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Arrays of aligned carbon nanotubes (CNTs) under compression are known to exhibit a dis-
sipative hysteretic response similar to classical foams. Here, we control the microstructure
of the arrays during synthesis using a variable supply of carbon source and catalyst. We
control CNT alignment and density along the array height, creating bands of high- and

low-density regions. We study the dynamic response of these materials and show the abil-

ity to tailor the location and extent of strain localization under compression. We show that
the synthesis procedures described herein allow for construction of CNT arrays with
improved protection and energy dissipation in impact tests.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Arrays of aligned carbon nanotubes (CNTs) have been observed
to present a dissipative, hysteretic response under compres-
sion, much like open cellular foams [1]. In addition to dissipat-
ing significantly more energy during compressive deformation
than commercial polymeric foams of comparable density
(0.15-0.35 gcm™~3) [2], these materials are also thermally and
electrically conductive and have therefore been proposed as
multifunctional millimeter-scale low-density protective layers
[1,2]. These systems have received much attention for being
functionally graded in their as-synthesized state, possessing
variations in such properties as average CNT diameter [3], den-
sity [4], alignment [5], presence of contamination [6], and de-
fect density [7] along their height. When these structures are
subjected to compression along the long CNT axes these gradi-
ents in structural properties are associated with strain locali-
zation and sequential collapse [1,8]. More specifically, as an
array undergoes increasing compressive strain it proceeds
through a sequence of buckling events in which each buckle
is completely formed prior to the formation of a new buckle,
with the non-buckling region undergoing no apparent defor-
mation [9]. This buckling is observed to take place from the

* Corresponding author.
E-mail address: daraio@caltech.edu (C. Daraio).

base, defined as the side nearest the growth substrate, where
the density also is lowest [4,9]. Such functionally graded prop-
erties are often challenging to obtain in macroscopic systems,
but are a desirable feature for foams used for protection
againstimpact [10]. Graded properties can improve a material’s
resistance to damage [11] and are frequently observed in natu-
ral systems [12]. The aforementioned graded structure of ar-
rays of CNTs is therefore an interesting feature that may
allow such materials to serve as low-density protective foams.
Limited low energy impact tests have been performed in the
past and shown that similar systems undergo nonlinear defor-
mation and exhibit energy dissipation during impact [13,14].
Here we devise a simple method to further control the defor-
mation and dissipation properties of CNT arrays, which has
not been previously reported.

Vapor phase (or “floating catalyst”) thermal chemical va-
por deposition (CVD) allows for the production of large quan-
tities of millimeter-scale well-aligned CNTs on unmodified,
inexpensive quartz surfaces [15]. The low-density (0.15-
0.35 gcm ®) CNT arrays that result can be repeatedly com-
pressed to large strains (>0.8) and hysteretically recover
nearly completely [16]. The microstructure and the resulting
bulk mechanical properties of these systems have been
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shown to be tailorable to some extent. For example, the
choice of hydrogen concentration used in the flow gas during
synthesis affects the average CNT diameter as well as the
bulk density and resulting mechanical properties of the array
[17]. In another study it was shown that partially-graphitic
layers of pyrolyzed carbon can be formed around the CNTs,
greatly increasing both the bulk density and the stiffness of
the array [18]. Others have combined CNT arrays with other
materials to affect overall structural properties, either by infil-
trating CNT arrays with polymer [19] or nanoparticles [20], or
by incorporating them into multilayer structures [2,14,21].

These studies on tailoring CNT arrays tend to focus on
understanding and engineering the bulk physical properties
of millimeter-scale arrays of CNTs through uniformly modify-
ing the microstructure. While some work has been done to
heterogeneously alter the microstructure of CNT arrays
[5,22], no work to date has examined how this could be used
to affect the mechanical response of the arrays. Here, we
introduce microscale heterogeneities during the synthesis
process by varying the input rate of catalyst and carbon pre-
cursor solution during sample growth. We observe that these
heterogeneities can be arranged to tailor compressive strain
localization along the height of the array and thereby improve
impact energy dissipation.

2. Experimental

2.2.1. Synthesis of CNT arrays

A floating catalyst thermal chemical vapor deposition system
was used to synthesize the CNT arrays. Specifically, we syn-
thesized millimeter-scale arrays of CNTs on thermally oxi-
dized Si substrates using a CVD system in a flow of argon at
827 °C. As reported in detail elsewhere [17], we typically use
a 0.02 gml~! solution of ferrocene (Fe catalyst precursor) in
toluene (carbon source), at an input rate of approximately
0.8-1 mlmin~%; however, in this study, we used non-constant
input rates for the precursor solution, controlled by a pro-
grammable syringe pump. As described in the main text,
higher input rates corresponded to lower density regions of
CNT growth. This fact was used to synthesize CNT arrays of
different architectures, as discussed.

