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ost materials, when subjected to

sufficient repeated mechanical

stress, will undergo irreversible
microstructural damage, which can lead to
cracking, delamination, or other failure at
stress levels below what they could pre-
viously bear. The additions of nanoscale
ceramic particles, carbon nanotubes (CNTs),
and even phase-separated poly(dimethyl-
siloxane) (PDMS) healing agents have
recently been shown to result in polymer
composites that have exhibited respectively
crack pinning,’ the suppression of micro-
crack propagation,? and self-healing, thereby
extending the fatigue life with little penalty.
These referenced works focus on passively
improving the resilience to dynamic loads
above the fatigue limit (the minimum stress
necessary to induce fatigue-related failure),
while, alternatively, materials are sometimes
reinforced or otherwise “strengthened” in or-
der to improve their resiliency to repeated
loading.

The act of strengthening through deforma-
tion is not new, although the mechanisms
responsible are typically a preparatory mea-
sure and a result of plastically deforming a
material to alter its microstructure and, in turn,
its bulk properties. Strain hardening is a tech-
nique used predominantly in metallurgy
where a greater density of dislocations
(defects) are generated in the crystal struc-
ture through repeated plastic deformation;
this mechanism results in a stronger materi-
al that resists further deformation. Alterna-
tively, some biomechanical tissues in vivo
can actively strengthen by adapting to the
loads they are repeatedly subjected to. For
example, regular elastic stress on bones will
stimulate a localized increase in bone den-
sity, a response mechanism commonly re-
ferred to as Wolff's law, which reduces the
risk of fracture in areas of frequent loading.

CNTs have recently been shown to be
capable of biomimetic actuation,” and in a
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ABSTRACT Most materials respond either elastically or inelastically to applied stress, while
repeated loading can result in mechanical fatigue. Conversely, bones and other biomechanical
tissues have the ability to strengthen when subjected to recurring elastic stress. The cydic
compressive loading of vertically aligned carbon nanotube/poly(dimethylsiloxane) nanocomposites
has revealed a self-stiffening response previously unseen in synthetic materials. This behavior results
in a permanent increase in stiffness that continues until the dynamic stress is removed and resumes
when it is reapplied. The effect is also specific to dynamic loads, similar to the localized self-
strengthening that occurs in biological structures. These observations help to elucidate the complex
interactions between matrix materials and nanostructures, and control over this mechanism could
lead to the development of adaptable structural materials and active, load-bearing artificial

connective tissues.
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response strikingly similar to what occurs in
bones, we report the observation of dy-
namic-stress-induced mechanical stiffening
in CNT/PDMS nanocomposites. This beha-
vior is a unique and not-yet-observed phe-
nomenon similar in premise to strain hard-
ening that, in contrast, occurs during repeated
elastic deformation. The effect leads to a dis-
cernible increase in stiffness and storage
modulus, with no obvious limit after one week
(3.5 million cycles) of continuous stressing.
The stiffness improvement appears to be
stifled (but not eliminated) by further heat
treatment, implying that while the level of
polymer cross-linking may play a role, an-
other mechanism is occurring. Analysis of
the subambient cold crystallization beha-
vior of this material shows not only that
nanotubes seed crystallinity in this polymer

