMPASS force field [34], which was used to model the interactions
between polymer atoms. The analytic forms of the energy expressions stated in this force field are
given below:
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where K;, H;, V; and F; are constants, r is the distance between atoms, b is the bond length, 6 and ¢
are the bond angles of bending and torsion, g; is the partial charge of a given atom, and A; and B; are
the van de Waals parameters. The values of these parameters were defined based on the force field
previously mentioned, specified in the work of H. Sun “COMPASS: An ab initio force-field optimized
for condensed-phase applications—an overview” with details on alkane and benzene compounds [34].
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Figure 1. Structure and partial atomic charges of epoxy resin monomers: (a) epoxy molecule (DGEBA);
(b) hardeners (DETA and MeTHPA).

Two types of carbon fillers were studied: triple-walled carbon nanotubes (TWCNT) and carbon
fibers (CF). A summary of the modeled carbon structures is shown in Figure 2. The selection of the
number of layers (three in both cases, Figure 2) was done taking into account that the structures of the
interfaces are mainly determined by the interactions produced between the polymer and the graphene
sheets that are close to the interface region. The graphene layers that are far from this region do
not influence the interface structure. In this sense, it was verified considering the fact that a higher
number of layers do not have a relevant effect on the interface characteristics obtained on comparing
with the models with three layers. Then, the results obtained can be considered representative of
MWCNTs/CFs in a more general way (i.e., systems constituted by several graphene sheets). Both types
of structures were generated using the VMD software [35]. In order to investigate the possible impact
of parameters such as length and diameter (chirality) on the interface characteristics, several types of
TWCNT were modelled. The chirality of the TWCNT is indicated in terms of two numbers,  and m,
and is usually given between parenthesis (11, m). In all the models n = m, which means that the carbon
nanotube is armchair. The diameter of the nanotube is related to the values of n and m numbers as
stated next:

d = 0.0783\/ (n +m)? — nm [A] ?)

The carbon fiber (CF) was modeled as a triple armchair graphene sheet as shown in Figure 2.
The dimensions of the graphene sheets were 75 A side and 6.8 A thickness, and the equilibrium
distance between graphene sheets was of 3.4 A. For the CNT with diameter of 101.7 A and for the
CF, the reinforcements cover the full length of the simulation cell (in the first case in the CNT axis
direction and in the second in the two main in-plane directions). Since periodic boundary conditions
were employed in all the models, it should be noted that in these two cases these systems represent
reinforcements of infinite lengths.
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Type TWCNT CF
. I .
Chirality (5, 5) (10, 10) (15, 15) (65, 65) (70, 70) (75, 75) Armchair
Diameter, A 20.3 101.7 na.
Length, A 50 240 80 78 x 78
Aspect ratio 2.4 11.8 0.8 1.0

Figure 2. Structure and characteristics of modeled carbon reinforcements (triple walled carbon
nanotubes (TWCNT) and carbon fibers (CF)).

To model covalent bonds between carbon atoms in the same layer of TWCNT or CF, the Tersoff
potential [36] was employed. As a bond order potential, the Tersoff potential allows for C-C
bond formation or dissociation during the course of a simulation. In addition, the Lennard—Jones
9-6 potential was employed to model the interaction between carbon atoms in different layers,

whose formula is shown next: 0 .
o o
V) :s[(r) - (7” ®

where r is the distance between pair of atoms, ¢ is the depth of the potential well, and ¢ is the distance
at which the potential is zero.

