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We report on the distinctly different mechanical responses of two vertically aligned carbon
nanotube (VACNT) films, subjected to large displacement (up to 70 um) flat punch indenta-
tions. The VACNT films were synthesized using the same chemical vapor deposition (CVD)
technique but for varying reaction times, which resulted in their different thicknesses (480
and 160 pum, respectively) and morphologies. In situ tests reveal that the shorter, more
aligned VACNT film deforms via an instantaneous vertical shearing of the material directly
underneath the indenter tip, which is manifested as a rapid displacement burst in the
load-displacement response when tested at rates of 100 nm/s and above. The resultant
buckles were of a more permanent nature leading to their low recoverability (22-40%). In
contrast, we find the thicker, more tortuous VACNT film to show a higher (~80%) recovery
and a more compliant response. These differences in the mechanical response of the VAC-
NTs are discussed in the framework of foam-like deformation with a particular emphasis
on their different morphological features, namely density and tortuosity.

Published by Elsevier Ltd.

A marked difference among different VACNT arrays is the
ability (or lack thereof) to recover from large deformations;

1. Introduction

Among the wide variety of macroscopic carbon nanotube
(CNT) architectures, vertically aligned carbon nanotube
(VACNT) arrays have attracted special attention due to their
possible applications ranging from micro-electro-mechanical
systems (MEMS) to energy dissipative systems, such as visco-
elastic rubbers and foams [1-6]. VACNT arrays can be readily
synthesized by different techniques [7,8], and the choice of
synthesis approach affects the morphology and the proper-
ties of the resulting arrays. This variability is reflected in the
range of mechanical properties reported for VACNTSs, such
as elastic modulus and buckling strength that range
anywhere from sub-MPa [6,9] to tens of MPa [10-12] to GPa
[13,14] levels.

with some exhibiting superior creep recovery [1,5,6,15,16],
while others deform permanently even at modest strains
[12,17-20]. The recoverability of VACNTSs is known to depend
both on the experimental loading and boundary conditions
as well as on the VACNT morphology. For example, while
VACNT pillars made using chemical vapor deposition (CVD)
technique have been shown to exhibit near complete (~95%)
recovery under uniaxial compression [16], the same VACNT
microstructure showed negligible - almost zero — recovery un-
der flat-punch indentation experiments [21,22]. It has been
suggested that the different boundary conditions present in
indentation experiments can result in significant shear stres-
ses in the material - this causes the VACNT films to deform by
an instantaneous vertical shearing of the material directly
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underneath the indenter tip, and the permanent nature of the
damage caused by shearing severely compromises the recov-
erability of the VACNTSs [22,23]. The recoverability of VACNTs
has also been shown to depend on the VACNT microstructure
and morphology. In general, researchers growing CVD-VAC-
NTs made using the ‘floating’ catalyst route [24,25] have re-
ported substantial (>90%) recovery in their samples [1,25-
27], while the recoverability of majority of VACNTs made
using the ‘fixed’ catalyst technique [20,28] has been poor
[12,17-19] (note: Ref. [16] is a notable exception). This effect
is thought to be correlated to the thicker (>40 nm) diameter
of the tubes, and a correspondingly higher density for VAC-
NTs made using the floating catalyst route. A systematic
study by Bradford et al. [29] analyzed this effect further, where
it was shown that VACNTSs grown using a fixed catalyst tech-
nique and exhibiting low resilience changed to an almost
complete recovery after a post growth CVD treatment. This
was attributed to an increase in the individual CNTwall thick-
ness, which also caused increased surface roughness of the
CNTs, resulting in a decrease of the van der Waals
interactions.

Other aspects of the VACNT microstructure are also
known to influence their mechanical properties, such as their
tortuosity (or waviness) and the number of inter-tube junc-
tions in the matrix. A few studies have attempted to explore
these effects experimentally [30-33], but no strong correla-
tions were observed. Some key insights into these parameters
can be gained from the theoretical studies involving random
network of stiff fibers. For example, Astrom et al. [34] have ap-
plied their modified semi-theoretical version of the Cox
shear-lag model [35] to CNT mats and fibers, while taking into
account the statistical number of bundle-bundle contacts.
Their study suggests a linear relationship between the num-
ber of contact points and the modulus of the CNT network.
A similar result was also obtained by Berhan and coworkers
[36], who also found that an increase in the waviness of the
nanotube ropes results in a significant decrease in their effec-
tive modulus [37].

The lateral interaction of the nominally aligned CNTs is
also an important parameter for determining the mechanical
behavior of the VACNT array (such as compressive modulus
[32]), and it has been observed to vary with total array height,
with taller arrays often showing more lateral entanglement
[38]. Arrays as short as 50 nm [39] and as long as several mm
[13] have previously been examined. The mechanical re-
sponses of these extreme cases have been very different, with
the short sample being made up of non-interacting parallel
CNTs and the long sample consisting of highly entangled
CNTs.

Such drastic changes in the VACNT properties make it
impractical to compare the performance of VACNTSs synthe-
sized by non-identical growth techniques. In this work, we fo-
cus on VACNT films of two different heights of 160 and 480 pm
respectively, which were grown by the same floating catalyst
CVD technique [24,25] and exhibit a highly entangled mor-
phology. Using flat punch diamond indenter tip geometries
we perform large displacement instrumented indentation
experiments to characterize the mechanical behavior of the
two VACNT films. Compared to other indenter tip geometries,

the contact area for a flat punch indenter does not change
with displacement. This is especially advantageous for the
unique microstructural hierarchy of VACNT films, where the
micrometer-to-millimeter sized film is composed of millions
of individual nanotubes with diameters in the nanometer
range. Such an arrangement not only renders the mechanical
response of VACNTSs to be distinct from monolithic materials,
but also poses a challenge in the accurate estimation of the
contact area between the VACNT film and the commonly
used parabolic [14,40] and pyramidal [40] indenter tip geome-
tries. The constant contact area between the flat punch in-
denter and the VACNT sample is also of advantage in
measuring the viscoelastic response of the VACNT assembly.

