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Foam-Like Behavior in Compliant, Continuously Reinforced

Nanocomposites

Brent J. Carey, Prabir K. Patra, Myung Gwan Hahm, and Pulickel M. Ajayan*

In the pursuit of advanced polymer composites, nanoscale fillers have long
been championed as promising candidates for structural reinforcement.
Despite progress, questions remain as to how these diminutive fillers influ-
ence the distribution of stresses within the matrix and, in turn, influence

bulk mechanical properties. The dynamic mechanical behavior of elastomer-
impregnated forests of carbon nanotubes (CNTs) has revealed distinct orien-
tation-dependent behavior that sheds light on these complicated interactions.
When compressed along the axis of the fillers, the composite will mimic
open-cell foams and exhibit strain softening for increasing amplitudes due to
the collective Euler buckling of the slender nanotubes. In contrast, the same
material will behave similarly to the neat polymer when compressed orthog-
onal to the alignment direction of the nanotubes. However, in this orientation
the material is incapable of achieving the same ultimate compressive strain
due to the role that the embedded nanotubes play in augmenting the effective
cross-link density of the polymer network. Both of these responses are recov-
erable, robust, and show little dependency on the diameter and wall-number
of the included CNTs. Such observations give insight into the mechanics of
polymer/nanoparticle interactions in nanocomposite structures under strain,
and the thoughtful control of such coordinated buckling behavior opens the
possibility for the development of foam-like materials with large Poisson

ratios.

1. Introduction

Due to their impressive material properties,?l carbon nanotubes
(CNTs) have been explored for a wide variety of applications.
When utilized as the primary reinforcement in composites,
many questions still remain as to how their presence truly
influences the mechanical response of the resultant material.['
Such concerns are critical in the pursuit of lightweight, multi-
functional composites,’>* and while incompatibility between
the two phases does offer the potential for great mechanical
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damping,>®l efforts have been made to
improve load transfer across the matrix/
filler interface by functionalizing CNTs
with moieties that are chemically com-
patible with a desired matrix.” Similarly,
considerable progress has been made
in understanding how the presence of a
nanoparticle influences a polymer’s mor-
phology, with regard to concepts such as
transcrystallinity®®® and the formation
of an “interphase” where the polymer’s
conformity is distinctly different than the
bulk matrix.'%!! To this day, however, the
precise interactions between nanoscale
fillers and a matrix material under even
modest deformations are not completely
understood.

For the purposes of mechanical rein-
forcement, an oft-overlooked attribute
of these polymeric macromolecules!? is
their remarkable ability to recover elasti-
cally from high-strain deformations.!'>14
CNTs with modest aspect ratios have been
modeled!™ and experimentally demon-
strated® to either kink or buckle sym-
metrically about their central axis when
loaded, resulting in a limit point insta-
bility that leads to a negative slope in the
stress vs. strain relationship. This “negative stiffness” behavior
has been exploited for extreme mechanical damping,!'”l and
also in the development of composite materials whose strength
supersedes the rule of mixtures.'® In contrast, high aspect
ratio CNTs will buckle as near-ideal Euler columns when com-
pressed axially.[1°]

As with individual nanotubes, it has been shown experi-
mentally’®2% and through finite element modeling?!! that self-
assembled arrays of multi-walled CNTs (MWNT5) can recover
from numerous compressive cycles. The practical limitation
of this is that the CNT architecture will plastically deform
beyond some threshold strain.[??l Similar nanotube forests have
been impregnated by several matrix polymers including poly-
styrenel?3 and poly(methylmethacrylate),?*l and by introducing
a compliant, elastic matrix such as poly(dimethylsiloxane)
(PDMS),I! this bed of springs can be supported to allow for
high-cycle recoverability. The compression of a material with
such a high degree of filler orientation has yielded distinct
orientation-dependent deformation modes, allowing for
the experimental isolation of behavior that assists in the
fundamental understanding of how nanoscale fillers influence
the bulk properties of nanocomposite materials.
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2. Anisotropic Dynamic Mechanical Response

