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R
esilience, or a material's ability to re-
cover back to its original dimensions
after deformation, is a key criterion in

assessing lifetime reliability of material sys-
tems. If a material exhibits time-dependent
deformation, that is, viscoelasticity, like ver-
tically aligned carbon nanotube (VACNT)
bundles,1,2 it is common for its stress�strain
behavior to exhibit a hysteresis loop upon
cyclical loading, thus dissipating energy in
every cycle.3 Here we show that both recov-
erability and energy dissipation in VACNTs
are strongly dependent on strain-rate, at-
taining their maxima by loading at faster
rates. Specifically, we find that when com-
pressed at the faster strain rates of 4� 10�2/
sec, the VACNT bundles recover virtually
back to their original dimensions, while at
the slower deformation rates of 4 � 10�4/
sec, they remain permanently deformed
(<86% recovery), as evidenced by their
post-mortem morphology containing local-
ized buckles. The resilience of the VACNT
samples is further compromised when they
are loaded to beyond densification thresh-
old strains of εg 0.65�0.7 for all strain rates.
It has been shown previously that com-

pressive behavior of VACNT bundles is
strongly affected by variations in their com-
plex hierarchical morphology, collective in-
tertube interactions, and inherent property
gradients, which in turn are controlled by
the synthesis techniques.4 In part, this is
evidenced by the wide range of mechanical
properties reported for VACNTs, such as
variations inmodulus and buckling strength
that range anywhere from sub-MPa1,5 to
tens of MPa6�8 to GPa9,10 levels. Another
marked difference among existing reports is
the ability (or lack thereof) of some VACNT
microstructures to recover from large de-
formations; with some exhibiting superior
creep recovery,1�3,11 while others deform

permanently even at modest strains.8,12�14

The ability of VACNT bundles to dissipate
energy while maintaining their dimensional
stability with >80% recovery has suggested
their future use for energy storage applica-
tions such as viscoelastic rubbers and
foams.2,15

In this work ∼30 μm � 30 μm (height �
diameter) cylindrical pillars of VACNTs were
grown by atmospheric pressure chemical
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ABSTRACT

We report mechanical behavior and strain rate dependence of recoverability and energy dissipation in

vertically aligned carbon nanotube (VACNT) bundles subjected to quasi-static uniaxial compression.We

observe three distinct regimes in their stress�strain curves for all explored strain rates from 4� 10�2

down to 4 � 10�4 /sec: (1) a short initial elastic section followed by (2) a sloped plateau with

characteristic wavy features corresponding to buckle formation and (3) densification characterized by

rapid stress increase. Load�unload cycles reveal a stiffer response and virtually 100% recoverability at

faster strain rates of 0.04/sec, while the response is more compliant at slower rates, characterized by

permanent localized buckling and significantly reduced recoverability.We propose that it is the kinetics

of attractive adhesive interactions between the individual carbon nanotubes within the VACNT matrix

that governsmorphology evolution and ensuing recoverability. In addition, we report a 6-fold increase

in elastic modulus and gradual decrease in recoverability (down to 50%) when VACNT bundles are

unloaded from postdensification stage as compared with predensification. Finally, we demonstrate

energy dissipation capability, as revealed by hysteresis in load�unload cycles. These findings, together

with high thermal and electrical conductivities, position VACNTs in the “unattained-as-of-to-date-

space” in the material property landscape.

KEYWORDS: vertically aligned carbon nanotubes . compression . mechanical
properties . energy storage . recovery
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vapor deposition (APCVD) and tested both in air and in
an in situ nanomechanical instrument inside of a scan-
ningelectronmicroscope (SEM) under compressive cyclic
loading (up to five load�unload cycles) at three different
displacement rates of 10, 100, and 1000 nm/s, which
correspond to strain rates of 0.0004, 0.004, and 0.04/sec,
respectively (see Methods). The stress�strain res-
ponses of VACNTs were measured using quasi-static
uniaxial compression experiments on these cylindrical
specimens1,3,12 as in this configuration the deformation
occurs under a relatively homogeneous stress field, which
is in contrast to quasi-static nanoindentation10,16,17 or
dynamic impact testing methods18�20 where the pre-
sence of strong strain gradients obscure stress�strain
calculations. The in situ observations in SEM during the
experiments allow for simultaneous correlation between
morphological evolution in VACNTs and their stress�
strain behavior.12,21

