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Adhesion and reinforcement in carbon nanotube polymer composite
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Temperature dependent adhesion behavior and reinforcement in carbon nanotube (CNT)-polymer
(polyethylene) composite is studied through molecular dynamics simulations. The interfacial shear
stress through van der Waals interactions is found to increase linearly with applied tensile strains
along the nanotube axis direction, until the noncovalent bonds between CNTs and molecules break
successively. A lower bound value about 46 MPa is found for the shear strength at low temperatures.
Direct stress-strain calculations show significant reinforcements in the composite in a wide
temperature range, with ~200% increase in the Young’s modulus when adding 6.5% volume ratio
of short CNTs, and comparisons with the Halpin—Tsai formula are discussed.
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Since their discovery in the 1990s, carbon nanotubes
(CNTs) have been shown to have exceptional mechanical
and unique electronic and thermal properties.1 The large sur-
face area and the high modulus and strength of CNTs' make
them a good candidate as reinforcing fibers. Recent experi-
ments have shown remarkable enhancements in elastic
modulus and strength of polymer composites with an addi-
tion of small amounts of CNTs.>” Polymer CNT composites
have also been investigated as multifunctional materials for
electric and thermal applications.ﬁf8 The adhesion behavior
and reinforcement properties are crucial to determine the ef-
ficiency of CNTs as nanofibers and the structural stabilities
in these CNT composites. While adhesion in CNT compos-
ites can be through covalent bonds with specific polymers,
noncovalent van der Waals (VDW) interactions are univer-
sally present, which have been shown to play an important
role for molecule structures at interface and reinforcement in
CNT composite,9 and is the focus of this study. In this letter
we investigate the adhesion behaviors such as interfacial
shear stress and bond breaking at large strains, reinforce-
ments in elastic modulus, and their temperature dependence
in a polymeric CNT composite, through molecular dynamics
simulation method.'”

Polyethylene (PE) is chosen as a model matrix, which is
described through a united atom model with bond stretching,
bending, and dihedral potentials. A truncated 6-12 Lennard-
Jones (LJ)-type VDW interaction is included between CNTs
and matrix and within matrix. The details of the force field
can be found elsewhere.!" Amber force field'? is used for the
carbon-carbon interactions on CNTs, and the use of which is
justified as the embedded CNTs are expected to behave in
elastic regime (to be discussed later), due to the weak VDW
interactions. The Young’s modulus for intrinsic CNTs with
Amber force field is found within 10% difference from that
with the widely used Tersoff-Brenner potential.13

The composite system consists of 50 PE molecules with
100 repeating units and a capped 190-A-long CNT (10, 0)
representing discontinuous fibers, in a periodic unit cell
~26X26%200 A3 (see inset of Fig. 1 for illustration). The
system is prepared at 600 K with individual molecules re-
laxed with Monte Carlo simulation beforehand, and gradu-
ally cooled down to low temperatures with a rate of
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10 K/100 ps (Berendsen NPT ensemble, P=1 bar). The de-
tails of sample preparation can be found elsewhere.'" Time
step of 0.5 fs is used. All the data reported here are averaged
over eight sample sets.

To investigate the interfacial adhesion and reinforcement
behavior, a tensile stress along the nanotube axis direction is
applied to the composite gradually with a rate of 1 bar/1 ps
and at each stress there is a responding strain (Berendsen
NPT ensemble). In this study we focus on the properties
induced by the embedded CNTs and the stress/strain rate
effect is not discussed. Shown in Fig. 1 is the change in the
total interfacial VDW energy, U, 4., between the CNT and
the polymer as a function of strain at various temperatures.14
In comparison, the change in the total VDW energy is also
shown for a similarly prepared pure polymer bulk (50 PE
with 100 units) at 7=50 K. It can be seen that the VDW
interaction in the composite is much enhanced due to the
presence of the nanotube. We attribute such enhancement to
two following factors. (1) The large surface area and the high
atomic density on the CNT: while the space (6.5% volume
ratio) occupied by the CNT would only accommodate 347
matrix (carbon) atoms, there are as many as 1804 atoms on
the CNT and all of them are on the surface. (2) The existence
of adsorption layer around the CNT, which has a higher den-
sity compared with in bulk polymer.9 At high temperatures
the molecule density in the adsorption layer decreases due to
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FIG. 1. The change in the total interfacial VDW energy in the PE composite
as a function of applied tensile strain at various temperatures from
50 to 400 K (solid lines), in comparison with the change in the total VDW
energy in bulk PE at 7=50 K (dashed line). Inset: Schematic illustration of
the unit cell for the composite in simulation, with tensile stress applied along
the CNT axis direction.