We utilize both an in situ nanoindentation methodology to
observe the on-edge deformation in real time using a custom-
built in situ nano-mechanical deformation instrument,
SEMentor [41], as well as more traditional in-bulk ex situ
indentation methods in this work. The in situ tests conducted
inside the scanning electron microscope (SEM) have the
advantage of allowing uninterrupted observation of the real-
time evolution of deformation while simultaneously record-
ing load vs. displacement data, thus providing a one-to-one
correlation between the morphological changes and the
mechanical response [17,21,42]. However, in order to facilitate
an uninhibited view of the material cross-section, in situ
indentation experiments need to be conducted on the edge
of the sample [21]. While such a set-up causes the boundary
conditions and constraints to differ from those during in-bulk
indentations, they provide important information on mor-
phological evolution during deformation of VACNTS, not eas-
ily obtainable by other methods.

2. Materials and methods

2.1. CNT growth

Aligned CNTs were synthesized on thermally oxidized Si wa-
fers using vapor phase (or “floating catalyst”) thermal CVD
techniques that have been in wide use for more than a decade
[24]. Synthesis took place at atmospheric pressure in an inert
Ar atmosphere at 827 °C. A precursor solution of ferrocene
(which pyrolyzes to release atomic Fe to act as a catalyst for
CNT growth) and toluene (which acts as a carbon source)
was created at a concentration of 0.02 g ml~* and injected at
approximately 1 ml min~? into the heating zone of the fur-
nace in a flow of 800 sccm of Ar. The quartz furnace tube
had a diameter of approximately 4 cm and the heating zone
was about 20 cm long. VACNT samples of different heights
were generated by varying the amount of precursor solution
used (and hence the total reaction time). Two VACNT sam-
ples, of film thicknesses 480 and 160 um and named samples
A and B, respectively, were selected for further study. The
longer sample corresponded to 10 ml of precursor solution
and the shorter sample to 7 ml of precursor solution (about
10 and 7 min total reaction time, respectively). All other syn-
thesis parameters between the samples were unchanged.
Large portions of the samples (~10 mm?) were removed from
the substrate with a razor blade, and their masses were
obtained with a microbalance. Sample densities were ob-
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Table 1 - Comparison between Samples A and B. The
uncertainty in the density values is around 10%. The CNT

diameters are average + standard deviation values from the
top portions of the VACNT films.

Sample A Sample B
Synthesis time 10 min 7 min
Height 480 um 160 pm
Density 0.13 gm/cm? 0.06 gm/cm?
CNT dia 68.1 + 10.6 nm 31.1+7.5nm

tained by dividing these measured values of mass by the
respective volumes of the sample portions (with film thick-
ness determined by scanning electron microscope (SEM)
and areal dimensions directly obtained with calipers). Table 1
lists the major differences between samples A and B. The
samples were studied using both SEM (FEI Nova 200 and
600, FEI Quanta 200) and transmission electron microscopy
(TEM, FEI TF30UT) machines as shown in Fig. 1. Note the
localized regions of lower density, visible as horizontal bands
along the height of the VACNT structure in sample B in this
figure.

Although both samples were synthesized under very sim-
ilar conditions, we noted significant differences in their
morphological features, and therefore in their mechanical

f
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behavior. These differences arise due to subtle effects related
to the injection of our precursor solution. For example, mod-
est increases in carbon concentration in the reactor can lead
to increased entanglement of the individual CNTs [43]. Simi-
larly, because CNT diameter depends on injection rate of
the precursor solution [44], fluctuations in this rate can lead
to localized regions of lower density, visible as horizontal
bands along the height of the final VACNT structure [45]. We
have observed in the past that these regions can result in
strain localization during compression [45]. Fluctuations in
both of these quantities are especially likely at the beginning
of our growth process due to variability that occurs during the
sudden injection of a precursor solution. Because of the bot-
tom-up growth process by which our VACNTSs are synthesized
[46,47], these fluctuations at the beginning of the growth pro-
cess are reflected in morphological differences near the top of
the VACNT array (i.e., where the oldest growth is present).
Note that under indentation the majority of the indentation
stresses are also localized at the top portions of the VACNT
array.

In order to test the repeatability of the samples, we synthe-
sized a third set of VACNT samples with the lower reaction
time of 7 min. While this sample set was similar in thickness
(~170 pm) to sample B, it did not contain any bands of lower
VACNT density as seen in sample B. The detailed results for
this third sample set are not shown in this paper.

Fig. 1 - SEM images reveal the hierarchical morphology of the (a) 480 pm thick VACNT films (Sample A), which consist of (b)
horizontal layers of high tortuosity, and (c) a complex intertwined network of nominally vertical CNTs at higher mag. (d) On
the other hand, a lower thickness VACNT film (Sample B, only top portion of the 160 pm film is shown) shows (e) a more

aligned CNT structure at high mag. Note the dark bands at ~32 pm and ~50 pm from the top in Sample B suggesting regions of
lower density in (d), as well as the lower wall thickness of the CNTs in Sample B (compare (c) and (e)). SEM pictures (a), (b), (c)
and (e) are taken at a 60 deg tilt angle while (d) is at 86 deg tilt. (f) Individual multiwalled CNTs are visible in the TEM image.
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2.2. Ex situ indentations

We tested the two different VACNT films with thicknesses of
480 and 160 um (samples A and B) under large displacement
cyclic indentation tests. The indentation experiments were
performed using the XP module of Agilent’s nanoindenter
G200 with adjustable software control methods, as described
in Ref. [17]. Tests were performed in air using a custom made
cylindrical diamond flat punch with ~120 ym diameter and
~80 pm height. Indentations were performed under a con-
stant displacement control varying indentation depths up to
a maximum of around 70 um (restricted by the height limita-
tions of the diamond flat punch). Tests were conducted in the
interior of the samples (‘in-bulk’ tests, i.e., away from the
sample edge) at three different constant displacement rates:
10 nm/s, 100 nm/s and 1000 nm/s. Typically 5 load-unload cy-
cles were performed at each displacement level. No hold time
was applied at the maximum loads, and each cycle was un-
loaded to only 10% of the max load in the previous cycle, in
order to maintain the cyclic nature of the tests. A minimum
of 10 tests were conducted at each displacement rate. The in-
dents were spaced at least 500 microns apart in order to elim-
inate any possible proximity effects.