As shown in the representative stress�strain curve
at 100 nm/sec in Figure 1, these pillars exhibit remark-
able resilience (>90% recovery), with virtually no dis-
cernible changes from their original morphology
(compare Figures 1b and 1f) even after cycling to
relatively high strains of 70�80%. Furthermore, their
load-unload trajectories are characterized by a con-
siderable hysteresis loop, implying energy dissipation
during deformation.
It has been proposed that some of the factors

leading to nearly full recovery and energy dissipation
in VACNT bundles can be attributed to their hierarchi-
cal microstructure1,2,12 (Figure 1b). At the lowest mag-
nification (bottom SEM image Figure 1b) the VACNT
pillar has a distinctivemuffin-like shape, with a bulbous
top caused by the particular APCVD growth process
(see Methods). APCVD VACNT pillars of such short
heights also tend to have a lower density (and hence,
amore compliant structure) at the bottom closer to the
substrate compared to taller APCVD forests.22 This is
evident in the darker hue in the bottom ∼2 μm of the
pillar in Figure 1b. Not surprisingly, upon compression
the first buckling instability forms at this location
(Figure 1c). Compared to other CNT structures, VACNT
bundles are characterized by a significant number
(∼millions) of CNTs arrayed in a nominally vertical
alignment growing perpendicularly to the support
substrate, as seen at higher (micrometer level) magni-
fications (Figure 1b, second image from bottom).
However the long strands of individual CNTs intertwine
in the course of their growth, which becomes apparent
at higher magnifications (Figure 1b, third image from
bottom). Upon careful examination, in their as-grown
states some tubes appear prebuckled and/or prebent,
and the favorable contact energy between the tubes is
thought to balance the bending strain energy of their
arrangement, resulting in a more stable low energy
configuration.6 This is in contrast to arrays of VACNTs
that are short and/or sparse enough that each

individual CNT stands alone.23 At still higher magnifica-
tions (nanometer length scales, see top TEM image in
Figure 1b), individual, discrete CNTs dominate the me-
chanical performance with details like CNT diameter,
number of walls etc. governing their deformation.
Despite their complex, hierarchical microstructure,

the general compressive behavior of VACNTs is akin to
that of typical open-cell foams,24 as evident from
Figure 1a. In the spirit of the overall open foam-like
response, the stress�strain curves of VACNTs are
characterized by 3 distinct regimes: (1) initial linear
elastic region, followed by (2) an oscillatory plateau
region, where each undulation is associated with
localized buckling events, extending to the strains of
∼65�70%, beyond which the stress steeply increases
due to (3) densification. At the scale of its constituents,
however, the response of VACNTs is quite different
from that of traditional foams. In VACNT bundles, the
postelastic compressive strain is accommodated en-
tirely via the formation of lateral folds or buckles
usually close to the bottom of the bundle, while the
remaining portion remains virtually unscathed.12 This
is in contrast to traditional foams, where cell-edge
bending and cell collapse are primarily responsible
for the elastic�plastic foam response.24,25 In our
VACNT samples (Figure 1c), the formation of the first
buckle at the bottom signals the transition from elastic
to plateau regime. The postelastic plateau region in the
stress�strain curve also shows marked differences
from that of an open cell foam response, as evidenced
by its nonzero positive slope and wave-like shape,
where each undulation can be traced to subsequent
buckling events (videos S1, S2 and S3 in the Supporting
Information). The positive slope of the plateau region
has been attributed to the presence of a vertical
property gradient in the VACNT pillars.3,12 The plateau
region continues to slope upward until ∼50% strain,
where a pronounced kink forms approximately at the
midheight of the pillar, leading to softening. This kink
formationmarks the end of the plateau, after which the
stress�strain behavior shifts into the densification
regime characterized by a steep stress increase over
a very small strain.
The initial portion of the “elastic” regime (at very low