(an observation in support of recent work
with other semicrystalline polymers® %) but
that the dynamically stressed sample be-
gins crystallizing almost immediately upon
introduction to the temperature range
where crystallization may occur, in contrast
to the unstressed composite and particu-
larly the neat polymer.
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Several groups have recently reported that the
efficiency of interfacial load transfer is critically depen-
dent on CNT/polymer chemistry and adhesion,® '
and the manner in which the matrix is interacting with
interstitials such as CNTs plays a significant role in the
level of improvement they provide. While a conclusive
mechanism for the stiffness increase is not yet entirely
clear, our observations suggest that, in the presence of
CNTs, the morphology of a rubbery polymer evolves
and becomes much more ordered during repeated
elastic stressing, thereby improving mechanical inter-
action with the CNTs and, in turn, the bulk properties of
the composite. Further resolution and exploitation of
this effect may have significant implications in the
development of smart, active materials that selectively
stiffen where stressed, and the known biocompatibility
of PDMS'® makes this material a candidate for load-
bearing artificial connective tissues that can adapt to
the loads applied to them. Additionally, with the
development of next-generation composites rein-
forced with CNTs'* and other nanoscale constituents
such as cellulose nanofibers'® and ceramic nano-
particles,'®~'® the study of matrix/nanoparticle inter-
facial interaction is becoming especially significant in
order to efficiently utilize the impressive properties of
these nanomaterials. The further resolution of this
mechanism may aid in the understanding of these
interactions and contribute to the improved applica-
tion of nanomaterials in polymer matrixes.

RESULTS AND DISCUSSION

Nanocomposite specimens were cut into rectangu-
lar blocks approximately 2.5 mm long x 1T mm wide x
1 mm thick, as illustrated in Figure SI-1. Vertically
aligned forests of multiwalled CNTs (Figure SI-2) were
grown by a well-documented vapor-phase chemical
vapor deposition process'® using ferrocene and xylene
precursors. PDMS, a silicone elastomer, has an extreme
affinity for the surface of CNTs*® and was used to
impregnate the as-grown CNT forests using the pre-
viously reported infiltration procedure,?’ a process that
has also been used with other polymer matrixes such
as epoxy,?? poly(methyl methacrylate),>® and poly(N-
isopropylacrylamide).>* We previously reported that
these vertically aligned CNT/PDMS nanocomposites
exhibit a clear anisotropy as well as impressive strength
and damping as compared to the neat polymer.?’
Through the monotonic loading and low-cycle hyster-
esis behavior of this material, respectively, a 6-fold
improvement in the modulus and up to a 21-fold
increase in damping was observed.

With both aligned forests of CNTs** and polymer-
infiltrated CNT composites?® having been shown to
display viscoelastic behavior, dynamic mechanical
analysis (DMA) is an ideal tool, as it can be used to
track the evolution of stiffness and viscoelastic properties
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such as the storage (E') and loss (E”) moduli and
damping (tan J) with great precision during dynamic
stressing. Fundamental viscoelastic analysis of these
composites is provided in Figure SI-3. By using DMA to
subject the material to high-cycle loading, Figure 1c
illustrates the stiffening phenomenon that occurs dur-
ing dynamic compressive testing. Compared to the
neat polymer (which shows no significant change), we
observe up to a 7.5% improvement in the stiffness
after one day of dynamic stressing. After one week
(3.5 million cycles) of continuous dynamic stress and a
12% increase in stiffness, there is still no observable
ceiling to this behavior, indicating that there is poten-
tial for even greater improvement. The anisotropy of
these samples allows for two distinct responses based
on the orientation of the sample during deformation,
and by comparing these orientations for identical
testing conditions in Figure 2a, we observe a 5.9%
increase in stiffness when tested radially (transverse to
CNT alignment) as compared to a 4.3% improvement
axially (longitudinal to CNT alignment). The disparity in
improvement suggests that, due to the mechanics of
the deformation in the radial testing mode, nanotube/
polymer interfacial pressure may play a role in explain-
ing the behavior. Comparing the other viscoelastic
properties in Figure SI-4, this stiffening is characterized
by an increase in stiffness and storage modulus with a
concurrent decrease in loss modulus and damping for
the composites. Testing at various frequencies and
strain amplitudes also exhibited the effect, and the
phenomenon was also observed in randomly oriented
CNT composites prepared two years ago,®’ signifying
that this mechanism is not isolated to the specific
experimental parameters used, the alignment of the
CNTs, or fresh composites (Figure SI-5).