2.2.2. Quasistatic mechanical deformation

We designed a small steel vise to hold the CNT arrays at var-
ious strains for desired intervals. This allowed for imaging
with scanning electron microscope (SEM), in this case using
a FEI Quanta 200F at 30 kV. Other cyclic quasistatic compres-
sion tests were performed using a commercial materials test
system (Instron E3000) at a strain rate of 0.01s™* to a maxi-
mum strain of 0.8, with strain being defined as the total dis-
placement normalized by the total height of the sample (i.e.,
samples compressed to 0.8 strain are only 20% of their origi-
nal height at maximum strain).

2.2.3. Impact tests

A steel sphere of 3/8 inch diameter and mass 3.47 g was
dropped from heights of 3-15 cm onto samples synthesized

using different feed rate profiles. Samples used for testing
were 1.05+0.10 mm in thickness and 0.287 + 0.044 gcm ™ in
bulk density. Though samples of a wider range of heights
(0.6-1.4 mm) and bulk densities (0.15-0.35 g cm~3) were syn-
thesized, only those near to the height and density specified
above were used in the analyses, in order to avoid introducing
additional variables that are known to affect the mechanical
response of the CNT arrays [17]. The testing apparatus was
activated with a switch that simultaneously triggered a sole-
noid to release the striker and started a Phantom V12.1
high-speed camera recording at 20 kHz (Fig. 4a). This recorded
the motion of the striker throughout the impact event, and al-
lowed calculation of its restitution coefficient using image
correlation routines. The apparatus included a force sensor
(PCB Piezotronics) underneath the sample, which was acti-
vated by the onset of dynamic force as a result of the striker’s
impact. A computer was used to record the resulting voltage-
time data during impact, and voltage was mapped to force
using the manufacturer’s and our own calibration data.

3. Results and discussion

When high injection rates (several mlmin~') are used in
bursts of a few minutes or less we observe that a correspond-
ing softer region results in the final CNT structure. Using high
resolution scanning electron microscopy (SEM) (see, for
example, the images and similar analysis presented in Ref.
[17]) we observe that the CNTs in these softer regions have
a lower average diameter than the CNTs in regions synthe-
sized with slower injection rates (~30 nm for the former and
~43 nm for the latter), but have statistically similar areal den-
sities (as estimated by a count of the number of CNTs per unit
length across the structure). This narrowing of CNT diameter
with increasing injection rate of precursor solution has been
observed previously [23,24]. At the other extreme, the precur-
sor input rate can be set to zero by pausing the injection sys-
tem, depriving the heating zone simultaneously of any new
carbon or catalyst. If the system is starved of precursor
solution in this way, higher density regions of lateral entan-
glement (poor CNT alignment) arise [5,22]. Supporting
Information Fig. S1 provides an image from the transition
region between adjacent bright and dark regions, in which
the change in alignment and entanglement can be seen. Past
work has quantitatively confirmed the variations in align-
ment in similar samples [5].

An input rate profile corresponding to a particular CNT
growth cycle is shown in Fig. 1a, in which a typical constant
input rate of 0.8 mlmin " is used (the normal growth or “con-
trol” case for the purposes of this work). In contrast, a variable
input rate profile is shown in Fig. 1b, in which the input rate
alternates between “excess” (8 mlmin ') and “starvation”
(0 ml min™?). Scanning electron microscope (SEM) images cor-
responding to each case are shown in Fig. 1c and d, respec-
tively. Note the uniform, aligned arrangement of the former,
corresponding to the constant input rate, and the distinct hor-
izontal bands of the latter, corresponding to an input rate
varying between excess and starvation.

As is typical for arrays of CNTs synthesized using floating
catalyst techniques [1,14,16,17], these arrays recover to most
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Fig. 1 - The input solution for synthesis of the CNTs consists of 0.02 gml* ferrocene in toluene, which can be applied at a
constant rate, as in (a), or at a variable rate, such as in (b); the constant input rate displayed in panel a corresponds to the
uniform, aligned microstructure displayed via SEM in (c) (scale bar is 100 pm) and the cyclic input rate represented in panel b
corresponds to the banded microstructure displayed in (d) (scale bar is 200 pm).