strains εe 0.05 shown in Figure 1a) is often affected by
experimental artifacts like the small initial misalign-
ment between the indenter head and the micropillar,
as well as top surface imperfections. Here, the defor-
mation of the entire bulbous top of the VACNT pillars is
fully contained within this elastic region, rendering
quantitative analysis of this section of the stress�strain
impractical. Therefore, we focus our analysis on the
postelastic deformation only (see Methods).
Figure 1a also shows the effect of load-unload

cycling on the mechanical behavior of VACNT micro-
pillars compressed at 100 nm/s. It is evident that the
first cycle is distinctly different from all subsequent
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loading cycles, which are self-consistent. For example
the buckling stress as well as the plateau stress for the
first loading are much higher than those in the latter
cycles. It is also apparent that both the amount of
hysteresis, corresponding to the energy dissipated
every cycle, and the recovered strain after unloading
decrease with increasing cycle number.
Under varying displacement rates (Figure 2), further

differences in the amount of recovery come to light. As
seen from the first unloading segment, recoverability
appears to increase at higher strain rates when un-
loaded from the same nominal maximum strain. This is
also evident from the post-mortem SEM images, which
clearly show permanent deformation and remnants of
buckles in the samples compressed at the slowest
10 nm/s displacement rate, while samples compressed
at higher rates appear identical to their initial state, that
is, lacking any evidence of deformation. Note also that
the plateau region in the samples deformed at the
slowest rate shows more pronounced undulations,
corresponding to more buckling events occurring at
this rate (compare Supporting Information videos S1,
S2, and S3). All of this suggests a strong dependence

of deformation commencement on strain rate. Further,
our demonstration of nearly full recovery and a lack of
morphological damage in VACNTs deformed at the
highest tested strain rates may have significant impli-
cations for its use as protective materials.
Stiffness changes, measured as the elastic modulus

calculated from the initial unloading slope in the

Figure 1. (a) 5 load�unload cycles in compression of a VACNT micro-muffin by a flat punch diamond indenter at 100 nm/s
showing 3 distinct regimes; elastic, plateau, and densification. The first buckling instability, formed at the bottom of the pillar
shown in (c), marks the start of the slopedplateau regionwhere buckles formprogressively. Densification typically starts after
the large buckle at ε∼ 0.5 (d) and continues till εmax (e). Successive load�unload cycles to the same strain in (a) also reveal a
gradual drop in stress and recovery every cycle, suggesting progressive damage accumulation in thematerial.Micrographs in
(b) reveal the hierarchical morphology of VACNTs, which consist of nominally vertical aligned CNTs at lowmagnification, and
a complex intertwined network at higher magnification. Individual multiwalled CNTs are visible in the TEM image. SEM
pictures are taken at a 86 deg tilt angle.

Figure 2. Tests at different displacement rates showing
more pronounced buckling signatures and lesser recovery
at the lower rates. SEM images in the figure are taken at a
86� tilt angle.
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stress�strain curves, as a function of displacement rate
and maximum strain, are shown in Figure 3. For a
particular displacement rate (for example 100 nm/s, or-
ange diamonds in Figure 3a), themoduli obtained in such
a way change considerably depending on the maximum
strains attained before unloading. Thus while the moduli
in the plateau regime start at a lowvalue (around120MPa
at ε=0.1 for 100nm/s), they increase steadily to∼175MPa
up to the strain of ε ∼ 0.5. This evolution in the modulus
mirrors the trends shown in the shape of the stress�strain
curve for the first load�unload cycle shown in Figures 1
and 2. As seen from Figure 1a and 1d, the strain at ε ≈
0.5 is associated with the formation of a large buckle in
themiddle of the pillar, and is followed by a decrease in
the slope of the stress�strain curve. Following a similar
trend, the modulus also drops to 145 MPa at strains
higher than 0.5. Once the densification threshold strain
is reached (εg 0.65�0.7), themodulus increases rapidly
with strain to values of up to 2�4 times than that in the
predensification regime.
The variations in the modulus between the different