2.3. In situ SEM indentations

In situ tests were conducted in a custom-built indentation
instrument [41], composed of a nano-mechanical dynamic
contact module (Agilent Corp.) inside a SEM (Quanta 200,
FEI). Tests were conducted on the sample edge (‘on-edge’ [22]
experiments, to facilitate viewing) with a conductive diamond
flat punch with a rectangular flat cross-section of
~60 um x 80 pm. The loading axis in the instrument is inclined
at ~86° with respect to the electron beam, thus allowing con-
tinuous observation of the deformation morphology of the
VACNT film cross-section during the on-edge in situ experi-
ments. SEM observations were recorded as a video file at 30
frames per second and synchronized with the indentation
data to provide a real-time correlation between each video
frame and the corresponding position on the load-displace-
ment curve. Three video files are provided as supporting on-
line material - video file Supplementary video S1 shows the
on-edge indentation on sample A conducted at a 100 nm/s dis-
placement rate, files Supplementary video S2 (at 100 nm/s dis-
placement rate) and Supplementary video S3 (at a slower
10 nm/s displacement rate) show the same for sample B.
These three video files are shown at 30, 25, and 250 times
their original speeds, respectively. These tests were conducted
to a maximum penetration depth of 30 pm (instrument limit).

While both the ex situ and the in situ experiments are nom-
inally identical, some differences exist. First, the in situ tests
are conducted in a vacuum environment vs. the ex situ tests,
which are conducted in air. Moreover, in the in situ case the
samples are constantly exposed to the electron beam, and
they are oriented horizontally such that gravity is acting per-
pendicular to the compression axis. Also as described earlier,
the outer constraints in on-edge indentations are different
from those during in-bulk tests, and therefore the measured
mechanical behavior is expected to be different. Hence, all

data analyses were performed only on tests conducted in air
in the ex situ nanoindenter; the in situ results are used here
for visualization purposes only.

2.4.  Data analysis

The applied load, P, and measured displacement, h, were cor-
rected for machine compliance following the procedure out-
lined in detail in Ref. [17]. The unloading modulus was
calculated from the initial unloading segment of the mea-
sured load-displacement curve using Hertzian contact
mechanics [48,49] and assuming negligible friction between
the indenter sidewalls and the VACNT matrix [50-52] as:

Vv S S 1 1-v2 1-v?
Er-Yt> _> - _ s i 1
T2 VA 2a Eef Es * E; @

where E.; denotes the effective modulus of the combined in-
denter-specimen system; S(= dP/dh) is the stiffness measured
from the slope of the initial 30% of the unloading load-dis-
placement curve; v and E are the Poisson’s ratio and the
Young’s modulus, respectively; and the subscripts s and i refer
to the specimen and the indenter, respectively, with
E;=1041GPa and v; =0.07. A vanishing Poisson’s ratio of
v =0 was assumed for the VACNTs [53]. Unfortunately, due
to misalignment issues between the indenter tip and the
sample surface Eq. (1) cannot be applied to the initial loading
portion of the test. Eq. (1) is also limited by the inherent
assumptions of Hertz’ theory, which assumes an isotropic,
elastic, continuum material behavior. VACNTSs, on the other
hand, demonstrate varying degrees of anisotropy at each level
of its hierarchical microstructure (see Fig. 1). Thus, our mea-
surements of VACNT indentation moduli should instead be
treated as their equivalent continuum isotropic values. We
also point out that this isotropic continuum framework has
been previously utilized in developing the constitutive rela-
tions in VACNTs [17] and foams [54], and appears to have
accurately captured the qualitative features of their outer
deformation profiles and the stress-strain responses. The
continuum foundation is also motivated by the nearly isotro-
pic network of CNTs as revealed by images at or above mag-
nifications of 30,000x (Fig. 1c and e).

We define the percentage recovery (R) as the displacement
recovered at the end of each cycle with respect to the maxi-
mum displacement, i.e.

R— hmax — hunlcad (2)

hmax

where hp.y is the maximum displacement at the end of

loading and hyuea is the displacement after unloading to
10% of the max load in each cycle.

The loss coefficient, 5, (a dimensionless quantity) mea-
sures the degree to which a material dissipates energy and
is calculated as [55]

_ AU _
1= 270,77

Ginddeing ~ 2 E AU = ¢ Gingdeing (3)
0 s

where U; is the elastic energy stored in the material when
it is loaded elastically to a stress omax in the 1st cycle, AU; is
the energy dissipated in the i™® load-unload cycle, and iy
and &, denote the sample’s stress and strain under
indentation.
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2.5. Viscoelastic characterization

The viscoelastic properties of the VACNT films were mea-
sured following the procedure outlined in Ref. [17]. In this
method, the indenter is loaded into the sample in air at a con-
stant displacement rate of 100 nm/s up to a specified indenta-
tion depth, at which point the indenter head is oscillated at
~8nm amplitude across a range of frequencies from 1 to
50 Hz. The cut-off frequency of 50 Hz is dictated by the instru-
ment limit, as detailed in Refs. [17,56]. The procedure was re-
peated at six different constant indentation depths for
sample A: 15, 26, 36, 47, 58 and 68 um, respectively. In sample
B, however, the viscoelastic properties could be measured for
only the three deeper indentation depths of 47, 58 and 68 um.
As described in the next sections, there is a large ~30 pm dis-
placement burst in sample B during loading, which masks the
viscoelastic measurements at the lesser depths.

Viscoelastic materials are commonly characterized by
their storage (E') and loss (E”) moduli, as well as the ratio of
the two tan . E' represents the stored energy or the elastic re-
sponse, and E” corresponds to the amount of energy dissi-
pated, or the viscous response. Assuming linear viscoelastic
behavior, these terms can be computed following the calcula-
tions described in Refs. [56-59] as follows:

1?2 F F
E’:k’ﬁ—‘s, K =2|cosp—[-2| cospg,
2ﬁ \/K Uo 0 lair
"_ /!ﬁ17V§ " E 3 _ E 1 —_”
E'=k % VA k 7|uo|smzp \uo\ui,sm(pm,, tanéfE,. (4)

Here k' and k" are the storage and loss stiffnesses of the sam-
ple, obtained by finding the real and complex parts, respec-
tively, of the stiffness differences between oscillating the
indenter head on the sample at a fixed displacement and in
air at the same raw displacement, $ is a constant (=1 for a flat
punch indenter). F, and u, are the load and displacement
oscillation amplitudes, respectively, and ¢ is the phase angle
between the load and displacement oscillations. We note that
the accuracy in the values of E' and E” in Eq. (4) can be affected
by several factors: uncertainties in Poisson’s ratio, since it
may be frequency dependent, and ambiguity in contact area,
especially at shallower indentation depths, where full contact
may not have been established. On the other hand, calcula-
tion of tan/d is independent of the contact area, and thus is
ideally suited as a measure of the viscoelasticity of the in-
dented material [14,60].