of their original height even after large quasistatically-applied
compressive strains (see Supporting Information Figure S2 for
representative stress-strain data measured in quasistatic
compression). In order to observe the manner of collapse in
the system under compression, we used a steel vise to hold
the arrays in a compressed state during SEM imaging.
Fig. 2a shows an array corresponding to the input rate profile
given in Fig. 1b in the uncompressed steel vise. Fig. 2b shows
the same CNT array compressed by the vise to approximately
0.35 strain. Fig. 2c and d give higher resolution SEM images of
the uncompressed and compressed states, respectively, from
the same sample. It is evident from the changes in Fig. 2d rel-
ative to Fig. 2c that the compressive strain is predominantly
localized in the dark bands. Comparing the height of the dark
band in Fig. 2d to its height in Fig. 2c, as indicated by the ver-
tical dashed lines, shows that the local strain in this particu-
lar dark band is about 0.42, about 20% higher than the global
strain for the full CNT array of 0.35 (we ensured that we were
measuring the same band in both cases by counting the num-
ber of bands from the top or bottom of the sample—an impor-
tant consideration given that there can be small variations in
height from one band relative to another).

Additional samples were synthesized with different car-
bon/catalyst solution input rate profiles. For the simplest
cases, samples were synthesized with only one of the low-
density bands described above. This was accomplished by
using a three-part input rate profile using the programmable
syringe pump. The three steps (I-III) are depicted in Fig. 3a:

(), a typical constant input rate of 0.8 mlmin ! was used;

(11), a higher constant input rate of 5 ml min~* was used in or-
der to provide carbon/catalyst in excess (for 2 min in most
cases); and (IlI), the same constant input rate as in step I
(0.8 mlmin ') was used. Notice that due to our synthesis ap-
proach, the ramp down time from a high injection rate to a
lower injection rate is not instantaneous. This results from
a small pool that forms at the front of the furnace (see the la-
ter discussion about this point). Two main categories of sam-
ples were synthesized: The first category of samples was
synthesized with a pause in the precursor input rate between
steps I/Il and between steps II/IIl. These samples are referred
to as the “discrete” band case because of the sharp bound-
aries that resulted between the low-density band and the rest
of the structure (see Fig. 3a). The other category of samples
was synthesized with no pauses between the three steps
and is therefore referred to as the “continuous” case due to
the lack of apparent sharp boundaries between the low-den-
sity band and the rest of the structure (see Fig. 3b).

Other groups have synthesized banded CNT arrays by
starting and stopping the injection of the solution of carbon
source and catalyst [25] or by dropwise synthesis [25,26]. In
these studies, however, the layers were found to separate eas-
ily [25]. In our case we find that there is excellent continuity
and adhesion between layers for both our discrete and con-
tinuous cases. This was quantified by testing the samples in
tension along the direction of nominal CNT alignment (see
Supporting Information Fig. S3 for a diagram of the setup).
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Fig. 2 - (a and b) A banded CNT structure (as synthesized according to the input profile displayed in Fig. 1b) in a steel vise in
uncompressed and compressed states, respectively (scale bars are 1 mm); (c and d) the microstructure in the uncompressed
and compressed states, respectively (scale bars are 50 pm), revealing how the buckling takes place predominantly in the

darker, more aligned regions; the vertical dashed lines are visual aids for observing the strain localization taking place in a

particular band.
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Fig. 3 - (a) The input rate of the precursor feedstock as a function of time that is used for synthesis of a single “discrete” band
and (b) the same for a “continuous” band that does not have the same noticeably sharp boundaries.

This is in agreement with an earlier report for a fixed catalyst
system using a pulsed carbon source to synthesize sub-mi-
cron size bands [22]. Two factors are likely to promote im-
proved continuity and adhesion even in the discrete case.
First, rather than abruptly shutting off the injection of precur-
sor solution, some residual evaporation of precursor contin-
ues for roughly half a minute (or up to 1 min when a high
injection rate has been utilized) due to the buildup of a small
pool of precursor in our system directly in front of the heating
zone of the furnace. This would act as a buffer to allow for a
gradual halt to CNT growth (allowing some CNTs to continue
growing for a short time, ultimately bridging separated lay-
ers). This also explains why the higher density regions, e.g,,

as pictured in the SEM image in Fig. 2c, have a gradient in
brightness as a function of height. Second, rather than paus-
ing the system for 10-15 min [5,25] or even longer [27], as oth-
ers have done, we kept the precursor flow off for only a few
minutes at a time. If we completely stopped the input of the
precursors for more than 10-15 min then the layers readily
separated even with light handling. Thus the continuity of
the CNTs between layers (and, as a result, the interlayer
strength) depends on the time that the structure is deprived
of precursors.