regimes are also revealed in Figure 3b, where the
results from the pre- and postdensification regimes
are summarized separately. The considerably higher
moduli in the densification regime, for example, in-
creasing by more than a factor of 2 from 177( 11 MPa
to 385.1 ( 149 MPa in the first cycle for the fastest
1000 nm/s displacement rate, are likely the effect of the
significant increase in density due to compaction of the
sample. In addition both pre- and postdensification
regimes in Figure 3b show an increasing trend in the
stiffness with faster rates, a behavior considered typical
for viscoelastic solids.26 Thus the fastest deformation
rate of 1000 nm/s consistently results in the higher
moduli in both regimes. Repeated cycling further
exacerbates the localization of deformation into folds,
leading to stiffness degradation (Figure 3b).
The% recovery shows a similar correlation with both

the displacement rate and the maximum attained
strains (Figure 4). Figure 4a shows recovery to be
virtually 100% when unloaded from elastic regime,
>90% when unloaded from the plateau regime, and
only 50�80% when unloaded from strains in the
densification segment (ε g 0.65�0.7). The recovery in
the postdensification regime is seen to decrease gra-
dually from >80% to ∼50% with increasing strain
levels. Similar to the modulus, samples deformed at
the slowest 10 nm/s rate are most permanently de-
formed (i.e., least recovered, with 86.9 ( 2% recovery
for the first cycle), while those compressed at the
fastest (1000 nm/s) rate show a high 95.6 ( 3%
recovery. While the recovery prior to densification
decreases gradually with cycling, after densification
the recovery drops sharply in the second cycle and
then stabilizes to a relatively lower value (Figure 4b).
We find that the error bars in the data within the
postdensification regime (right image in Figure 4b) are

significantly larger than those before densification, likely
a result of the % recovery being a strong function of the
unloading strain in this regime. Also since the VACNT
pillars compressed at the fastest rate of 1000 nm/s were
subjected to higher strains (Figure 4a), they recovered
less than the ones compressed at the slower 100 nm/s
rate in the postdensified regime (Figure 4b).
Our viscoelastic analysis (see Figure S1 in the

Supporting Information) indicates that the time con-
stant associated with the recovery of the VACNTs is
very short, on the order of ∼0.1 s (see also ref 12), and
significantly below the deformation rates studied in
our work. We also verified the same by loading the
VACNTs in situ in SEMentor at various displacement
rates (of 10, 100, and 1000 nm/s) and then quickly
unloading the indenter head, which confirmed that
VACNT recovery occurs very rapidly; at the frame
capture rate of 30 frames/sec the entire recovery was
completed within a single frame at unloading.
Interestingly, relative recovery, defined as recovery

compared with the previous, as opposed to initial,
cycle (Figure 4c), shows an identical trend for pre and
postdensified regimes. By the third cycle, data across
all three rates shows ∼100% relative recovery. This
suggests that in spite of the differences in their abso-
lute values, the recovery in the VACNTs follows a
deterministic (rather than stochastic) mechanism for
all deformation rates.

Figure 3. (a) Changes in the unloading modulus as a func-
tion of the maximum strains attained before unloading
showing a response similar to the material's stress�
strain behavior. (b) Modulus values (average ( standard
deviation) at different load�unload cycles as a function
of their displacement rates in the predensification
(open symbols) and postdensification (filled symbols)
regimes.

A
RTIC

LE



PATHAK ET AL . VOL. 6 ’ NO. 3 ’ 2189–2197 ’ 2012

www.acsnano.org

2193

While a robust mathematical description of the time
dependence of VACNT recovery is beyond the scope of
this work, the basic phenomenological process may be
understood as follows. When compressed at the lower
deformation rates, the individual CNT struts rearrange
themselves by twisting, bending, etc., in response to
the applied compressive load, thereby coming into
close contact with one another. This type of individual
strut reconfiguration is not unreasonable in a high-
entropy deformation process (i.e., many different con-
figurations are available at each time step). Several
groups have now shown that VACNTs deform similarly
to foams3,12,24 likely due to their open cell structure
created by interwoven and intertwined tubes, which
act as supporting struts.3,12 In addition, CNTs are
inherently “sticky,” experiencing an adhesive driving
force due to van der Waals interactions.27 Therefore,
in the course of compression at the slower rates, an