Through the precise control of amplitude, frequency, and tem-
perature during cyclic deformation, dynamic mechanical anal-
ysis (DMA) can yield subtle micromechanical information. For
compression transverse to the alignment direction of few-walled
CNTs (FWNTs; Figure 1) as well as many-walled MWNTs (Sup-
porting Information Figure SI-1), it is revealed that the stiffness
is nonlinear up to a 4% strain amplitude, followed by a linear
region of deformation from 4% to 6% strain. From 6% to 10%
strain the trend is evocative of what is seen in the 10% to 14%
strain range of the neat polymer. Aside from the higher stiff-
ness, the strain-dependent response of the composite resembles
the trend of the pure PDMS with a lower ultimate compressive
strain (an observation that is further supported by the stress/
strain relationship in Figure 1b). Conducting strain sweeps
for several frequencies, Figure SI-2 (Supporting Information)
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Figure 1. The dynamic mechanical response of continuously reinforced
CNT/PDMS composites. The a) stiffness and b) stress for various strain
amplitudes reveal that elastomer-impregnated forests of FWNTs will exhibit
strongly anisotropic behavior when subjected to cyclic uniaxial compression.
The composite performs similarly to the neat polymer when tested trans-
verse to the alignment direction of the nanotubes, yet with a much lower
ultimate compressive strain. Compression along the axis of the FWNTs,
however, reveals a distinct dynamic strain softening response that is strik-
ingly similar to what is observed in open-cell foams. These observations are
mirrored for MWNTSs (Figure SI-1, Supporting Information) and shed light
on the mechanics of deformation in compliant nanocomposite materials.
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demonstrates that the neat polymer and the radially stressed
FWNT composite are consistent between.5 Hz and 10 Hz.

The similarities in mechanical response became even more
apparent when the materials were subjected to various input
parameters. Frequency sweeps from.5 Hz to 100 Hz were con-
ducted at several amplitudes, and the data was compiled into
a 3D surface plot to reveal the landscape of resonances for
each material. While stiffness (Figure SI-3, Supporting Infor-
mation) provided some binsight, the damping (tan 6) proved
much more effective for the purposes of comparison. It is qual-
itatively observed that the topography of the radially stressed
FWNT (Figure 2) and MWNT (Figure SI-4, Supporting Infor-
mation) composite surface plots (i.e., the position and intensity
of peaks and troughs) bear a strong resemblance to the neat
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Figure 2. Comparing the mechanics of deformation through viscoelas-
ticity. The behavior of the a) neat polymer is qualitatively determined to
be quite similar to the b) radially stressed CNT composite over a broad
range of amplitudes and frequencies, suggesting similar mechanics of
deformation. Conversely, the c) axially compressed composite responds
quite differently, indicating that the mechanics of deformation are mark-
edly different in this orientation.
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Figure 3. Closer inspection of frequency dependencies. By comparing
the low- and high-strain frequency sweeps from Figure 2, subtleties of
deformation become apparent. a) The compressive resonance of the
highly aligned CNTs in the axial sample is believed to contribute to the
22 Hz resonance at 1% strain, yet this peak has disappeared for b) 5%
strain amplitudes where a resonance at 78 Hz resonance has emerged.
While the resonances in the pure polymer are not predominant in the
composite samples for small amplitudes, similarities emerge for large-
amplitude compression.

polymer, providing further evidence that the mechanics of
deformation are similar when the composite is compressed in
this orientation.

There is, however, some discrepancy below a 2% strain
amplitude, where several of the resonances are amplified for
the composite. Selecting frequencies below (1%) and above
(5%) the 2% threshold, we observe in Figure 3 that the 61 Hz
resonance in PDMS is greatly amplified in the radially stressed
composite for low amplitudes, and that all resonances are
muted for greater amplitudes. It is difficult to conclusively
index the 61 Hz resonance, though the orientation of the CNTs
offers some insight. Shear stress at the filler/matrix interface
has been implicated in mechanical damping for nanocomposite
materials,®! and it is conceivable that this event corresponds to
geometrical resonance longitudinal to the alignment direction
of the nanotubes.