After exploring the limits by which to observe the
phenomena for dynamic stress, the material was then
tested with static loads to ascertain whether or not the
stiffening would occur in the absence of cyclic loading.
While stress relaxation testing (Figure 2b) revealed no
increase in the relaxation modulus, the effects of such
testing on the stiffness reported by the DMA during
dynamic stress are not immediately apparent. To
clearly delineate the contribution from both modes
of deformation, a single sample was then subjected to
alternating static and dynamic loads. In agreement
with the stress relaxation testing, we see in Figure 2c
that the static tests did not contribute to the stiffening,
and furthermore, since the sample was allowed to
recover in the ~8 h between each of these tests, we
note that there is a temporary relaxation that occurs at
the offset of dynamic stressing. It is clear that the
stiffness between each dynamic test begins at a lower
value than the ending point of the previous one, but
that it quickly resumes the path from the first test. Since
each subsequent dynamic test shows a smaller drop,
we posit that the temporary mechanism is recoverable
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Figure 1. Evidence of dynamic stiffening in PDMS/CNT composites. (a) Continuously reinforced nanocomposites were
prepared by infiltrating freestanding carbon nanotube (CNT) forests with poly(dimethylsiloxane) (PDMS) and curing in situ.
(b) Discernable stiffening was observed for the composite during cyclic compressive stressing (inset), a phenomenon not
observed for the neat polymer. This behavior was seen to continue even after one week and a total number of 3.5 million
cycles, and the trend shows no obvious saturation or ceiling (the breaks in the test are a result of restarted tests due to furnace
errors with the instrument). This stiffening was also observed in randomly aligned CNT composites prepared two years ago,*'
suggesting that it is not exclusive to vertically aligned CNTs or fresh composites. Harnessing this mechanism could have
significant implications in the development of self-strengthening materials and improved nanocomposites.

and that there is a transition from temporary to per-
manent improvement during continuous stressing. This
recoverability is also observed in samples that rested for
only 10 min between dynamic tests, which implies that
the partial relaxation occurs very quickly. Lastly, this test
allowed us to confirm that the observed change in
stiffness was truly a result of a change in the properties
of the material and not a result of our samples dynami-
cally creeping during testing. In Figure SI-6, we note that
the sample displaced in the same manner during each
static and dynamic test, eliminating any concern that a
shifting zero point of oscillation was responsible for the
perceived stiffness increase.
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To begin to resolve the mechanism for this change in
stiffness, it is necessary to further understand how
changes in the polymer influence the effect. It was
recently reported that the cross-linking mechanism
near the CNT/polymer interface may be interrupted
by the presence of the CNTs for epoxy?” and silicone
elastomer?® matrixes, and the intent of the following
experiment was to resolve the role that the degree of
curing may play in explaining the stiffening phenom-
enon. Using the as-cured (1 h at 100 °C) composite as a
control, an identical specimen was subjected to an
additional 3 days of 100 °C heat treatment; by subject-
ing these samples to identical testing conditions, it
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Figure 2. Comparing the testing orientation, and proof of permanent stiffening occurring only during dynamic stress. (a)
There is no significant change in the neat polymer, and there is a heightened improvement when the composite is stressed
transverse to the CNT alignment direction; this observation suggests that interfacial pressure promotes the stiffening. (b)
Stress relaxation testing for a displacement similar to what is endured during the dynamic tests showed no improvement,
indicating that dynamic stress is necessary to initiate the change. (c) To observe the effects that static stress and recovery have
on the stiffening, a single sample was subjected to 3 bouts of 1 MPa static stress each followed by a dynamic test using the
same static load with the addition of a 5% strain amplitude. There is an obvious retention of stiffness between tests, and while
there is some temporary relaxation between dynamic tests, it quickly resumes the previous trend. The amplitude of that
relaxation appears to diminish over extended testing, suggesting that there is a transition from temporary to permanent
improvement. There is also clearly no contribution due to the static tests, confirming that this is a cumulative response that is

exclusive to dynamic stressing.