ever-increasing number of individual struts coalesce by
coming into close proximity of one another, thereby
forming localized densified regions (i.e., buckles).
Importantly, the adhesion process appears to be largely
irreversible; that is, the adhesion driving force over-
rides the stored elastic energy upon unloading. This
implies that after unloading the buckles remain even
while undergoing elastic recovery. This all is in contrast
to the deformation at higher rates, where the entire
structure recovers completely, with no evidence of the
buckles' presence upon unloading (see Figures 1, 2,
and 5). We believe that this behavior stems from an
insufficient interaction time between individual tubes
to come in contact with one another. This results in
a significantly reduced contact intertubular area as
compared with the slowly deformed case, and hence
leads to much lower adhesion. Compression at higher
rates is likely a lower-entropy process since there
are fewer configurations available during each time
step, and therefore less intertubular contact occurs,
leading to the lack of localized “zipped-up” densified
buckles.2,11,15,16

Thus, it stands to reason that if different VACNT
micropillars were allowed similar amounts of time for

Figure 4. (a) Percent recovery as a function of maximum
strain attained before unloading showing higher recovery
in the predensification regime (open symbols) while the
recovery progressively decreases beyond densification
(filled symbols). This is shown more clearly in panels (b)
where recovery is higher at faster rates. (c) Similarity of
changes in relative recovery values suggest that the process
of mechanical damage accumulation is consistent among
different rates. Note that tests in the postdensification
regime for the 1000 nm/s rate in (b) and (c) had only four
load�unload cycles.

Figure 5. (a) Schematic of test designs showing displace-
ment�time plots for three different cases: a fast load-unload
test at 1000 nm/s (black curve), a slow load-unload test at
10 nm/s (blue), and a fast load-unload test at 1000 nm/swith a
1500 s hold time at maximum displacement (green). All
samples were loaded to a nominal maximum strain of ε ≈
0.6. Inset micrographs show the postcompression images of
the VACNTmicropillars taken at a 60 deg tilt angle after 5 such
load�unload cycles. (b) Percent recovery as a function of cycle
number for tests with and without hold times. The trend lines
for the tests without hold time is reproduced from the data in
Figure 4b of the manuscript.
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the reconfiguration to occur, they should exhibit simi-
lar percent recovery for all loading rates. This is shown
schematically in Figure 5a, where loading the sample
to ε ≈ 0.6 (predensification regime) at the fast rate of
1000 nm/s and then holding it at the max load for
∼1500 s (green curve) ensures that it spends an
equivalent amount of time before unload as the sam-
ple deformed at 10 nm/s test (blue curve). Figure 5b
clearly shows that a hold time of∼130 s decreases the
recovery for the 1000 nm/s displacement rate tests
from 96 to 92% in the first cycle, while a longer hold
time of ∼1500 s brings it down even further to 86%.
Note that these reduced percent recovery values are
similar to those for the slower 100 and 10 nm/s rates,
respectively (see also Figure 4b). Pillars subjected to
the additional hold times at maximum strain show a
steeper decrease in their recovery in cycles after the
second load�unload (Figure 5b), implying that the
longer time spent at a high strain is more detrimental
to recovery than a gradual increase in strain to a
maximum value over the entire time period. The above
results suggest that it is the time spent by the VACNTs
under high strains, rather than the loading history, that
determines the permanence of their deformation.
The postcompression images in Figure 5a also de-

monstrate a similar signature: while a VACNT micro-
pillar deformed at 1000 nm/s with no hold is virtually
indistinguishable from its original configuration (left
inset micrograph bordered in black), thosemicropillars
deformed for longer periods of time have accordion-
like morphologies, with vertically stacked folds along
their heights (insetmicrograph in themiddle and right,
bordered in green and blue, respectively), for both
slow and fast loading rates.
The combination of recoverability and viscoelasticity