The polymer nanocomposites were generated combining the TWCNT or CF structures with the
epoxy resin polymer. All models employed amorphous polymers, that is, with no type of molecule
orientation or crystallinity. These models were generated by adding certain number of the constitutive
monomers of the epoxy resin, i.e., the epoxy (DGEBA) and hardener (DETA or MeTHPA) molecules,
to the cell containing the carbon reinforcement (TWCNT or CF). The stoichiometric proportion of
epoxy:hardener was employed according to the chemical cross-linking reactions (5:2 for DGEBA:DETA
and 1:2 for DGEBA:MeTHPA). After blending the polymer monomers in the isobaric-isotherm
ensemble (NPT) for 0.25 ns, the polymer was cross-linked directly in the presence of the carbon
reinforcement. The cross-linking of the epoxy resin was performed using a procedure specifically
defined for this study based on other procedures described in the literature [37], and combines several
consecutive molecular dynamics simulation steps using LAMMPS [38] and mathematical post-process
in between each step. This method is based on the chemical reactions that take place between the
constitutive monomers of the epoxy resin. In a basic way, during the simulations with LAMMPS
certain atoms (those involved in the chemical reactions of cross-linking) are forced to bond together
by the bond/create command. The main parameter that affects this “bonding” is the cut-off distance
(Reut), which is the maximum distance over which atoms are not considered to bond, i.e., atoms below
a distance of Reyt are bonded together. Reyt was set to 6.0 A for intermolecular distances and to 3.5 A
for intramolecular distances. In other steps of the procedure, bonds or atoms are just deleted, using
the bond /break or delete_atoms commands in LAMMPS, respectively. Between each of the steps
the atoms data are treated to assure that LAMMPS bonds or deletes the correct atoms and/or bonds.
At the end of each procedure the charge of atoms was also updated considering the new functional
groups and bond structure generated after the cross-linking, and charge increments of atoms as shown
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in Figure 3 for both types of hardeners. Interface properties were studied in either non cross-linked
or cross-linked resin, in which the cross-linking degree was set to 0.68 in all models. Prior to any
characterization, all models were subjected to time integration in the NPT ensemble to reach a plateau
to obtain a zero-stress structure (which typically needed 0.5 ns). Time steps were selected as 0.5 fs for
all MD simulations. A list of the models studied is summarized in Table 1, with a summary of their
main characteristics. “Type a” models are referred to as non-cross-linked systems whereas “Type b” to
the cross-linked ones.

1 0.1713 +0.1713
R Y /H
3 o]
R NH -0.2600
+0.1660 )
R
Secondary amine Tertiary amine
(a)
1
R H
] /
)\\ +0.0000 3
(0] -0.2600
1 0.2600
R ¥ 2
R
Ester
(b)

Figure 3. Charge update (increments) for atoms after the cross-linking process with: (a) polyamine
hardeners (DETA); (b) anhydride hardeners (MeTHPA).

Table 1. Summary and features of the molecular models studied.

Weight
Fraction of
Filler, %

Chiralit Filler Filler
1 2 ; y A .
ID of Model Resin Filler of Filler Diameter, A Length, A

la/b DGEBA /DETA TWCNT (5,5)3 20.3 50 9.02

2a/b DGEBA/DETA TWCNT 5,5)3 20.3 240 20.57
3a/b DGEBA/DETA TWCNT (65, 65) 3 101.7 80 44.85
4a/b DGEBA/DETA CF Armchair n.a. 78 x 78 23.14
5a/b DGEBA /MeTHPA CF Armchair n.a. 78 x 78 22.50

! Type of models: a — non cross-linked; b — cross-linked; 2 Diglycidyl ether of bisphenol-A (DGEBA), diethylene
triamine (DETA) and methyl tetrahydrophthalic acid (MeTHPA); 3 Refers only to the inner TWCNT layer: (5, 5) —
(5,5) (10, 10) (15, 15); (65, 65) — (65, 65) (70, 70) (75, 75).

To study the structure of the interface region, the density of polymer across the filler/resin
interaction zone was assessed from each model. Once the models were equilibrated, the position of
epoxy atoms was monitored during 50 ps at intervals of 5 ps using the canonical ensemble (NVT) to
update the position of atoms. The polymer density profile was obtained from the sampled position of
atoms by a binning procedure. An atom was first classified into a bin according to its distance to the
center of the carbon nanotube (central axis) or carbon fiber (middle layer). Then, the density of each
bin was obtained by dividing the total mass of atoms by the volume of the bin. Finally, these densities
were plotted against the distance of the bin to the center of the nanotube (CNT) or the carbon fiber
(CF), obtaining the density profile. In the case of CNT composites cylindrical bins were defined around
the central axis of the carbon nanotube, whereas in the case of CF composites rectangular cuboids bins
were defined from the middle layer of the carbon fiber.
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3. Results

3.1. Interface Structure

In order to get deep insight into the structure of the interface region, the polymer density profiles
were assessed from the molecular dynamics simulations. As an example, the polymer density profile
for the Model 1b nanocomposite (which contains a (5, 5)(10, 10)(15, 15) TWCNT of 50 A length) is
shown in Figure 4. In this profile the density of polymer (DGEBA-DETA component) is plotted against
the distance to the TWCNT axis. At distances below the TWCNT external radius (approximately
10.2 A), the density is zero since there is no polymer in this region. Immediately over the CNT surface
the density remains at zero and at a certain distance over the CNT surface, it increases rapidly and
reaches a maximum. The region between the CNT surface and the density peak is usually identified
in the literature as the “Van der Waals (VdW) gap” [25], since it is produced by the equilibration
of the forces of this name. Beyond the density maximum the polymer density decreases rapidly,
reaching then a minimum of density, and later increasing again at higher distances until it has the same
density as in the bulk polymer region. In this sense, it should be noted that the bulk polymer densities
predicted by the MD models are quite in line with the experimental values reported for this type of
resin. A graphic representation of the interface region can be seen in Figure 5, where the so-called
“VdW gap” is evident.