In contrast to the radial deformation, the composite responds
quite differently from the neat polymer when loaded along the
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axis of the CNTs. This is immediately evident in Figure 1a and
Figure SI-la (Supporting Information), where the dynamic
stiffness of the composite is similar up to a 1% strain ampli-
tude before spiking rapidly at 2% strain to a four-fold improve-
ment over the neat polymer. This then leads to a regime where
further increases in the amplitude of oscillation will induce
a reduction in stiffness, a response known as dynamic strain
softening. Beyond a 9% strain amplitude, the stiffness will
increase rapidly in a manner that is reminiscent of the neat
polymer, ultimately achieving the same ultimate compressive
strain (14%).

The FWNT (Figure 2c) and MWNT (Figure SI-4c, Supporting
Information) surface plots also suggest dissimilar mechanics of
deformation, as the topography is observably different than the
unfilled polymer over a wide range of frequencies and ampli-
tudes. Despite this dissimilar behavior, the stress-strain rela-
tionship in Figure 1b shows a familiar trend for moderate to
high amplitudes. In other words, in the absence of the anomaly
at =2% strain, the plot of the axially deformed composite would
almost exactly coincide with that of the pure polymer.

An assessment of the low-strain frequency sweep (Figure 3a)
reveals a resonance at 22 Hz that does not appear to origi-
nate from the polymer. This resonance completely disappears
for greater amplitudes (Figure 3b), where another emerges at
78 Hz. Across the entire range of frequencies, it is seen that the
axial composite and neat polymer resonance profiles differ sub-
stantially for low amplitude oscillation, yet bear some resem-
blance to each other for larger amplitudes. Collectively, these
observations suggest a shift in the mechanics of deformation
for strain amplitudes greater than 2%.

3. Understanding the Mechanics of Deformation

To explain these orientation-dependent responses, it is impor-
tant to understand the source of viscoelasticity in vulcanized
rubbers. Elastomer networks experience such impressive com-
pliancy due to the ability of the limber polymer chains to trans-
late as they stretch and elongate, and the idealized mechanics
of deformation in the neat polymer correspond to the Roman
numerals in Figure 1. Only the shortest elements of the net-
work bear load for low-amplitude oscillations (I), leading to a
nonlinear region (II) that extends until all elements of the net-
work are being engaged (III). The linear region of deforma-
tion that follows will continue until elements of the network
begin to reach full extension (IV). Given the absence of a dis-
tinct CNT signature in the strain- and frequency-dependent
response of the radially stressed composite, it is expected that
the mechanics of deformation in this orientation closely match
the neat polymer.

An understanding of the forest impregnation process pro-
vides some additional perspective. During infiltration, the
polymer will navigate around the coaxially oriented CNT fila-
ments, displacing air and filling the interstitial space. The ends
of the individual chains will cross-link as the polymer cures,
resulting in a highly compliant network that is intertwined
with the preferentially aligned nanotubes. Viscoelastic analysis
from previous work indicates that there is no shift in the glass
transition (T,) due to the presence of the CNTs, suggesting

Adv. Funct. Mater. 2013, 23, 3002-3007



'a\
M“‘“\)iié

www.MaterialsViews.com

/24

W

AN

XXXy’
I II

I 1

www.afm-journal.de

v

/ i

Figure 4. Proposed mechanics of deformation for continuously reinforced compliant nanocomposites. a) Translation of the preferentially oriented
nanotubes (black dots; into the page) during radial compression would produce a response identical to the neat polymer, and their separation during
loading would expedite the full extension of the elements of the elastomer network (red lines). b) For axial deformation, a transition from the typical
barreling behavior to the collective Euler buckling of the nanotube struts (vertical lines) would explain the dynamic strain hardening and similarity to

foams, despite the absence of a cellular microstructure.

that there is little-to-no chemical interaction between the
two phases and no alteration of the cross-link density of the
polymer matrix.[2¢l