allows us to differentiate between the stiffening behav-
ior and any changes occurring exclusively due to
further chemical changes in the polymer (cross-linking).
A set of these samples were dynamically tested at 45 °C
(Figure 3a), and we observe that while the percent
improvement is greater for the as-cured sample,
we still do very much observe the stiffening in the
sample that can be considered close to fully cured.
When dynamically stressed in a 100 °C environment
(Figure 3b), it is obvious that the heat-treated sample
began its dynamic test with a greater storage modulus
due to the extended curing it underwent prior to
testing, but that its ultimate improvement is less than
the sample that was dynamically stressed during its
first exposure to extended heating. This observation is
particularly interesting since the heat-treated sample
was ultimately subjected to the 100 °C environment for
twice as long as the as-cured sample, further strength-
ening the argument that this effect is not simply a
result of further cross-linking of the polymer. From
these experiments and observations, we draw the
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following conclusions: (1) the composites are not
fully cured after the recommended curing regimen
(in agreement with the aforementioned work?’8), and
(2) while the cross-link density may be correlated to the
heightened improvement observed in the as-cured
samples, something other than increased cross-linking
must be responsible for the stiffening.

In addition to affecting the curing kinetics, it is
known that interstitials (and particularly those with
nanoscale dimensions) can have profound effects on
the morphology of polymers. To probe this, the ther-
momechanical behavior of polymers can be used to
resolve the kinetics of their second-order phase transi-
tions and other thermodynamic events to expose
subtle structural nuances that may be difficult to detect
through microscopy or spectroscopy. The heights of
the two major second-order phase transitions in this
polymer, the a (glass) and a* (crystal—crystal slip)
transitions, represent respectively the relative quanti-
ties of the amorphous and crystalline regions that
exist in the sample. In Figure 4a we see that at room
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Figure 3. Effect of extended curing on the stiffening. The comparison of samples that were tested as-cured to those given
3 days of heat treatment at 100 °C prior to dynamic stressing displays the significant effect changes in the polymer chemistry
(cross-linking) may be having on the stiffening. (a) When the samples are tested at 45 °C, the as-cured sample shows a greater
improvement during dynamic stressing, yet the effect still occurs in the heat-treated sample. (b) While the heat-treated
sample begins at a greater storage when tested at 100 °C, it does not have the same potential since its chains are more
confined. These results indicate that while chemical changes in the polymer may play some role, another mechanism is

responsible.

temperature PDMS is largely amorphous, which,
coupled with the limberness of the polymer chains
and the chain-end cross-linking in this particular PDMS,
accounts for its ability to deform elastically to very large
strains. PDMS is also known to cold crystallize®® in the
temperature range of approximately —100 to —70 °C,
and by isothermally holding the samples in this tem-
perature range during testing, we can probe the rate of
crystallization and, afterward, any evolution of the
transitions as a result.

CAREY ET AL.

Comparing the transitions in the neat polymer
samples and the composites that have been subjected
to various stresses, there are no distinct differences
between the position and shape of these two peaks
between all of the samples both before (Figure 4a) and
after (Figure 4b) cold crystallization; this suggests that
the CNTs are not coalescing®® and that they are not
altering the steady-state degree of crystallinity in the
polymer. However, there is a very significant difference
in the way each of these samples cold crystallizes,
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Figure 4. Observance of rapid cold crystallization after dynamic stress. Thermal transitions in the polymer, such as the o
(glass) transition, which indicates amorphous structure, and the a* transition, which represents crystal—crystal slip, are
identical (a) before and (b) after cold crystallization takes place, suggesting that the CNTs are not coalescing® and that the
amount of steady-state crystallinity in the sample has not changed. (c) The rate at which crystallization occurs, however, varies
greatly between each sample. The unstressed and statically stressed composites begin crystallizing much earlier than both
the unstressed and dynamically stressed neat polymer samples, while the dynamically stressed composite begins crystal-
lizing immediately upon entering the temperature regime where crystallization can occur. This result indicates increased
polymer chain alignment/organization that is induced by the dynamic stressing of the composite; such organization has been
attributed to improved interfacial load transfer in CNT nanocomposites®* and, as such, is a likely explanation for the

improvement in stiffness that we observe.