VAW ga
2.0 4 :<—g+p
§ |
o S 1
8 E
b 1.5 o !
S Z
— 1
£ z !
T 104 =
5 :
g |
2 1
& 054 :
’ ' 1 thickness
| :
1 1
0.0 4 1 !
0 10 20 30

Distance to CNT axis, A

Figure 4. Description of polymer density profile (obtained from Model 1b). VAW = Van der Waals gap.

polymer

Van der
Waals gap

TWCNT

Figure 5. Detail of the interface region in TWCNT nanocomposite (obtained from Model 1b).
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It can be considered then that the interface comprises the region from the CNT surface (or CF
surface) to the distance where the polymer density vanishes to values of the bulk region. Nevertheless,
this criterion is arbitrary and other authors consider alternative ways to define interfaces. For example,
Arash et al. [23] considered the interface region only as the van der Waals gap, which in this study is
indeed a portion of the interface defined. Taking this fact into account, different conclusions can arise
amongst the different studies depending on what is considered as the interface region.

The delimitation of the interface in the polymer side is not clear due to the presence of fluctuations
in the polymer density profile which come from the thermal noise in atoms. The best option to
define the interface limit in the polymer region is then to consider a statistical approach. At the bulk
polymer region, where there is no influence of the carbon nanotube (or fiber), the fluctuations in the
polymer density remain stable and the associated standard deviation (SD) takes a certain specific value.
Any perturbation on the polymer density, such as the one produced in the interface due to the presence
of the CNT (or CF), will produce variations in the value of this deviation. Considering this effect, it is
possible to define the limit of the interface region in the bulk polymer in a more mathematical way,
calculating the accumulated standard deviation (ASD) profile. The next formula was used in order to

h —\2
ASD(d):\/W ; h>d )

where d is a given distance to the CNT axis, & is the highest distance defined in the profile, p; is the
density at distance d, and p the average density in the interval of distances (d, ). In Figure 6 the ASD
curve of the polymer density profile for the model 1b is plotted. As can be observed, at high distances
the value of ASD remains at a value near 0.06 g/cm?, but at distances below 18.75 A the ASD starts to
increase rapidly due to the influence of the CNT. This distance can be considered as the limit of the
interface region, and thus the interface thickness for this composite can be defined at a value of 7.87 A.

calculate the ASD curve:

0.15 :
mE i
8 d
D 0,10 - :
Q 1
N ' interface limit
e i
E ]
= o
:j 1
g 0.05 I
2 1
% i direction of
! ASD calculation
: DI
0.00 4 I
T g : T i T j :
15 20 25 30

o

Distance to CNT axis, A

Figure 6. Example of the accumulated standard deviation (ASD) curve calculated from the polymer
density profile (obtained from model 1b).

3.2. Effect of Epoxy Resin and CNT Characteristics on Interface Structure

The interface structure for several polymer and CNT/CF composite combinations was studied
applying the previous procedure and the interface thicknesses together with other parameters were
obtained. A summary of the results is shown in Tables 2 and 3 for the non-cross-linked and cross-linked
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systems, respectively. In addition, Figure 7 shows a graphical representation of the results in terms
of interface thickness versus diameter for the DGEBA-DETA composites. It should be noted that
the precision in the results is dependent on the bin size chosen during the generation of the density
profiles. Given that in this study the bin size was fixed at 0.25 A, the precision of the results could not
be lower than this value. Two replicas of the Model 1b were studied and the interface thickness was
measured. An average value of 7.87 A was obtained with an uncertainty of 0.53 A (approximately
twice the bin size value). In other words, results should differ by at least 0.53 A to be considered
significantly different.

Table 2. Structural characterization of interface region in non-cross-linked epoxy resin nanocomposites.