For low-amplitude compressive deformation normal to the
nanotube alignment direction, it is expected that the polymer
will increasingly engage the aligned CNTs for greater ampli-
tudes. The growing stress will pressure the separation of the
nanotubes as the sample bulges outward (a process known
as “barreling”). Such deformation mechanics, illustrated in
Figure 4a, would neatly explain why the radially stressed com-
posite responds similarly to the pure polymer and shows no
clear signature of the nanotubes. The ultimate compressive
strain would understandably be lower for such a mechanism,
as the rod-like CNTs would increase the effective cross-link
density of the matrix by serving as pulleys that expedite the full
extension of the polymer network. In Figure 4a, the example
polymer chain is meant to represent an individual element in
the three-dimensional polymer network (i.e., a PDMS chain
between one or more nodes).

In contrast, the mechanics of deformation are clearly much
different when compressing along the axis of the CNTs.
Dynamic strain softening is known to occur in filled elastomers—
a response known as the Payne effect—due to the breakage and
re-forming of physical bonds at the matrix/filler interface for
polymer chains that span between filler particles.””] For the
material in the present work however, the trends below (<2%)
and above (>9%) the softening regime are not typical of tradi-
tional filled rubber systems. The absence of the Payne effect in
this composite is perhaps due to the continuous reinforcement
provided by the high aspect ratio CNTs (as opposed to partic-
ulate fillers), though the root cause for this aberration is not
immediately clear. In any case, the disparity suggests that a dif-
ferent mechanism is responsible.

Adv. Funct. Mater. 2013, 23, 3002-3007
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In accordance with what has been observed in anisotropic
MWNT/polymer composites prepared through mechanical
mixing and extrusion,?! it was believed that CNT kinking or
microstructural buckling might be responsible. While it has
been reported that negatively stiff cylindrical inclusions can be
stabilized by a positively stiff elastomer coating or matrix,!?’!
the work of Yap, Lakes, and Carpick provides strong evidence
that nanotubes of a sufficiently large aspect ratio will buckle,
yet never kink.[1¢!

Forests of CNTs have been shown to exhibit two distinct
modulus regions when compressed,!') and can reversibly com-
press to less than 15% of their free height though the forma-
tion of neat, self-organized folds.?% This behavior is likened to
the mechanics of open-cell foams, where the modeling of non-
linear deformation has demonstrated that columnar constitu-
tive elements will buckle during uniaxial compression.*” Such
deformation is possible since these materials have low Poisson
ratios (spanning between 0 and 0.5, this ratio represents the
degree of volumetric change during loading, as measured by
the transverse strain during uniaxial deformation). Curiously,
despite the presence of the PDMS matrix (Poisson ratio: 0.5)
between the CNTs to eliminate the previous cellular/porous
structure, the stress-strain relationship of the axially deformed
composite is strikingly similar to such foams.B3!

Based on these determinations, it is believed that the axially
stressed composite will transition from barreling below a 2%
strain amplitude to the collective Euler buckling of the nano-
tube struts for larger amplitudes of deformation. Such a tran-
sition, as illustrated in Figure 4b, neatly explains the dynamic
strain softening behavior and agrees with the various experi-
mental observations.

The pre- and post-buckled state of the CNTs would contribute
to the polymer-independent resonances at 22 Hz in Figure 3a
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and 78 Hz in Figure 3D, respectively. Further, the “spring-like”
contribution of the buckled nanotubes would account for the
step increase in the stress-strain relationship (Figure 1b) and
divergence in stiffness for various frequencies (Figure SI-2b,
Supporting Information) beyond a 2% strain amplitude.

Moreover, the collective recovery of these struts at the offset
of loading would explicate the high-strain and high-frequency
recoverability of the axially loaded composite as compared to
the other samples and loading orientations. In the absence of
a matrix, forests of CNTs have been shown to recover at a rate
greater than 2 mm/s.?% A close examination of Figure SI-3
(Supporting Information) reveals that, 1) only the axially
stressed composites were able to achieve a 7.5% strain ampli-
tude at 100 Hz and 2) the dynamic strain softening is quite
robust and will occur up to frequencies in excess of 100 Hz.