revealing information regarding the morphology of the
polymer in these samples. The evolution of the damping
in the samples during cold crystallization (Figure 4c)
allows us to resolve the rate at which the crystallites are
forming, and we see that both the unstressed and
dynamically stressed neat PDMS samples take ~40 min
to begin crystallizing, a result that is explained by the fact
that it takes time for the PDMS chains to kinetically
arrange in order to form the crystallites. In contrast, the
unstressed and statically stressed composites begin crys-
tallizing much earlier, indicating that the presence of the
CNTs seeds the polymer crystals.

CAREY ET AL.

CNTs have been shown to considerably affect the
polymorphism of the polymer matrix and have been
reported to affect the crystallization temperature,
broaden the crystallite size distribution, and even
promote the formation of other thermodynamically
stable crystal phases' The specific observation of
nanostructure-induced polymer crystallinity has been
reported for several semicrystalline polymer matrixes,” 8
is supported by a recent molecular dynamics study
reporting polymer crystallization in the presence of
nanoscale particles,* and was observed specifically in
PDMS by Dollase et al., where ~250 nm agglomerates
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of 10—20 nm-in-diameter fumed silica particles were
observed to locally enhance its cold crystallization.>®
While the CNTs are clearly having an effect on the
morphology of the amorphous polymer, the more
interesting result from Figure 4c is that the dynamically
stressed sample begins crystallizing immediately upon
being introduced to the temperature range where
crystallization can occur, indicating that the polymer
chains are even more organized in this sample, allow-
ing them to rapidly form crystallites. The pre- and
postcrystallization thermal scans are identical for dif-
ferential scanning calorimetry (DSC) as seen in Figure
SI-7, and the above observation that there is a change
in the polymer after dynamic stressing is reinforced by
thermogravimetric analysis (TGA) in Figure SI-8.

Recently, Coleman et al. proposed that a thicker
crystallized shell around CNTs could improve bulk
composite strength for semicrystalline polymers,® a
phenomenon that they suggested was a potentially
beneficial side effect of the presence of CNTs in poly-
mers. In 2004, modeling by Wei, Srivastava, and Cho
gave evidence for the formation of distinct polymer
adsorption layers around CNTs in polyethylene, and
their work went on to suggest that well-oriented layers
of the polymer at the interface would contribute to
enhanced van der Waals interaction with the CNT and,
subsequently, better load transfer from the matrix to
the nanotube reinforcement.3*

From the observations above, we conjecture that
additional chain alignment along the PDMS/CNT inter-
face is responsible for the observed stiffening. The
organization of the polymer chains in the interfacial

METHODS

Carbon Nanotube Synthesis. Ferrocene/xylene chemical vapor
deposition'® was used to grow the vertically aligned CNT forests
for these composites (Figure SI-2). These forests are loosely
packed (~5% volume), have large (~50—100 nm) diameters
due to their many-walled structure, and are several millimeters
in length, making it easy to prepare and handle macroscopic
specimens.

Composite Preparation. The CNT forests were vacuum-infil-
trated with the PDMS precure in a method identical to the
one used in the publication introducing this material.?' Sylgard
184 (Dow Corning), a commercially available, end-linked PDMS,
was prepared at the recommended 10:1 weight ratio of mono-
mer:curing agent. After ensuring homogeneous dispersion by
manually stirring for at least 5 min, a free-standing forest of
vertically aligned carbon nanotubes (approximately 5% volume
CNTs) is placed on top of the viscous mixture and allowed to
become submerged by scooping excess prepolymer on top of
the sinking forest. To expedite the infiltration, the specimen is
then held in a vacuum of 1 Torr for at least 3 h, where proof of
infiltration and is confirmed by the expulsion of bubbles from
the forest due to the interstitial air being forced out. When all
bubbling has ceased (approximately 3 h), the seamlessly im-
pregnated composite is subjected to 100 °C heat treatment for
1 h, as per the instructions for full curing. The resultant
composite can then be separated from the surrounding neat
polymer by manually cutting with a razor blade.