3. Results and discussion

3.1.  VACNT morphology

The complex hierarchical nature of the VACNT microstruc-
ture, with distinct organizational details across multiple
length scales, is shown in Fig. la-c (sample A) and Fig. 1d
and e (sample B). Thus, while VACNTs appear as continuous
films at lower magnifications, the nominally vertical align-
ment of CNT bundles growing perpendicularly to the support
substrate is apparent at a higher magnification of 500x and
above (Fig. 1a and d). Still higher magnifications of 30,000x re-
veal significant intertwining in the long, curved lengths of
individual CNTs along the VACNT height, and at this length

scale the CNT network appears more isotropic [17,54,61]
(Fig. 1c and e). A representative image, obtained via TEM, of
the internal structure of an individual multiwall (typically
20-60 walls) CNT is shown in Fig. 1f. As a result of this com-
plex hierarchical structure, the mechanical behavior of the
VACNT matrix depends both on the properties of individual
CNTs, as well as their mutual interactions and distribution
throughout the array.

Fig. 1 and Table 1 also highlight some of the important mor-
phological differences between samples A and B. The cross-
sectional view of Sample A in Fig. 1a indicates that the CNTs
in the top 290 um height of this sample are highly tortuous.
The expanded views of this region in Fig. 1b and ¢ shows that
the tortuous CNT bands have a uniform chord length (straight
line distance between the ends of two neighboring tortuous re-
gions) of around 7.5-8 pm throughout this height.

The CNTs seen in the shorter (~160 pm tall) sample B have
negligible tortuosity and follow relatively straighter paths
(Fig. 1d and e). Note that the bottom ~180 pm of sample A also
does not show any major tortuosity. As described in Section 2,
both VACNT samples were synthesized using the same nom-
inal CVD growth conditions, but for different reaction times.
The top portions of the samples thus reflect the regions of
oldest growth in each case (CVD is essentially a bottom-up
growth process). Since tortuosity is present only in the taller
sample, it would seem to indicate that the alignment of indi-
vidual CNTs in VACNT arrays is related to the CVD growth
time (and hence the VACNT height) [47]. Such tortuous paths
along a CNT are capable of storing more elastic energy than
straight paths.

Sample B also shows the presence of two dark bands in its
cross-section. The first of these bands is seen at a distance of
~32 um from the top surface, while the second one is at
~50 um (Fig. 1d). As described earlier, these bands develop
due to fluctuations in the input rate of the precursor solution
[45]. The density of the CNTs in these banded regions is
known to be lower than the average [62], and hence these re-
gions are expected to have a softening effect on the overall
microstructure [45].

A closer inspection of the top regions of samples A and B
also indicate that the CNTs are of much larger diameter in
sample A as compared to B (compare Fig. 1c vs. e). This effect
has been described in detail in Ref. [63] where the CNT wall
thickness increases as a function of the growth time. The
average and standard deviation values of the CNT diameters
provided in Table 1 indicate that the tubes in the upper region
of sample A (CNT diameter 68.1 + 10.6 nm) are twice as thick
as that of sample B (diameter 31.1+ 7.5 nm). As an obvious
consequence of the difference in their tube diameters, sample
A also has larger density than sample B (Table 1).

3.2 In situ on-edge flat punch indentations

The different microstructures of the two VACNT samples A
and B also result in distinct mechanical responses under
indentation. This can be seen in the in situ SEM indentations
described in Fig. 2. Fig. 2c compares the load-displacement re-
sponses of the two on-edge tests between samples A and B.
The following points are immediately evident from this
figure: (i) The slope of the initial loading segment of the
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Fig. 2 - In-situ SEMentor observations of on-edge indentations on (a) Sample A at maximum load, (b) Sample A after unload,
and (d) Sample B after unload. Their corresponding locations on the load-unload cycles at 100 nm/s loading rate is shown in
(c). All SEM images were taken at 86 deg tilt angle. These snapshots were captured from video files S1, S2 and S3.

load-displacement curve is significantly larger for sample B,
indicating a much stiffer response for sample B than for sam-
ple A. (ii) In sample B the initial loading is followed by a sud-
den instability at a load level of 6.2 mN, manifested by a large
displacement burst of length ~22 pm. No such burst is seen in
sample A. (iii) Upon unloading, sample A shows almost full
recovery, while sample B shows a much lower (~49%) recov-
ery (compare Fig. 2a and b (sample A) vs. Fig 2d (sample B)).
The video files for these two on-edge indentation tests,
which correlate the morphological changes happening in
the samples under the indenter with their respective load-
displacement responses, are provided as supporting online
materials (video files Supplementary videos S1 and S2), with
several representative snapshots shown in Fig. 2a, b and d.
For sample A (video file Supplementary video S1), the sequence
of events occurring during the in situ indentations show that
at the onset of indentation CNTs in the topmost ~14 um of
the VACNT film start to bend. As the indenter tip pushes for-
ward, shear lines appear at the corners of the flat punch in-
denter. Further penetration of the indenter results in the
formation of a buckling zone 60 pm directly below the inden-
ter (see Fig. 2a inset). Note that the deformation of the VAC-
NTs under indentation appears to be highly localized.
Similar to foam deformation, the indentation zone for VAC-
NTs is confined to the region directly beneath the indenter,

while the surrounding regions are unaffected. This has gener-
ally been attributed to the non-existent Poisson’s ratio in
structures such as open-cell foams and VACNTs
[18,54,64,65], and is very different from the hemispherical
indentation plastic zone reported under monolithic materials
[66]. Unloading of the indenter tip reveals a remarkable resil-
ience in the VACNTs in sample A, and hardly any after-effects
of the indentation pressure can be seen on the surface of the
VACNT film after full unload (compare Fig. 2a vs. b).