By changing the relative times for step I and step III illus-
trated in Fig. 3a (i.e., the normal synthesis rate before and
after the low density band, respectively), the ultimate location
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Fig. 4 - (a) A frame taken from the high speed camera with labels indicating the striker, sample, and force sensor; (b), a
representative plot of the trajectory of the spherical striker, as extracted from a series of hundreds of sequential images
similar to that seen in a; (c) a representative force-time curve extracted from the piezo sensor during a typical test.

of the low-density region could be adjusted along the height
of the CNT array. This allowed for the control of where, along
the height of the structure, the strain was localized during
compression. Note that because of the bottom-up synthesis
mechanism of floating catalyst CNTs [5,27], periods of excess
precursor solution that occur earlier during synthesis corre-
spond to low-density regions higher on the structure (further
from the substrate). Other input rate profiles were used to
construct samples with multiple low-density bands (by
repeating steps II and III in the above scheme multiple times),
samples with low-density bands of different thicknesses (by
varying the length of time for step II above), and samples with
increased discreteness between low-density and normal-den-
sity regions (by varying the amount of time that the input of
precursor solution was paused between steps I/Il and be-
tween steps II/II above).

In addition to the quasistatic observations (i.e., the SEM
images in Fig. 2 and the stress-strain data presented in Sup-
plementary Information Fig. S2), impact tests were performed
in order to study the dynamic response of these systems
(Fig. 4) using a similar technique as in previous work [13,14].
The testing apparatus was activated with a switch that simul-
taneously triggered a solenoid to release the striker and

started a high-speed camera recording at 20 kHz (Fig. 4a).
The falling striker was imaged continuously by the camera
before, during, and after impact, allowing the calculation of
the striker’s trajectory (e.g., Fig. 4b) and its incoming and out-
going velocities. The apparatus included a force sensor under-
neath the sample, activated by the onset of dynamic force as
a result of the striker’s impact. This gives a force-time profile
for each test (e.g., Fig. 4c).

By knowing the incoming and outgoing velocities of the
striker, the difference between the kinetic energy of the stri-
ker immediately before impact and that immediately after
was readily calculated. By the requirements of energy conser-
vation, this difference in kinetic energy for each collision rep-
resents the amount of energy dissipated during impact. The
percent of incoming striker kinetic energy that was dissipated
in each test was used as a figure of merit for the different
types of samples. Fig. 5a compares the average amount of
striker kinetic energy dissipated as a result of impact for
“control” samples (constant precursor input rate of 0.8 ml/
min), “discrete” samples (input profile given in Fig. 3a), and
“continuous” samples (input profile given in Fig. 3b). Both
types of modified samples dissipate significantly more energy
than the control case and show only a small difference
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Fig. 5 - (a) Average energy of the striker that is dissipated during an impact test (drop height 12.25 cm) for samples with no
bands (the control case), one “discrete” band with sharp boundaries, and one “continuous” band with gradual boundaries; (b)
average penetration depth of the striker for the test and sample types in a; (c) representative force-time curves for the three
sample types; (d) representative force-displacement data for the same.

relative to one another. Though Fig. 5a corresponds to impact
events from drop heights of 12.25cm, we did not see any
dependence on striker velocity within the margin of uncer-
tainty of our tests for the drop heights used (from ~3 cm to
~15cm, corresponding to impact velocities of 0.77-
1.72ms ' and approximate initial strain rates at contact of
0.73x 10°-1.64x 10°s71).

The low-density regions act to improve impact energy dis-
sipation in multiple ways. First, the low-density bands result
in larger displacement during contact. This is illustrated in
Fig. 5b, where the average penetration depth during contact
of the spherical striker into the sample is given for each sam-
ple type. The penetration depth was calculated using the
force-time data from the piezo sensor (e.g., Fig. 5c¢) and the
Newtonian equations of motion for the striker. That is, the
data for force as a function of time gathered at the sensor is
approximated as the instantaneous force on the impacting
sphere (ignoring the effects of stress-wave propagation as a
first order approximation). Striker velocity as a function of
time is determined by integrating this data in Newton’s sec-
ond law, using the incoming velocity of the striker as deter-
mined by the high speed camera as the integration constant
corresponding to the initial velocity. Finally, this is integrated
once more to obtain displacement as a function of time, with
the initial position (onset of force) defined as zero position.
The striker displacement into the samples is ~20-30% higher
for the samples with bands than for those without (Fig. 5b).
This increased displacement means that the force during im-
pact acts over a longer distance, with a larger portion of the

structure deforming and thereby dissipating energy. This
has been shown to be an important cause of energy dissipa-
tion in other structures with variations in density, such as
functionally-graded honeycombs [28]. Accordingly, the trend
for energy dissipation (Fig. 5a) closely matches that for pene-
tration depth (Fig. 5b). Fig. 5d plots representative force—
displacement curves for the different types of samples,
revealing that the enhanced energy dissipation for the
banded samples corresponds to lower peak forces (an impor-
tant metric for protecting objects behind a foam layer from
impact) and higher displacements.