in VACNTs results in their path-dependent load�
unload behavior upon cycling, manifested as hyster-
esis loops shown in Figure 1a. The fraction of energy
dissipated during the process can be calculated as the
loss coefficientη (seeMethods), shown in Figure 6a as a
function of cycling. From this figure it is apparent that
the loss coefficient is significantly higher for the first
load�unload cycle (η = 0.13�0.15) after which η drops
sharply (to values of 0.07 and lower). Subsequent load-
unload cycles cause the amount of energy dissipated to
decrease steadily with increased cycling. η also appears
to be strain dependent, and is maximized at the fastest
1000nm/sec rate, similar to the trends noted formodulus
and recovery. No particular differences were noticed
between the pre- and postdensification regimes in terms
of the loss coefficient values. These results match well
with the tan δmeasurements (see Figure S1 in Support-
ing Information)
The strain ratedependenceof the recovery andenergy

dissipation in the VACNTs appears to follow a strong
correlationwith their increased stiffness at the faster rates.
Higher stiffness at faster rates leads to a corresponding

increase in the buckling stress (Figures 1 and 2), which
increases from 2.43 ( 0.16 MPa at 10 nm/s to
2.55 ( 0.2 MPa at 100 nm/s to 2.69 ( 0.12 MPa at
1000 nm/s (average ( standard deviation of 10 or more
measurements). Usually, the buckling stress defines the
beginning of the plateau region, and since the plateau
region accounts for the largest fraction of the area under
the stress�strain curve, a higher buckling stress corre-
sponds to greater energy absorption in the material and
the ability to sustain higher stresses during the extended
deformability in this plateau region. Energy dissipation in
VACNT bundles, on the other hand, is achieved upon
unloading when the VACNTs transform back to their
nearly original alignment (unbuckle) by dissipating the
excess energy. Since energy dissipated is calculated as a
function of the area under the load�unload curve, this
value is inherently linked to the amount of recovery of the
unloading curve. Hence the rate-dependent damping
behavior of the VACNTs can also be explained by a similar
line of reasoning as the VACNT recovery described earlier.

CONCLUSION

In summary, we demonstrate that VACNT cylindrical
bundles grown by CVD technique exhibit unique defor-
mation properties, namely resilience, deformability, and
energy dissipation, all of which increase at faster strain

Figure 6. (a) The loss coefficient values as a function of
load�unload cycles showing better energy dissipation at
higher rates. (b) Ashby chart of loss coefficient (energy
dissipation) vs plateau stress (signifying the foam strength)
multiplied by thermal conductivity of foammaterials show-
ing the VACNT system as an ideal candidate for combining
the advantages of bothmetallic andpolymeric foams. Using
electrical conductivity instead of thermal also generates a
very similar plot.
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rates. We hypothesize that it is the inability of individual
CNTs in the VACNT matrix to reconfigure and come into
contact with one another, promoting adhesion and
localized buckle formation, which governs recoverability.
Specifically, we find that the deformation at slower strain
rates results in the formation of localized, permanent
buckles along the pillar height, while faster strain rates
render the individual struts' interaction times insufficient
for adhesion, leading to nearly full recovery. As such,
these materials appear to combine the best aspects of
different foam characteristics, such as their ability to
switch between various buckled morphologies which
makes them capable of undergoing large strains of ca.

60�80% without generating damaging peak stresses
(similar to metallic foams25), as well as their high
resilience and close to 100% recovery upon load release
leading to a higher energy dissipation (as in poly-
meric foams24). This combination of desirable proper-
ties suggests their potential use in protective applica-
tions. Even more importantly, their multifunctional
nature, high electrical (comparable to copper) and ther-
mal (similar to metals) conductivities,28,29 and relative
ease of manufacture identifies VACNT bundles as a
completely new class of material systems entering the
“white space” in the material property chart, as shown in
Figure 6b.30