Such a long-range coordinated deformation mechanism also
would provide a sensible explanation for the composite’s ability
to achieve the same ultimate compressive strain as the neat
polymer, despite the presence of high-aspect-ratio inclusions.
Coordinated buckling would mitigate transverse strains until
the point where the elastomer network would otherwise reach
full extension. In a sense, achieving the ultimate compressive
strain in this orientation is analogous to the process of densifi-
cation in foams.

In accordance with the Euler buckling of freestanding col-
umns, it is expected that the buckling mode of this composite
is some function of the boundary conditions. Given that the
Q800 DMA has one fixed platen and one that can deflect later-
ally, the requisite solution of Euler’s buckling formula yields a
sinusoid with a period of L/2, as represented in the schematic.
Lastly, while this anisotropic response is seen in the FWNT
and MWNT composites alike, it is observed that the behavior
of the FWNT is much more distinct. This is likely due to the
greater degree of nanotube orientation and tighter distribution
of diameters in such forests (as seen in Supporting Informa-
tion Figure SI-5).

4, Conclusions

In summary, we have presented the unusual and highly aniso-
tropic dynamic mechanical behavior of a continuously aligned,
elastomer-impregnated nanocomposite. Compressed transverse
to the axis of the carbon nanotube reinforcements, the com-
posite responds quite similarly to the neat polymer, yet with
a notably lower ultimate compressive strain. In this orienta-
tion, the high-aspect-ratio nanotubes effectively increase the
cross-link density of the elastomer network during deforma-
tion. The response of the composite is distinctly different when
compressed along the axis of the CNTs, and its dynamic stift-
ness will decrease as a function of an increasing amplitude of
oscillation. This dynamic strain softening behavior is strongly
reminiscent of open-cell foams, despite the lack of any cellular
structure and a proximate Poisson ratio of 0.5, and is attributed
to the collective Euler buckling of the CNTs within the polymer
matrix. Such observations provide insight into the interactions
between nanomaterials and a surrounding polymer, while also
revealing unusual mechanical responses with promising prac-
tical utility.
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5. Experimental Section

Nanotube Synthesis: The FWNTs (5-12 nm in-diameter) and MWNTs
(ranging broadly from 50-100 nm in-diameter) were synthesized
via water-assisted ethylene chemical vapor deposition (CVD) with a
1.5 nm pre-deposited Fe catalyst,3@ and vapor-phase CVD with xylene
and ferrocene precursors, respectively. As described elsewhere, the
forests contain =5% CNTs by volume.[®’]

Composite Preparation: The as-grown forest of FWNTs are not able
to withstand the force exerted by the monomer during impregnation,
and it was necessary to anchor the tips of the FWNTs in a PDMS/
FWNT/PDMS sandwich structure prior to infiltration.?¥ Otherwise, the
infiltration procedure is identical to the MWNT composites, as shown
earlier, with the polymer completely displacing the interstitial air between
the CNTs.[l All samples were hand-cut approximately 2.5 mm long x
1 mm wide x 1T mm thick to allow for the radial and axial testing of an
individual sample.

Strain Sweeps: Using a TA Instruments Q800 DMA, each sample was
subjected to uniaxial compression for a range of strain amplitudes up
to its own specific elastic limit. All sweeps (0.5 Hz, 1 Hz, 2 Hz, 5 Hz,
7.5 Hz, and 10 Hz) were conducted at room temperature, and were
repeated 5 times to ensure reproducibility. The 5 Hz sweeps are featured
in Figure 1 and Figure SI-1 (Supporting Information).

Frequency Sweeps: Again using the Q800, each sample was tested at
room temperature for various distinct strain amplitudes encompassing
the elastic limit of the polymer (0.5%, 1%, 2%, 3.5%, 5%, 7.5%). Each
sample was swept from.05 Hz to 100 Hz, repeating each cycle a total of
5 times. The results were composited into 3D surface plots to represent
the frequency- and strain-dependent responses of each material and
testing orientation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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