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ABSTRACT
The compressive modulus of dense vertically aligned multiwalled carbon nanotube (CNT) arrays synthesized by chemical vapor deposition
was investigated using an optically probed precision-loading platform. For CNT arrays with heights ranging from 15 to 500 pm, the moduli

were measured to be about 0.25 MPa and were found to be independent of array height. A continuum mechanics model based on multimode
buckling guided by the wavy features of CNT arrays is derived and explains well the measured compressive properties. The measured compressive
modulus of the CNT arrays also satisfies the “Dahlquist tack criterion” for pressure sensitive adhesives, which was previously observed for
these vertically aligned CNT arrays (Zhao, Y., etal.  J. Vac. Sci. Technol., B 2006, 24, 331-335).

While major research interests in the mechanical propertieswere ion-beam sputtered with a thin layer of iron (Fe) as
of carbon nanotubes lie in the characterization of individual catalyst on top of an aluminum (Al) adhesion layer. The
carbon nanotubes (CNTS)or composite materials with  feedstock gas was ethylene, and the substrate was locally
dispersed CNT&,® mechanical properties of CNTs in the heated to~750 °C when growth of CNTs was initiated.
form of a dense vertically aligned array have been relatively Details about carbon nanotube growth can be found else-
scarce in the literaturé? Cao et af. reported a super-  where?'° The as-grown CNT arrays had tube diameters
compressible characteristic of vertically aligned CNT arrays 20—-30 nm with an aerial density 101 tubes/cri. The array

that are~1 mm long and observed wavelike folding of the heights (length of CNTs) were controlled by growth time
CNT arrays during compression due to multimode buckling. gnd ranged from~10 um to more than 50&m. Figure 1
Deck et aP recently studied the tensile and compressive ghows a typical side view of an as-grown CVD CNT array

behavior of CNT mats. However, in both studies the length ith array height~50 um. The CNTs are inherently wavy
dependence of the elastic moduli was not discussed specif-yong their lengths.

ically. The goal of this paper is to investigate the compressive
properties of CNT arrays and explore its array height
dependence. We found that the compressive moduli are
almost independent of array height for heights spanning over
1 order of magnitude range, and identify the underlying
reason.

Dense vertically aligned CNT arrays were synthesized on
rigid substrates by chemical vapor deposition (CVD). The
substrates used in this work were silicon (Si) wafers with
thickness of 50Q«m. Before deposition, the Si substrates

A home-built optically probed loading platform using
Michelson interferometry and a reflective cantilever tip was
used to measure the displacement and force (Figure 2a). The
loading stage consists of two parts, namely: (i) a glass
cantilever beam on one side, and (ii) a piezoelectric kicking
stage on the other side providing the actuation. The glass
cantilever acts as a displacement and force sensor. The
cantilever displacement is monitored by a laser beam
reflected from the tip. The spring constant of the cantilever
can be determined from measuring the fundamental mode
* Corresponding author. E-mail: majumdar@me.berkeley.edu. resonant frequency. Knowing the displacement and spring
Ixtrlliversit_y of California. constant allows us to determine the force. On the other side,

as Scientific Inc. the loading stage is actuated by a piezoelectric element (PZT)
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Figure 1. SEM side view of a vertically aligned multiwalled CNT array. These CNTs are shown to have intrinsic wavy features. The inset
shows the unevenness at the free top surface of the CNT array.
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Figure 2. (a) Schematics of the optically probed precision-loading platform for indentation characterization of CNT arrays. (b) Calibration
curves of the loading platform using a rigid interconnect between the cantilever tip and the PZT stage: The upper figure records the
displacements from both the PSD and the Michelson interferometer as the PZT stage moves toward one direction; the lower graph shows
the difference between the two position recordings throughout the loading process, and the error iwithipm. (c) Experimental
schematic showing the compression test to characterize the compressive properties of CNT arrays.