METHODS
CNT Pillar Growth. Nominally ca. 30 μm � 30 μm (height �

diameter) size micropillars of VACNTs were grown using an
atmospheric pressure chemical vapor deposition (APCVD)
technique in a commercial (CVD) system (Black Magic Pro 400 ,
Aixtron SE).22 Photolithography and a photoresist lift-off pro-
cess were employed to pattern a trilayer catalyst of Ti (30 nm)/Al
(10 nm)/Fe (3 nm) deposited by electron beam evaporation on
Si substrates to seed the growth ofmicropillars. A gasmixture of
160/100/7500 sccm of C2H2/H2/N2 was used to maintain the
chamber pressure at 750 mbar during growth, which occurred
at ∼750 �C. Multiwall CNTs, with an average diameter of 8.8 (
2.1 nm (average ( standard deviation), were produced by this
process. The average mass density (CNT mass divided by
volume) was measured to be ∼80 mg/cm3. The muffin-like
shape of the VACNT micropillars is an artifact of this APCVD
growth process that remains unexplained. High magnification
SEM shows that the bulb top is formed by the ends of
nanotubes, suggesting that the particular bulb top shape
was caused by lower CNT growth rates near the rim of the
pillars. Transmission electron microscopy (TEM) images of the
APCVD-VACNTs were taken in a JEOL 4000EX machine.

Compression Tests. Vertically oriented cylindrical pillars with
an aspect ratio (height/diameter≈ 30 μm/30 μm) were synthe-
sized for cyclic compression tests. The compression experi-
ments were performed using the XP module of Agilent's
nanoindenter G200 with custom Testworks software control
methods as described in ref 12. Compression tests were per-
formed in air using a diamond flat punch of∼120 μm diameter
at different displacement rates: 10, 100, and 1000 nm/s, which
correspond to strain rates of 0.0004, 0.004, and 0.04/sec,
respectively. Typically five load�unload cycles were performed
at each strain level. The maximum strains reached for the pillars
were varied from 10 to 80%. A minimum of 10 tests were
conducted at each compression rate.

As has been observed before by several research groups,6,12

CNTs frequently adhere to the diamond indenter tip, which
results in slightly negative values of load during the final stages
of unloading in some cases (see Figure 1a). This effect is further
intensified by the additional CNTs present in the protruded
bulbous head of the pillar. To mitigate this effect each cycle was
unloaded to only 10% of the max load in the previous cycle. In
addition to maintaining a positive value of the load (and stress),
this approach also helps to prevent loss of contact between the
indenter tip and the pillar during loading and hence maintain
the cyclic nature of the tests.

In-Situ SEM Experiments. To capture the local deformation
events occurring during compression, in situ tests were also
conducted inside our custom built mechanical deformation
system, SEMentor,31 which is composed of a nanomechani-
cal dynamic contact module (Agilent Corp.) inside a SEM
(Quanta 200, FEI). Tests in the SEMentor were conducted with

a ∼60 μm � 80 μm conductive diamond flat punch in a similar
manner to the G200. The compression axis in the SEMentor
is inclined by about 86� with respect to the electron beam,
thus allowing continuous observation of the deformation mor-
phology of the VACNTmicropillar during the loading/unloading
cycle, simultaneously with the acquisition of the load and
displacement values. The SEM observations were recorded
as a video file and later synchronized with the engineering
stress�strain curve to provide a one-to-one correlation be-
tween each video frame and its corresponding position on
the stress�strain curve (see videos S1, S2, and S3 in the
Supporting Information). Testing parameters in the SEMentor
were identical to that of the in-air G200 tests.

However, tests in the SEMentor differ from those in theG200
in some key aspects, such as the SEMentor tests are conducted
in a vacuumenvironment with an electron beam focused on the
pillar, and the VACNT micropillars are in a horizontal configura-
tion (gravity acting perpendicular to the compression axis)
inside the SEMentor. For this study, results from the SEMentor
were used only for visualization purposes; all data analyses
were performed on tests conducted in the G200 nanoindenter
machine.