Non-Cross-Linked Systems

Peak

ID of A Reinforcement I'nterface 2 V'dW Gap, Density,
Epoxy Resin - - Thickness, A Thickness, A g/cm3

Model Type Chirality Length, A  Diameter, A

la DGEBA-DETA TWCNT (5,5) 50 20.3 10.00 3.50 2.305
2a DGEBA-DETA TWCNT (5,5) 240 20.3 9.75 3.75 2.101
3a DGEBA-DETA TWCNT (65, 65) 80 101.7 9.00 3.25 1.878
4a DGEBA-DETA CF armchair 78 x 78 n.a. 10.00 3.75 2.127
5a DGEBA-MeTHPA CF armchair 78 x 78 n.a. 10.50 4.00 1.881

Table 3. Structural characterization of interface region in cross-linked epoxy resin nanocomposites.

Cross-Linked Systems

Peak

. Interface VdW Gap .
1D of Epoxy Resin Reinforcement Thickness, A Thickness, A De“S‘?"

Model Type Chirality Length, A  Diameter, A glom

1b DGEBA-DETA TWCNT (5,5) 50 20.3 7.871 3.75 2.008 2
2b DGEBA-DETA TWCNT (5,5) 240 20.3 7.50 3.50 2.248
3b DGEBA-DETA TWCNT (65, 65) 80 101.7 10.00 3.50 2172
4b DGEBA-DETA CF armchair 78 x 78 n.a. 10.50 3.75 1.921
5b DGEBA-MeTHPA CF armchair 78 x 78 n.a. 9.75 3.75 1.853

1 Average between two replicas (8.25 and 7.50 A), indicating SD of -0.53 A;? Average between two replicas (2.018
and 1.999 g/cm?), indicating SD of & 0.013 g/cm?.
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Figure 7. Representation of interface thickness versus TWCNT diameter for the DGEBA-DETA composites.

3.2.1. Effect of Cross-Linking Degree and Type of Epoxy Resin Hardener

Regarding the polymerization procedure, it was observed that in some of the models the
cross-linking had an impact on the interface thickness, depending on the carbon nanotube diameter
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and even the type of hardener. Considering firstly the DGEBA-DETA models, it was observed that for
the lower TWCNT diameter (Models 1 and 2) the cross-linking of the epoxy resin produces a decrease
of the interface thickness of about roughly 2.5 A in both models, whereas for the higher TWCNT
diameter (Model 3) or CF composite (Model 4) there is no effect of the cross-linking degree of the
resin on the interface thickness (see Figure 7). For the DGEBA-MeTHPA the effect is the opposite;
after the cross-linking of the epoxy resin and the interface thickness decreases, although only by
0.75 A. Ci et al. [39], who studied experimentally the reinforcement role of carbon nanotubes in
epoxy composites with different matrix stiffness, observed that the interface interaction was poor
due to complete cross-linking. From the results obtained in this study this stiffness matrix effect
is observed only for the lower TWCNT diameter in the DGEBA-DETA composites, where a lower
interface thickness would indicate in this way a lower influence of the carbon nanotube on the epoxy
resin after cross-linking.

The effect of epoxy resin hardener was also analyzed in the CF composites of DGEBA-DETA
(model 4) and DGEBA-MeTHPA (model 5). The interface thickness was 10.50 A in the DGEBA-DETA
composite and 9.75 A in the DGEBA-MeTHPA composite. Although in this study only one replica
was performed for the interface thickness calculation, in principle both results could be considered
as different if the associated uncertainty is higher than 0.53 A. However, a more systematic statistical
analysis should be performed in order to verify this statement. At this point, it can be said that the
type of hardener had an influence on the interface thickness, although it was not possible to establish
a “rule of thumb” about the relationship with hardener structure since only two types of hardeners
were analyzed.