88, 093108-1

Downloaded 07 Jul 2006 to 143.232.85.75. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.2181188
http://dx.doi.org/10.1063/1.2181188

093108-2 Chenyu Wei
50 T
1 ! — 50K
. 150K
& 40 ----250K |
=
2] i
@ i !
S 30
7] 111
T
2 ] |
ﬁ 20 H! fH
s f
]
8
g
£

0 0.2 0.4 0.6 0.8 1
Tensile strain

FIG. 2. The interfacial shear stress o in the composite as a function of
tensile strain. Solid, dotted, and dashed lines are for 7=50, 150, and 250 K,
respectively. The value of o, would extrapolate to zero at e=0.

thermal expansions, which induces a lowered U, 4, as shown
in Fig. 1.

A frictional force can be defined as f=-dU,,,/ dz, where
z is along the CNT axis. The corresponding interfacial adhe-
sion or shear stress can be expressed as o,=—A X f, where A
is the lateral surface area of the CNT. Considering that &z
={,0€, where €(,={, is the length along CNT lateral surface
and e is the strain in the composite along z direction, o, can
be further expressed as follows:

— 1 1 dUvaw (1)
_27Trcnt€cm€cnt de

where r, is the radius of the CNT. Taking r.,~3.9 A and
€.~ 185 A (excluding the caps") into Eq. (1), the calcu-
lated o is shown in Fig. 2 as a function of strain at various
temperatures (9U,q,/ d€ is calculated as AU, g, /A€ with Ae
=0.005). First we discuss the low temperature 7=50 K case.
From Fig. 2 it can be seen that o, increases linearly with the
strain as ;=967 MPa X € (for e<5%). This linear behavior
is expected as the interfacial energy can be modeled as a
harmonic potential in the elastic regime. The shear stress
reaches its maximum strength 7~46 MPa around e~ 10%.
Beyond that oy is no longer strong enough to hold the inter-
facial bonds. The breaking of the bonds is confirmed by the
decrease in o, at large €. An interesting feature is that o,
decreases in a staircase manner, suggesting that the bond
breaking is not simultaneous. An averaged shear strength per
site on the CNT is estimated as ~0.025 MPa, which is less
than the smallest loss of o, (1.0 MPa at T=50 K, 0.3 MPa at
T=150 K) between any two adjacent staircases shown in
Fig. 2, indicating that the bonds can break in group at mul-
tiple sites. These bond breaking behaviors are more compli-
cated compared within the stick-slip model for microfriction
between crystallized solid surfaces,'® due to the long length
and amorphous nature of the polymer molecules. The overall
value of the shear stress decreases with the increase of tem-
perature, as shown in Fig. 2, due to the similar reason men-
tioned above for the decrease of U4, at high temperatures.
The increased thermal fluctuations also would destabilize the
interfacial bonding. At T=250 K the occasional increase in
o, at high strains indicates bond reformations, which is not
observed at low temperatures, as the fast stress rate in the
simulation does not encourage bond reformations in a short
time scale, which is much fastened at high temperatures.
The calculated shear strength ~46 MPa provides a
lower bound for 7, as only VDW interactions are included,
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FIG. 3. The applied tensile stress vs the responding strain for the PE-CNT
composite at various temperatures from 50 to 500 K (solid lines), in com-
parison with that for bulk PE at 7=50 and 250 K (dashed lines).

which is in excellent agreement with experiment measured
7~47 MPa between polyethylene-butene matrix and multi-
walled CNTs."” For large radius CNTs other than the CNT
(10, 0) in this study, 7 can be slightly lower due to the curve
effect on adsorption energies. The value of 7 could increase
when strong covalent bonds'®!" or extra contributions from
electrostatic interactions exist.”’ Previous pullout simula-
tions of CNTs from polystyrene (PS) matrix showed
7~ 150 MPa, including both VDW and electrostatic interac-
tions, although separated contributions were not discussed
there.”” Differences in the atomic compositions of PE and PS
molecules could also contribute to the difference in 7, as
previous simulation studies have suggested that presences of
large base or side groups in polymer molecules can lead to a
stronger VDW interaction with CNTs.”!