A second contribution to energy dissipation that results
from the low-density bands is a slight increase in localized
permanent deformation in samples containing them. This
was confirmed with SEM imaging after the impact tests (see
the permanent deformation for a banded sample pictured in
Supplementary Information Fig. S4; this was not observed
for the control samples). This was also confirmed by repeated
impact events in the same location for each sample, which re-
vealed that after the first one or two impact events the sample
performance quickly declines (as concluded by decreased en-
ergy dissipation and increased peak force), becoming approx-
imately the same as the control samples’. In this way the
softer region appears to become somewhat compacted, losing
its benefit after a few strikes (but always performing at least
as well as the control samples despite this). It is important
to note that this compaction is highly localized. If the striker
impacts a portion of the sample even a couple millimeters
from a previous impact site then dissipation proceeds as if
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the sample had not been impacted previously. The locality of
damage is apparent in Fig. S4a, in which the computed max-
imum penetration depth (e.g., as discussed in the context of
Fig. Sb) was used to display the location of the spherical stri-
ker (thin dotted curve) at maximum depth. This shows how
much of the CNT array came into contact with the striker,
and allows one to visualize how these relate to the area of
damage.

In addition to the effect on impact energy dissipation that
arises from increased striker displacement and sample per-
manent deformation, we also expect the bands to have a third
effect due to resulting changes in stress wave propagation. It
has been observed in other systems with layers of varying
densities that these can greatly affect stress-wave propaga-
tion in high (blast loading) [29] and moderate (low kinetic en-
ergy impact tests such as ours) [30] strain rate conditions.
Depending on how the stress wave amplitude compares to
the local yield stress, the variations in density can result in
changes to both the shape of the stress wave as well as the
net energy dissipated [31]. This may be a factor in our systems
but it requires further study to understand its relative impor-
tance, as little has been reported regarding stress wave
propagation in aligned CNTs. Given the high correlation of
improvement in energy dissipation with penetration depth
(Fig. 5a and b, respectively), we expect that increases in pen-
etration depth play the largest role in the increase in energy
dissipation at the tested strain rates.

We also studied how the thickness of the band affects the
mechanical performance by changing the amount of time
during synthesis that the high input rate of precursor solution
was used (i.e., step II in Fig. 3a). The resulting samples were
tested under impact, and the band sizes were determined
using SEM (all samples in this case were of discrete type in or-
der to facilitate accurate measurement of band height). The
results are given in Fig. 6. Note that for very short or very thick
bands the performance of the samples under impact actually
becomes worse than the control case. The best performance
is found for bands in the 30-55um range. We expect that
the optimal band size could vary if strain rate changed signif-
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Fig. 6 — The thickness of the low density band affects the
energy dissipation of the structure under impact (the
horizontal line at 0 indicates the average performance of
samples with no bands); the horizontal bars indicate the
uncertainty of the band thickness due to variations within
any given sample.

icantly, since the density profile for optimal energy dissipa-
tion can change with the amplitude of the stress wave [31].
It is also worth noting that some samples of the continuous
type performed better than the maximum performance given
in Fig. 6, dissipating up to 20% more energy than the control
case. Such tests were not included due to the difficulty of
accurately measuring the band thickness in the continuous
case.

4. Summary

By varying the input rate of the precursor solution (containing
both the carbon source and the catalyst precursor necessary
for CNT synthesis) into a CVD furnace, CNT arrays can be syn-
thesized with a heterogeneous structure. Higher precursor in-
put rates lead to softer regions (with lower average CNT
diameter, increased alignment, and less lateral entangle-
ment), which are observed to buckle earlier than higher-
density regions when the structure is subject to compression.
As a result, strain can be controllably localized in a com-
pressed CNT array. The presence of these low-density regions
leads to improved energy dissipation under impact but also
tends to increase the permanent deformation or damage that
results from such an event. Despite this, even after damage
has occurred the samples with the low-density regions still
perform at least as well as control samples. We found that im-
pact energy dissipation is dependent on the thickness of these
low-density bands. The number of bands is also expected to
affect the mechanical performance, but we did not produce
a sufficient number of samples of the proper height and
density to statistically verify this with our experiments.
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