Data Analysis. Engineering stress (σ) and strain (ε) were
calculated using the initial diameter (d0) and height (h0) of the
VACNT micropillar, where h0 = [total height of the pillar] �
[height of the bulbous top], along with the corrected load (pcorr)
and displacement (ucorr) following the procedure in ref 12.
Frictional forces between the VACNT pillar and the indenter
head were ignored.32,33

σ ¼ pcorr
πd20=4

, ε ¼ ucorr
h0

(1)

Note that eq 1 ignores the height of the bulbous top of the pillar
when calculating engineering strain ε, thus assuming that the
deformation of the protruded pillar top has little or no effect in
the stress�strain response of the VACNT pillar. This assumption
is motivated by evidence from the video files S1, S2 and S3 in
the Supporting Information. As seen from these videos the
deformation of the entire bulbous top of the pillar is concen-
trated entirely in the “elastic” portion of the loading response,
while the rest of the pillar comes in full contact with the indenter
head at the beginning of the “plateau” regime (see Figure 1a).
We also verified this effect by monitoring the continuous
stiffness measurement (CSM) signal during the test, which
showed that the point of full contact of the pillar with the
indenter head;and hence the entire deformation of the
protruded head of the pillar;is within the initial “elastic”
portion of the test. Additional validation of our approach is
provided by the fact that the modulus (E) values measured as
the slope of the initial 30% of the unloading stress�strain curve
calculated using eq 1 (see Figure 3 in the manuscript) match
closely with the values calculated from the viscoelastic tests
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(Figure S1 in the Supporting Information). If h0 is taken to be the
total height of the pillar (rather than being corrected for the
additional height of the bulb), the modulus values are over-
estimated by around 25%.

The percentage recovery (R) values in the VACNTmicropillar
samples were measured as amount of strain recovered at the
end of every cycle with respect to the maximum applied strain;
that is, R = (εmax � εunload)/εmax, where εmax is the maximum
strain level at the end of loading and εunload is the strain after
unloading to 10% of the max load in the respective cycle.
Similarly the percentage relative recovery values were mea-
sured as the strain recovered in every cycle (i) compared to its
previous one (i� 1); that is, Relative Recovery = Ri/Ri�1 = (εmax

i �
εunload
i )/(εmax

i�1 � εunload
i�1 ) (Figure 4).

The loss coefficient, η (a dimensionless quantity), measures
the degree to which a material dissipates energy and is cal-
culated as30

η ¼ ΔUi

2πU1
, U ¼

Z
σmax

0
σ dε, ΔU ¼

I
σ dε (2)

where U1 is the elastic energy stored in the material when it is
loaded elastically to a stress σmax in the first cycle, and ΔUi is the
energy dissipated in the ith load�unload cycle (see Figure 6a). We
point out that in eq 2 ΔUi is normalized with respect to the area of
thefirst loading cycle (i.e., a constant value). Instead, normalizing the
area of the hysteresis loopwith respect to the area of the respective
ith cycle can also provide useful information about the damping
behavior of the VACNTs, as shown in the Supporting Information
Figure S2.

A zero hold time at maximum load was used in all cases,
except for the test shown in Figure 5. For the tests shown in
Figure 5a three different test setups were used: the black curve
denotes a VACNT micropillar loaded at a fast rate of 1000 nm/s
up to a strain of∼0.6 (i.e., in the predensification regime) and then
unloadedat the same rate, theblue curve shows the same for a slow
10 nm/s loading�unloading rate, while the VACNT micropillar
shown in the green curve was loaded at the fastest rate of
1000 nm/s to a maximum strain of ε ≈ 0.6, held for 1500 s at that
maximum strain level, and then unloaded again at 1000 nm/s. In
other words, both VACNTs micropillars shown in green (fast
1000 nm/s loading rate) and blue (slow 10 nm/s loading rate) spent
the same amount of time under compression before unload:
(loading time þ hold time)green,1000nm/s = (loading time)blue,10 nm/s.
Five such load�unload cycles were carried out for each pillar. In
another similar set of experiments the VACNT micropillars were
loaded at the fastest rate of 1000 nm/s, then held for 130 s at the
maximum strain and subsequently unloaded, effectively bringing
the time-spent-before-unload to the same level as in the case of a
slower 100 nm/s load-unload test with no hold.
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