kicking stage follows the design of Silveira and Mardhn, ment resolution of the current platform is limited by the
and a detailed description can be found in their paper. In cantilever tip at a lower resolutior0.5 um. The interfer-

our experiments, the PZT stage was driven by a sawtoothometer and the optical reflecting cantilever were placed inside
voltage signal at a frequency of 666 Hz and maximum a box to isolate the optical setup from disturbances from the
amplitude of 10 V (peak-to-peak). The relative high fre- environment. The loading platform can operate in tensile or
guency is needed to achieve a smooth motion. The actualcompressive mode by changing the direction of actuation.
displacement of the PZT stage is monitored by a Michelson Therefore, the same setup was also applied to the measure-
interferometer mounted on the stage. A typical time trace of ment of the adhesive (tensile) properties of the CNT arrays.
the optical intensity signal (128 Hz sampling rate with a  Figure 2c shows the schematic for compressive tests. A
moving speed-3 fringes per second orl um/s) is shown rigid strut (quartz, end cross-sectional dimension of 0.5 mm
in the lower-left inset of Figure 2a. We applied a sinusoidal x 2 mm), which is attached to the cantilever tip, is pressed
phase interpolation algorithm to the oscillating intensity into the CNT array, whose substrate is glued to the moving
signal. With this interpolation, a resolution ef10 s of part of the PZT kicking stage in the direction perpendicular
nanometer can be achievEddowever, the overall displace- to the array surface. The force-displacement relation is
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Figure 3. Representative stresstrain curves from the compres- Figure 4. Interface work of adhesion measured by the "peel-testf’.
sion tests of 15, 40, and 500n tall CNT arrays with an apparent Multiwalled carbon nanotubes were first grown on a slender strip
contact area of the strut 0.5 mm 2 mm. The inset shows the ©Of Sisubstrate. The CNT array was then pressed and adhered onto
effective compressive moduli of the CNT arrays evaluated at a strain & rigid glass substrate and pulled apart by the same loading platform.
of 10%. The error bars indicate the standard deviations from three AS @ quasi-static peeling process, the interface work of adhesion is
repeated tests for each sample. evaluated by taking the area under the force-displacement curve
divided by the apparent contact area of the strip to the glass surface.

recorded during the compression. With the loading curve, stryctural feature was also found in gecko setal artays.
the compressive modulus of the CNT array can be calculated.y/hjle the Dahlquist criterion may provide a necessary
Note that the maximum cantilever tip displacement is on the ondition for tack, the dry adhesion was also shown to
order of 100um. With a cantilever length of 60 mm, the  gepend on the array height: CNT arrays with height less
maximum angular rotation of the tip and the strut is estimated {5 50um showed adhesion and typically the shorter the
~0.1. better®® It is possible that the elastic energy stored in the
The stresssstrain curves under compressive loading of 15, array during preloading may adversely affect the adhesion

40, and 50Qum tall CNT arrays are shown in Figure 3. The interface by releasing the energy into the interface and
stress-strain curves are converted from the directly measured thereby peeling it apart. The typical interface work of

force and displacement relations by adhesion was characterized by a “peel-#€s$#'shown in
Figure 4 and was found to be around 36 nmiJAwhich is in
F\ ; (AL the typical range of van der Waals interfaces. Considering a
Ecomp= (,K) / (T) @ 30 um tall CNT array with an effective modulus of 0.25

MPa, it takes only about 10% of strain to store a similar
whereA is the apparent contact area. The fluctuation in the amount of elastic energy in the CNT array as the interface
stress-strain curves, especially for short arrays, is because work of adhesion. Therefore, it is likely that as the array
these curves represent real time traces of the loadinggets taller it is easier to store larger amount of elastic energy
processes and thus reflect possibly uneven contact as welln the array so that the adhesion interface becomes unstable.
as the measurement resolution in displacemedts um. Note, however, that our measured values of elastic
From the measurements during CNT array compression, wemodulus are significantly smaller than those reported by Cao
calculate theEcomp (shown in the inset of Figure 3) to be et al.” of ~50 MPa for an 86(&m tall CNT array and Deck
0.22+ 0.02 MPa for the 1xm tall CNT array, 0.25t 0.05 et al® of 818 MPa for a CNT array taller than 1 mm. The
MPa for the 4Qum tall CNT array, and 0.25 0.02 MPa  big difference could be due to multiple reasons involving
for the 500um tall CNT array. The error bars represent the growth-dependent structure of CNT arrays as well as the
standard deviation for three repeated tests for each samplejoading scheme. In their worl@ they used vapor-phase
Despite the large difference in array height, the elastic moduli floating ferrocene as the catalyst. Multiwalled CNTs grown
are found to be surprisingly close. by vapor-phase floating ferrocene catalysts can easily reach