3.2.2. Effect of CNT Diameter and Length

Finally, the effect of CNT length on interface thickness can be analyzed comparing the results
of Model 1 and Model 2 composites, in which a TWCNT of 50 A or 240 A lengths were considered
respectively. The interface thickness is statistically equivalent in both models, either in the cross-linked
and non-cross-linked state (models of types a and b), indicating thus that the CNT length has no
influence on the thickness of the interface. In contrast, the CNT diameter has a more significant effect
on the interface thickness than the length, although as stated in the previous paragraph, this effect
is mainly observed in the cross-linked models (Type b models). In this sense, the system with CF
(Model 4b) could be considered as the limit where a CNT has an infinite diameter. Figure 8 shows
a comparison of either polymer density profiles or generated accumulated standard profiles (ASD)
between the Model 1b (20.3 A diameter) and Model 4b (infinite diameter) composites. Both composites
present similar polymer density profiles (Figure 8a) in the interfacial region and differences are
not evident from the direct graphic comparison. The main difference is observed when calculating
the interface thickness from the ASD profiles (Figure 8b), where it can be observed that the CF
composite presents higher interface thickness than the TWCNT composite (10.50 A versus 7.87 A).
Thereby, these results would indicate that the higher the diameter the higher the interface thickness.
A possible explanation to this diameter effect is represented in Figure 9. In this figure the distances are
represented with arrows between a hypothetical point over the CNT surface and the actual surface.
As can be observed, these distances are higher in the case of low CNT diameters in comparison with
high CNT diameters. This fact would indicate that the influence of the CNT surface would reach higher
distances the higher the CNT diameter is, and this would produce consequently a higher interface
thickness. In the literature, other authors have also found this effect of diameter on polymer-CNTs
interactions. Goclon et al. [40] studied the effect of single walled CNT diameter on the binding of
a thermoplastic polyurethane and found that increasing the SWCNT diameter resulted in stronger
polymer binding. To verify this effect, this phenomenon could be quantified by studying in detail
the Van der Waals interaction energy between the epoxy resin and the CNTs as a function of the
curvature—analysis proposed as continuation of the present study:.
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Together with the interface thickness, other parameters were also measured from the density or
ASD profiles. It was observed that the VAW gap thickness remains between 3.50-3.75 A in all the
studied systems and is practically independent of CNT diameter, length, or type of epoxy hardener
employed in the composite. In addition, the polymer peak density was also registered from curves but
its behavior was erratic and no clear tendency was detected from the presented results with respect to
the studied parameters (TWCNT length, diameter, or cross-linking degree).

3.0
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2.5 — Model 4b

2.0

].5—- / /

1.0 1

Polymer density, g/cm®

0.5 1

0.0

6 8 10 12 14 16 18
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o
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Figure 8. Comparison of (a) polymer density profiles and (b) accumulated standard deviation (ASD)
curves between Model 1b (20.3 A diameter) and Model 4b (CF or “infinite diameter”). The interface

limit is indicated by arrows.
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(a) (b)

Figure 9. Possible effect of diameter on interface thickness: (a) Low CNT diameter; (b) high CNT diameter.

4. Discussion and Conclusions

In the presented study a method for the characterization of interfaces in polymer nanocomposites
was proposed and implemented. The characterization was based on MD models and was demonstrated
to be useful to evaluate interface parameters such as thickness, van der Waals gap, and peak density.
The method relies on the analysis of the standard deviation associated with the fluctuations in polymer
density by calculation of the accumulated standard deviation (ASD) profile, from which a systematic
characterization of the interface can be done. The interfacial region was considered as the region
comprised from the surface of the carbon nanotube to the distance where the polymer matrix density
stabilized, according to the accumulated standard deviation (ASD) profiles. Although this definition
of the interface is arbitrary and could be subject of discussion itself, the phenomena observed over this
region are remarkable and lead to the following conclusions.

From the analysis of the ASD profiles it was observed that the interface thickness was influenced by
parameters affecting the characteristics of either the epoxy resin or the CNT, but in different magnitude
and in some cases with overlapping effects between the analyzed parameters. No general rule on the
effect of epoxy resin cross-linking degree, type of hardener, CNT diameter, and length on the interface
thickness could be established and each case must be analyzed specifically. As the most remarkable
conclusion, it was observed that the diameter is the most influential parameter in the interface thickness
of DGEBA-DETA cross-linked composites, in which the higher the diameter the higher the interface
thickness. However, it has no effect on interface thickness in non-cross-linked composites.

In addition, the type of hardener also has a certain effect on the interface thickness. It should be
noted that in the present study the interface region was only analyzed considering geometrical aspects,
i.e., basically the interface thickness, and the effect of different parameters on those geometrical
characteristics of the interface. An energy analysis of the interface, e.g., in terms of the binding
energy between the CNT and the epoxy resin, could give rise to different effects of the considered
parameters and then a different vision of the results, as was obtained in the study performed by
Zaminpayma et al. [41]. These analyses are intended to be performed in further studies.

Finally, the method proposed was proven to constitute a useful and effective tool for
nano-composites interface characterization that can complement other experimental approaches.
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