In contrast, the initial loading in sample B (video file Sup-
plementary video S2) is followed by a small drop in indentation
load (from 7.1 to 6.2 mN), after which a sudden and extensive
displacement burst occurs. SEM images obtained immedi-
ately after this burst (SEM scanning rate was not fast enough
to catch the details during the instantaneous burst) reveal
that the top portion of the VACNT film has sheared off verti-
cally below the edges of the indenter tip (Fig. 2d). The shear
appears to be the result of a single buckle formed at a height
of ~32 um from the top of the VACNT film. The shear burst
causes the indenter head to momentarily lose contact with
the VACNT film, presumably since the VACNT film is collaps-
ing at a faster rate than the prescribed motion of the indenter
head (gravity cannot be responsible for the burst since gravity
is acting perpendicular to the indentation axis). Interestingly,
the 32 um distance also corresponds to the location of the
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zone of dark bands seen in the cross-sections of these films
(see Fig. 1d). As described earlier, these dark regions are
known be zones of lower density in the VACNT matrix, and
thus are predicted to be the first regions to buckle.

We find that the occurrence of the displacement burst in
sample B depends strongly on the applied displacement rate.
Indentation tests at slower displacement rates of 10 nm/s
(video file S3) did not show any discrete behavior such as
bursts, etc. Instead, we observe a gradual drop in the load
from 6.2 to 3.2 mN after the onset of buckling. This would
seem to indicate that at the lower displacement rates the
individual CNT struts have enough time to realign themselves
so as to avoid a catastrophic burst phenomenon [16]. As in the
case of the faster tests, the buckling zone for the slower tests
also coincides with the zone of lower density VACNTs at
~32um from the top of the VACNT film. Further loading
beyond the load drop at the slow displacement rate results
in a flat plateau region where the displacement increases at
a constant load. The SEM recordings of this stage indicate that
the indenter is now pushing down on a rectangular region of
width equal to the indenter tip and bounded at the bottom by
the buckled zone (of height ~32 um).

The buckles formed in sample B (for both the slow and fast
indentation rates) are of a more permanent nature, and
unloading of the indenter tip results in a much lower recovery
for sample B than what was seen for sample A (Fig. 2d).

While the general pattern of deformation seen in the in situ
videos (Fig. 2) is similar to those of typical open-cell foams,
the shear events and the recoverability are unique character-
istics seen only in intertwined VACNT systems. In VACNTs
the plastic strain under the indenter is accommodated en-
tirely by the formation of the lateral folds or buckles, which
are highly localized. This is in contrast to traditional foams,
where cell-edge bending and cell collapse are primarily
responsible for the elastic-plastic foam response [65,67]. Sim-
ilarly, a shear event in non-interacting VACNTs [68] would
propagate through the entire thickness, thus severely limiting
its recoverability. The two examples shown in Fig. 2 demon-
strate how the different degrees of alignment and intertwine-
ment between the individual CNTs affect the ability of the
VACNT array to recover from large indentation strains.

3.3.  Ex situ in-bulk large-displacement indentations

In order to analyze the VACNT deformation beyond the dis-
placement limit of the in situ tests, ex situ indentation tests
were conducted in air in the Agilent G200 nanoindenter to lar-
ger depths of ~70 um in the interior of the as-grown VACNT
film away from the edges (‘in-bulk’ tests, see Section 2). This
maximum indentation depth is limited by the height of the
cylindrical indentation punch (~80 pm). Fig. 3a shows a com-
parison of the indentation load (stress)-displacement re-
sponses of two representative in-bulk tests between samples
A and B, conducted at a displacement rate of 10 nm/s. For both
samples, three distinct regions are apparent from Fig. 3a: (i) a
short elastic regime, followed by (ii) an instability with an
accompanied load drop suggesting the onset of buckling, and
(iii) a subsequent plateau region. The plateau region can be fur-
ther subdivided into two separate sections: an initial relatively
flat section (where the load is more-or-less constant with

increasing displacement) followed by a positively sloped hard-
ening section, where the load increases more rapidly with dis-
placement and contains several undulations. As expected, the
in-bulk tests show significantly higher loads than those of the
on-edge tests (compare Figs. 2c and 3a) due to the more restric-
tive boundary conditions in the in-bulk setup.

Fig. 3a also shows the effect of unload-reload cycling and
hysteresis [14] in the VANCTs. We show 5 load-unload cycles
for each sample. As seen from this figure, the first cycle is dis-
tinctly different from all subsequent loading cycles [1,2,42].
Subsequent cycling also results in a substantially higher rela-
tive recovery as compared to the first. In some cases during
unloading we also measured the applied loads to be slightly
negative, likely due to the adhesive interactions between
the VACNTs and the diamond indenter tip [10,61].

A comparison of the load-displacement curves in Fig. 3a
reveals some important differences between the indentation
response of VACNT samples A and B. As in the case of the
in situ on-edge tests, the in-bulk tests also show a much stiffer
response for the VACNT sample B as compared to sample A.
This is reflected in the higher slope of the initial loading seg-
ment, and in the higher resistance to buckling for sample B. In
general the indentation loads (and stresses) are seen to be sig-
nificantly higher for sample B than for sample A at equivalent
indentation depths. We calculate the indentation stress at the
point of instability (o) to be ~0.9 MPa for sample B, which is
twice as high as that for sample A (gins = 0.44 + 0.04 MPa).
There is a steep drop in indentation load immediately follow-
ing the instability. The load drop is larger for sample B (from
10.4 mN to 6.7 mN) than for sample A (from 5.3 mN to 4.9
mN). As seen earlier from the in situ tests (video file Supple-
mentary video S3) the load drop signifies the onset of buckling
of the VACNTSs under the indenter. Particularly in the case of
sample B, the in situ tests revealed the buckling to originate at
the zone of lower density (seen as a dark band in Fig. 1d)
which is located at ~ 32 pm below the top surface.

Sample B also shows a pronounced flat plateau region of
constant stress following the load drop. As in the in situ tests
(see video file Supplementary video S3), this flat plateau is a
likely result of the continuous buckling of the VACNTSs under
the indenter within a height of ~32 pum (i.e. up to the first VAC-
NT band of low density). As expected, the flat plateau ends
after around 30 um of displacement, and is followed by a
steep increase in the indentation load as the indenter experi-
ences the denser VACNTs underneath.