The reinforcement of the composite is investigated from
direct stress-strain calculations. The applied stress as a func-
tion of the responding strain is plotted in Fig. 3 at various
temperatures. The composite behaves as a glass solid at low
temperatures (7<<300 K), and its mechanical response is
much weakened at high temperature. In comparison the
stress-strain curve for the pure polymer bulk is also shown
for T=50 and 250 K. It can be seen clearly that there are
strong reinforcements in the composite in both the small and
large strain regimes. This is mainly due to the much en-
hanced VDW interfacial interactions described above, while
the contributions from the bond stretching, bending and tor-
sion of the molecules are much smaller. The radical distribu-
tion function of bond length shows that the strain induced on
the CNT is within 1%, justifying the use of Amber force field
in this case. Both the composite and the bulk polymer yield
around €~ 10% at low temperatures, after which the stress-
strain curve is away from the linear regime. The continuing
increase of stress in the polymer bulk beyond yielding can be
attributed to the entanglement of the polymer chains for the
mechanical responses. Such entanglement is expected to be
much less in the composite as the molecules prefer alignment
along the nanotube, which can result in enhanced brittleness
as observed in CNT composites.2 At low temperatures (50,
100, and 150 K) the composite is found to break in the ma-
trix region at the maximum strain, while no breaking is ob-
served in other cases (including polymer bulk at 7=50 and
250 K) up to the maximum strain.

The Young’s modulus Y of the composite is calculated
from the stress-strain curve within €<<5%, and plotted in

Fig. 4 as a function of tem%erature, in comparison with that
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FIG. 4. Young’s modulus of the PE-CNT composite (solid line) as a func-
tion of temperature, in comparison with that of the bulk PE (dashed line),
and also in comparison with the value from the Halpin-Tsai formula (dia-
mond and dotted line). The error bars for data from MD simulation are also
shown.

of the bulk polymer. A large increase in Y is observed over a
wide temperature range with 7<<350 K. At 7=50 K, Y is as
high as 7200 MPa for the composites, which is 220% in-
crease than the 2245 MPa for the polymer bulk. Similar in-
creases are also found at other temperatures. The Young’s
modulus for both systems decreases dramatically above
350 K to near zero values at high 7. This is expected as
the systems are in viscous or liquid state above the glass
transition temperature (~300 K from density-temperature
function).

The degree of reinforcement of a composite depends on
the aspect ratio and alignment of fibers. The Halpin—Tsai
formula, based on force balance model and empirical data, is
used widely for macroscopic cornposites.22 According to
such formula the Young’s modulus of a composite with
aligned and discontinuous fibers can be expressed as follows:

Ycomp =Y,(1+ f?]Vf)/(l - 77Vf), (2)

with »=(Y,/Y,~1)/(Y;/Y,+¢&) and &=2(L/D). Y; and Y,
are the Young’s modulus for the fiber and matrix, respec-
tively; Vy and L/D are the volume ratio and aspect ratio of
the fiber, respectively. From Eq. (2) it can be seen that Y,
strongly depends on the geometry of the fibers such as their
aspect ratio. For continuous fibers with §é—oo, Eq. (2) re-
duces to the rule of mixture Yoopn,=Y,V,,+ YV}, which pro-
vides an upper limit for reinforcements in a fiber composite.
Taking V;~6.5%, L/D~24, and n~1 (as Y,~1 Tpa>Y,,),
the predicted value of Y based on Eq. (2) is shown in Fig. 4.
It can be seen that at low temperatures the Halpin—Tsai for-
mula gives a higher value for Y (36% higher at T=50 K)
compared with that from the molecular dynamics simulation.
Such difference can come from the fact that the Halpin—Tsai
model is based on continuum elastic medium approximation
and does not take into account the molecule structures at
interfaces, which have been shown to be very different from
bulk in densities and orientations.” A load transfer model
based on substrate interaction and molecule wrapping geom-
etry suggested that less perfect coverage of molecules on
CNTs can lead to a smaller Young’s modulus than that from
the Halpin—Tsai formula.”® Recent experiments on poly(vinyl
alcohol)? and polypropylene CNT composites24 have also
shown disagreements in measured modulus or CNT lengths
with predicted values based on the Halpin—Tsai model. The

Appl. Phys. Lett. 88, 093108 (2006)

difference in the value of Y diminishes at high temperature
(T>250 K) as shown in Fig. 4. It could be due to the in-
creased thermal fluctuations making the interfacial structures
at atomic level less important and thus the continuum me-
dium approximation in the Halpin—Tsai formula becomes
appropriate. Future studies are needed on this subject.

In summary, we have studied the adhesion behavior and
reinforcement in a model PE-CNT composite. The interfacial
shear stress is found to increase linearly with the applied
strain in small strain regime and a lower bound value for the
shear strength is found ~46 MPa at low temperatures. Such
value decreases with the increase of temperature. At large
strains the interfacial bonds break successively with the shear
stress decreasing in a staircase manner. The mechanical
properties of the composite are found to be largely enhanced
over a wide temperature range from 50 to 350 K compared
with the bulk polymer, due to the enhanced VDW interac-
tions. The degree of increase in the Young’s modulus is
around 200% for the composite in this study, and the differ-
ence with that from the continuum medium approximation
based Halpin—Tsai formula suggests that interfacial atomic
structure is crucial for a nanocomposite.
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