CAREY ET AL.

or interphasic region would lead to greater physical
interaction with the CNTs and a higher bulk stiffness,
and such orientation would account for the dynami-
cally stressed sample's readiness to crystallize as com-
pared to all of the other samples. This is a feasible
mechanism even for a fully cured composite since this
particular PDMS (Sylgard 184) cross-links only at its
ends, leaving a long uninterrupted chain that can freely
translate. Additionally, the importance of chain mobi-
lity in explaining this mechanism is also perhaps
supported by the fact that this behavior has not been
observed previously in the fatigue testing of glassy CNT
nanocomposites;® in the glassy state, polymer chains
are “frozen” in place and exhibit much less local
mobility.

This intriguing behavior not only gives new insight
into the CNT/polymer interfacial region but could be
utilized as a technique, similar in practice to strain
hardening, to noninvasively improve the mechanical
properties of nanocomposites. Perhaps most signifi-
cantly, we note that the lack of an obvious upper limit
to the effect and the enhanced improvement in the as-
cured samples as noted in Figure 3 highlight the
potential for even greater improvement if this mechan-
ism can be harnessed and deliberately applied. Our
observations should have implications in the develop-
ment of new adaptable materials that can stiffen where
they are repeatedly stressed, and further study of this
phenomenon could lead to the improved engineering
of load transfer in polymer nanocomposites and the
understanding of new modes of polymer/nanoparticle
interactions in nanoscale hybrid materials.

Dynamic Mechanical Testing. The specimens were hand-cut
with a razor blade, and only samples whose thickness and
cross-sectional area were within 10% of the ideal were used.
Dynamic compressive testing as illustrated in Figure 1b was
conducted on a TA Instruments Q800 DMA at a 5% strain
amplitude and at a frequency of 5 Hz (unless otherwise noted),
which allowed for significant cyclic compressive loading with-
out any risk of resonant or inertial effects (as per Figure SI-3). All
tests were conducted isothermally at 45 °C in order to maintain
a stable temperature profile without the use of liquid N, though
the described behavior was observed for ambient temperature
testing as well.

Stress Relaxation Testing. Using the Q800 and samples iden-
tical to those used for dynamic testing, stress relaxation testing
was conducted at 10% strain at 45 °C.

Alternating Static and Dynamic Testing. Using the Q800, the
sample was first subjected to a 1 MPa constant load for approxi-
mately one day, which is fundamentally a creep test. Without
removing the sample or otherwise disturbing it (to ensure con-
sistency between tests), the same sample was then subjected to an
identical static load with an added 5% strain amplitude. There was
no load applied to the sample during the ~8 h in between each
test, so the effects of recovery are also observed.

Cold Crystallization Testing. On the Q800, very small specimens
(0.5 mm long x 0.5 mm wide x 1.25 mm thick) were tested
radially at 2 Hz with a very small amplitude (0.3% strain) in order
to remain below the stiffness limit of the instrument when
passing through the T,. These measures were necessary due to
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the fact that compression was the only viable method as a result
of the length limitations of the aligned CNTs. Samples were
quickly cooled to —145 °C, then scanned at 5 °C/min up to 50 °C
for the precrystallization thermal scan, then cooled and held
at —90 °C for three hours to observe the cold crystallization, and
finally cooled again to —145 °C before ramping at 5 °C/min up
to 50 °C again for the postcrystallization thermal scan. The data
presented in Figure 4 show the glass transition at ~—109 °C due
to the thermal lag during heating. The average T, for these
samples is ~—117 °C.
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