Such sloped plateau regions have been observed previ-
ously in VACNTSs [1,16,25], and an inherent property gradient
in the VACNT microstructure along its height has been gener-
ally suggested as the cause. The particular constraints and
boundary conditions under indentation loading, where the
indenter continuously samples an increasing material vol-
ume, as well as a progressive densification of the VACNT ma-
trix with increasing indentation depth, could also cause such
a sloped region [14,22]. A combination of all of these effects is
thought to be responsible for the features seen in Fig 3a,
where the indenter encounters a denser, and hence stiffer,
material in the deeper regions leading to an increasing global
slope in the plateau region.

The later section of the plateau region for sample B also
shows a large undulation or kink at around ~50pm of
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Fig. 3 - Indentations in the bulk of the sample, away from edge effects. (a) Comparative indentation load (stress) -
displacement cycles (5 cycles each) for VACNT samples A and B. Loading at 10 nm/s loading rate shows 3 distinct regimes;
elastic, a drop in load at a critical instability stress and plateau regime. Successive load-unload cycles to the same maximum
displacement reveal a gradual drop in recovery in every cycle, suggesting progressive damage accumulation in the material.
The corresponding indentation stress values are shown along the secondary y axis. Residual imprints of flat punch

indentation are shown for (b) Sample A and (c) Sample B.

indentation depth (Fig. 3a). This distance matches well with
the location of the second band of lower density in sample
B (see Fig. 1d). No such instabilities are observed in sample A.

Unloading from a depth of ~65-70 pm results in a much
higher recovery for sample A than for sample B, as shown by
the images of the residual imprints (Fig. 3b and c respectively).
The imprint for the VACNT sample B (Fig. 3c) also shows the
remnant of the zone of low VACNT density, which is seen as
a shear line at a depth of ~32 pm along the walls of the crater.
The vertical walls of the indent imprint above this depth indi-
cate a clear shearing of the VACNTSs in this height and thus pos-
sibly a lower degree of entanglement among the VACNTs for
sample B. These images also help to show the highly localized
nature of the VACNT deformation, where all of the deforma-
tion is limited to the vertical shear region along the rim of con-
tact between the sample and the indenter tip.

We note that at loading rates faster than 10 nm/s the pla-
teau region is obscured by a large displacement burst, partic-
ularly for VACNT sample B (a similar effect was noted earlier
in the in situ tests as well in Fig. 2c). In these cases a rapid,
extensive displacement burst of ~30 um was noticed immedi-
ately after attaining oy,s at the faster loading rates of 100 and
1000 nm/s. Unlike the gradual drop in load seen in Fig. 3a,
such a burst indicates a temporary loss of contact between
the sample and the indenter tip. Based on the in situ indenta-
tion tests described in Fig. 2, it appears that the burst may be

caused by a rapid vertical shearing of the material directly
underneath the indenter tip along the indenter edges up to
a depth of ~32 um (i.e. up to the location of the first low den-
sity zone). This was verified by stopping the test at the mo-
ment of the burst, which resulted in an imprint mirroring
the shape of the indenter and of depth ~32 um.

3.4.  Analysis of indentation response

Fig. 4 shows a summary of the results from the in-bulk tests on
VACNT samples A and B (in situ on-edge tests are not included
in this summary). The unloading modulus, defined in Eq. (1), is
plotted as a function of the maximum displacement before un-
load in Fig. 4a. Results are shown for three different loading
rates - 10, 100 and 1000 nm/s. For sample B, the results are also
segregated by whether they are measured before (open sym-
bols) or after (filled symbols) the first instability.

Fig. 4a shows that in sample B, the changes in the unload-
ing moduli clearly reflect the softening effects of the zones of
lower density present along the height of the VACNT film. As
shown in Fig. 1d, two such zones were visible in the cross-sec-
tional view of VACNT sample B: at ~32 and ~50 um below the
top surface, respectively. The unloading moduli for sample B
also show two sharp drops just before these displacement
levels, as shown by the trend line for the 1000 nm/s tests.
The first stiffness drop (AE; ~ 170 MPa at around 20 um
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displacement) is much larger than the second (AEs ~ 35 MPa
at around 41 pm displacement), suggesting that the lower
density zone closer to the surface has a greater deleterious ef-
fect on the mechanical behavior of the sample. After the sec-
ond drop the moduli are seen to be increasing again (from 129
to 190 MPa) with increasing displacement for sample B.

Sample B also shows an almost threefold increase in
unloading modulus values before the first burst (open sym-
bols, from E; = 92 MPa to 346 MPa). We suspect this large in-
crease to be partly an artifact of the misalignment between
the sample surface and the flat punch indenter at the initial
stages of loading.

The unloading moduli for sample A show an order of mag-
nitude lower values at similar displacement levels. The mod-
uli in this sample range from ~7MPa, at shallow
displacement levels (~6pum maximum displacement), to
~33 MPa, at the largest indentation depth of 66 um. This stea-
dy increase in the unloading moduli for this sample (as well

as the increase seen in sample B after the second instability)
is a likely effect of the increase in density due to compaction
of the VACNT matrix under the indenter. Both VACNT sam-
ples A and B also show slightly higher values of stiffness at
the faster rates, consistent with the typical behavior for visco-
elastic solids [69].

We note a particular limitation of our method in calculat-
ing the unloading moduli from Eq. (1) as reported in Fig. 4a:
Eq. (1) inherently assumes indentation of an elastic half-
space, as generally found in monolithic materials [49,70]. This
may not be suitable for VACNTSs, which are inherently hierar-
chical in their structure. Moreover, as shown in Fig. 2d for
sample B, the VACNT foam can also fracture, further altering
the boundary constraints. In spite of these aspects, Fig. 4a
helps to underscore the large difference in stiffnesses be-
tween the two VACNT samples.

Such differences in unloading moduli between the two
samples can be directly attributed to the differences in
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tortuosity or waviness in their structures. As shown earlier
in Fig. 1, the VACNTs in sample B have a more vertically
aligned structure than that of sample A. The longer growth
time for sample A results in the distinctive tortuous nature,
and the SEM images of this sample show a characteristic
waviness with chord lengths of around 7.5-8 ym in their
upper cross-section (Fig. 1b). Thus the VACNT network in
sample A can be viewed as being already pre-buckled/pre-
bent, where the favorable contact energy between the tubes
(van der Waals) is balanced by the bending strain energy of
their arrangement, resulting in a stable low energy configu-
ration [10]. This structure has a lower mechanical stiffness
than the more aligned tubes of sample B. This justification
is supported by prior theoretical studies on CNT networks,
which have also reported the effective moduli of such net-
works to be strongly affected by the waviness of the CNT
members [36,37]. These studies have shown that an increase
in the tortuosity of the fibers (i.e., either a decrease in the
chord length, or an increase in the amplitude) can cause a
significant decrease in the modulus of the CNT network.
The effect was also found to be magnified at lower densities
[37]. Our results from Fig. 4a and Table 1 suggest that both
these factors - a stronger waviness in sample A and the low-
er density of sample B - are responsible for the large differ-
ences in the moduli of these two samples. The in situ tests
described in Fig. 2 also suggest that the lower instability
(or buckling) stress of sample A could be related to the larger
effective buckling length in Sample A (~60 pm) as compared
to Sample B (~32 um).

Fig. 4b shows the trends in the % recovery (R, Eq. (2)) and
Fig. 4c the loss coefficient (1, Eq. (3)) as a function of the
load-unload cycle number across the three loading rates.
The data for both these figures contain results only for the
tests loaded beyond the first instability (or burst). The dis-
tinctly higher recovery for sample A (R ~ 80% for the first cy-
cle) as compared to sample B (R ~ 22-40%) is evident in Fig. 4b.
The loss coefficient 5, or fractional energy dissipated during
the load-unload cycling process (Fig. 4c), also shows a very
similar trend, with sample A demonstrating 2-3 times higher
values than sample B.

Interestingly, the two samples show opposite trends with
respect to the indentation loading rate. Thus, while in sample
A the tests conducted at the slowest 10 nm/s rate are the most
permanently deformed (i.e. least recovered), the reverse is
true for sample B where the fastest 1000 nm/s tests show
the lowest values of R and 5, especially in the first cycle
(Fig. 4b and c). For VACNT networks showing high resilience,
such as sample A, the reduced recovery at slower rates is ex-
plained by the greater time allowed for the individual CNTs to
come in close contact with one another. These inter-tube
interactions are inherently adhesive, due to van der Waals
attractions [71]. At the slower indentation rates these attrac-
tive forces supersede the elastic recovery process and thus
decrease the reversibility of the VACNT structure under the
imposed strain, resulting in lower values of R and . Repeated
cycling further acerbates the process, and the values are seen
to drop even more with increasing cycle number. In contrast,
at the faster rates there is insufficient interaction time be-
tween the CNTs in sample A, and hence much lower adhesion
and higher recovery [16].

For sample B, the deformation is dominated by the zone of
lower VACNT density present below the surface. Here, the
individual CNT struts are also more vertically aligned than
in sample A (Fig. 1), making the shear strength in the vertical
plane of this sample much lower than that of sample A. Un-
der the high shear forces generated during indentation, sam-
ple B experiences a catastrophic shearing-off process where
the shear proceeds vertically through the VACNT thickness
down to the zone of lower VACNT density. This effect is more
drastic along the indenter edges where the indentation shear
forces are the largest. In contrast, the slower indentation
rates allow more time for the CNTs to reconfigure themselves,
and thus help prevent the catastrophic nature of the burst.
Hence, in sample B the recovery is higher at slower rates
due to the lack of the sudden displacement burst during the
loading cycle. The same effect is also seen at faster rates dur-
ing repeated cycling in sample B (Fig. 4b); at 1000 nm/s the
large displacement burst in the first cycle results in very low
values of recovery (R =22.6 + 2%). The burst is absent in the
subsequent cycles and the recovery improves to ~30% from
the 2nd cycle onwards.

We note that the very high recovery (R ~ 80%) of sample A
is quite unique for VACNTSs under large displacement inden-
tation boundary conditions. Most VACNT systems exhibiting
high recoverability have been tested under uniaxial compres-
sion, where shear stresses are negligible [1,5,6,15,16]. How-
ever, when tested under indentation, some of these same

systems have shown very poor recovery (R<10%)
[21,22,72,73], much lower than that of VACNT sample A in this
study.

Some prior indentation studies have also noted the cata-
strophic shear process in the VACNT network. In these re-
ports, the shear proceeds through the entire VACNT
thickness, and leads to their virtually-nonexistent material
recovery [21,22]. Instead, while sample B in our study suffers
from the same shear phenomenon, the presence of the zone
of low density in this sample helps to arrest the shear process
to only the top section of the VACNT film. As a result, the
recoverability of sample B (R ~ 22-40%) still compares favor-
ably to others reported in literature under indentation.

The viscoelastic indentation responses of the two VACNT
films, in terms of the measured values of their storage modu-
lus (E'), loss modulus (E”), and tan §, are shown in Fig. 5. In this
figure, both the storage and loss moduli for sample A are seen
to increase as the indentation depth is increased from 15, 26,
36, 47, 58 to 68 um. No such increase was noted for sample B.
Note that the data for sample B contain values for only the
three deeper depths of 47, 58 and 68 um (see Materials and
Methods, Section 2.5).

We find the storage moduli to be frequency independent
over the range of frequencies probed for both samples, indi-
cating that the VACNT’s elastic deformation is likely due to
the same mechanism (probable tube bending) over the range
of timescales tested. On the other hand, the loss moduli (and
tan ) values for sample A show an almost step increase at
10 Hz; above 10 Hz a doubling in the values of these parame-
ters can be seen in Fig. 5b and c. Unfortunately the cut-off fre-
quency (50 Hz) of our instrument prevents further study of
this behavior at higher frequencies. Similar to the trends of
R and 75, such frequency dependence can also be explained
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by the lower interaction time available at higher frequencies.
The additional time available at the lower frequencies in-
creases the adhesive interactions between the CNTs, causing
a decrease in its ability to dissipate energy.

No such frequency dependence was noticed for the three
deeper depths of 47, 58 and 68 pm in sample B. For both sam-
ples, the storage moduli E' shown in Fig. 5 match well with the
unloading modulus values described earlier in Fig. 4.

3.5.  Morphology and recoverability of VACNT systems

The high recoverability in VACNTSs and the lack of morpholog-
ical damage after deformation has significant implications for
their use as protective materials and in energy dissipation de-
vices. We have observed that an increased density and tortu-

osity correlates with a significantly higher resilience of the
VACNT sample.

In order to understand the factors contributing to the
recoverability of VACNTSs, we first investigate the density gra-
dient(s) present along the film height. The results from Figs. 1,
2 and 4 appear to indicate that the ability of VACNT sample B
to recover under indentation can be strongly affected by the
presence of a zone of lower VACNT density ~32 um below
the top surface (as we have investigated in more detail else-
where [45]). While such low density zones have an obvious
softening effect on the mechanical properties of this sample,
it is still unsure whether this in itself is the sole cause for its
lower recoverability. In order to test this effect further, a third
VACNT sample was synthesized with a similar reaction time
of 7 min resulting in a similar film thickness (~179 um) as
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sample B. Care was taken to keep the input rate of the precur-
sor solution constant during synthesis of this third sample,
and thus (unlike sample B) no lower density bands were pres-
ent in this case. The recoverability of this sample (after buck-
ling) was calculated to be R=54%. Although this value is
somewhat higher than that of sample B, it is still significantly
lower than the R ~ 80% seen for sample A. Hence, we can con-
clude that the presence of the low density bands is not the
prime cause for the lower recovery of sample B.

We hypothesize that the lower recovery for VACNT sample
B is caused by the more vertical alignment of the constituent
CNTs in its matrix, as shown in Fig. 1 [15,74]. As discussed
earlier, the vertical plane in this sample is expected to be
the plane of lowest shear strength due to the more vertically
aligned nature of the constituent CNTs with respect to the
loading axis. Once the critical shear stress is attained during
loading, the shear-off proceeds catastrophically along this
vertical plane through the thickness of the VACNT film down
to the underlying low density zone. Thus after buckling there
is significant entanglement of the tubes in its matrix. These
lateral interconnections between the adjacent CNTs inevita-
bly lead to a strong bundling of the tubes. These interactions
are inherently adhesive, due to van der Waals forces, and
hence detrimental to the VACNT recovery.

On the other hand in sample A the VACNTSs are more tor-
tuous in nature. Such tortuosity/waviness of the CNTs in
sample A is expected to cause a higher number of inter-tube
contacts in its as grown state, and such interconnections are
instrumental in increasing the vertical shear strength of the
matrix and hence prevent any catastrophic shear off under
indentation. By avoiding the sudden bundling together of its
members sample A is able to demonstrate significantly higher
recoverability than sample B. The tubes in sample A also have
twice the thickness of the CNTs in sample B (see Table 1), and
hence the resultant increase in the bending stiffness of the
tubes would also aid their elastic recovery process. This
matches well with a number of observations in the literature,
where reversible VACNT deformation was reported to be more
common for thicker tubes (of >40 nm diameter) [1,25,26].

The above hypothesis is also supported by the results of
the viscoelastic measurements of the two samples. In sample
A (Fig. 5), we find the storage and loss moduli to increase with
increasing indentation depth. Both of these increases can be
explained by proportional increase in the number of inter-
tube contacts happening at these depths. Theoretical studies
have shown that the effective elastic modulus (represented by
the storage modulus E') of a stiff fiber network is directly pro-
portional to the number of inter-tube contacts [34,36,37]. Sim-
ilarly the viscoelastic behavior of VACNTs is thought to be due
to the zipping and unzipping of the CNTs upon contact [5,14],
and hence an increasing number of interconnections between
the tubes should result in a greater viscoelastic response (and
a resultant increase in the loss modulus E"). However, since
these interactions are also inherently adhesive, it stands to
reason that the recovery in this sample should follow the re-
verse trend, i.e., R should decrease with increasing depth.
This can be seen in Fig. 5c (inset) where the recovery gradually
decreases from a near complete recovery, R=100%, at the
indentation depth of hmax = 10 pm to R = 78% at hmax = 65 pm,

indicating the detrimental effects of increased VACNT inter-
connections on their recovery.

The large displacement burst seen in sample B also causes
a sudden sharp increase in the CNT lateral connections. We
theorize that the catastrophic nature of this shear-off process
results in a strong bundling of the contacting CNTs, and a
concurrent loss in their alignment. Thus any further increase
in the indentation depth beyond the critical shear-off depth
causes very little change in the VACNT viscoelastic properties
(see data for sample B in Fig. 5). Beyond this critical indenta-
tion depth the bundled VACNTSs in sample B also lose any fre-
quency dependence in their behavior. These results are
similar to those reported in literature for randomly arranged
CNTs (i.e. CNT arrays without any preferred vertical align-
ment, Ref. [5]) where the tan delta and storage and loss mod-
uli were seen to insensitive to the applied frequency.

We note that while these results were found to be repeat-
able over different sample sets (including the third sample set
described above), they are however valid only for the particu-
lar growth technique used in this work. The CVD technique
for synthesizing VACNTSs can be notoriously difficult to con-
trol. Changes in the synthesis routines — such as the use of
a variable precursor input rate instead of a constant one —
can substantially change the resultant VACNT density, align-
ment, and tortuosity, including their respective variations
along the film heights, which affects their recovery [45]. This
is reflected in the wide range of recoverability values reported
for CVD-VACNTs synthesized using the CVD method
[1,5,6,12,15-20]. Experimentally quantifying these parameters
continues to be a challenging task.

4, Conclusions

In summary, we report a correlation between certain morpho-
logical features of VACNT films, such as the tortuosity of the
individual CNTs, and the recoverability of the systems after
indentation. We find that the taller VACNT films synthesized
for a longer growth time show a higher resilience under
indentation. We hypothesize that the higher recovery in the
taller films is caused by the increased tortuosity of the con-
stituent CNTs in their network, as well as their higher densi-
ties. This combination enables the taller VACNT films to avoid
a catastrophic shear failure under the indenter, hence
enhancing their recoverability.
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