It was previously shown that the CVD grown multiwalled millimeters in length but were also shown to have less
carbon nanotube arrays could show dry adhesive propertiescrystallinity, more catalyst residuals, and even multiple
due to van der Waals interactions with proper preloading, junctions along tubes enhancing coupling among neighboring
similar to pressure sensitive adhesiveAs experimentally tubes comparing with predeposited catalytic growth of
studied by Dahlquidt earlier on various kinds of tacky CNTs'®22 and therefore usually stiffer. The CNTs in our
adhesives, it was empirically concluded that all the adhesiveswork showed less cross-tube coupling because sharp-edged
need to have modulus less than 0.3 MPa in order to showdents in the arrays were left after indentation. Yap e al.
tack!*15Therefore, the relative softness of the CNT arrays recently characterized the behavior of an individual multi-
may have been one of the key reasons to the observed drywalled CNT under compressive loading by an atomic force
adhesive properties in our previous stdélyA similar microscopy tip. From their force-displacement relation of a
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Figure 5. Structural model of the buckling of a carbon nanotube
with independent tube assumption: (a) fundamental mode buckling;
(b) higher-mode buckling; (c) higher-mode buckling with bending.

6.6 um long CNT (30 nm tube diameter and aspect ratio of
220), the compressive modulus would-680 MPa assuming

an array of tube density of ¥0cm2in the prebuckling range
and~6 MPa in the range after buckling (for strai#25%).

It seems that our loading processes did not have the
prebuckling regime of pure compression possibly due to: (i)
uneven length distribution of the CNTs and (ii) the quartz-
strut might not be perfectly parallel to the CNT top surface.
As a result, the CNTs did not buckle at the same time, bu
sequentially.

t

displacement relation approximated for small displacement

16(4 - %)72

Taking the derivative of forceH) with respect to displace-
ment (A), one obtains the compressive modulus approxi-
mated for small strain/A/L)

F

= (4)

cr

_ 7Bl
8AcnrL”

(%)

whereAcnt is the average area one tube occupies. An exact
calculation without the small strain approximation gives
about 20% largeEc.mp than that from eq 5 at a strain of
10%.

Using a typical valu€ = 1 TPa for multiwalled CNT¢
| = z(D* — d%/64, where the outer diameté&r = 25 nm
and inner diameted = 10 nm, a tube density of 10cm2,
and apparent contact aréaof 0.5 mm x 2 mm, Ecomp iS
calculated to be 10 kPa for the 1&n tall array, which is
about 22 times smaller than the measured 0.22 MPa, 1.4 kPa
compared with the measured 0.25 MPa for theu40 tall
array, and 9.2 Pa compared with the measured 0.25 MPa
for the 500um tall array. Clearly, the model based on
fundamental mode buckling does not explain our experi-
mental results. Furthermore, tg,m, [ 1/L2 expressed in

To understand the mechanism that produces the observe§d ° is contradictory to the observed length-independent

compressive modulus, we first consider a fundamental mode

buckling theory. We neglect the surface entanglement and
the interactions of the neighboring nanotubes. As shown in

elastic moduli.
Itis observed under scanning electron microscopy (SEM)
that the CNTs are inherently wavy along the tube axis (see

Figure 5a, each nanotube is modeled as an elastic beam OF—igure 1). Under compressive loading, the buckling of the

lengthL with Young’s modulu€ and area moment of inertia

I. The beam is subject to a compressive ldadwhich is
applied downward on the tip. Wheh exceeds the critical
load F.; = 7%El/(4L?), the nanotube buckles (fundamental
mode considering the clamp-hinge boundary condition)
causing the tip to deflect by an angie Following from the
equations of motion for an elastic beam, the normalized
vertical displacement or strain of the tip can be expressed
ast

A_,_4 Tor
T=2-"E@ /£ @
wherep = sin(a/2) and the solution is
_z [F

Here, the function(e) and E(s) are the complete elliptic
integrals of the first and second kind, respectively. For small
o, E(p) ~ (7/2)(1 — p*#4) andK(p) ~ (7/2)(1 + pA4)?

nanotube may be guided by the wavy nature of CNTs at a
highernth mode (Figure 5b) containing waves from end

to tip (the fundamental mode contains 1/4 wave with the
assumed clamp-hinge boundary conditions). The wavy nature
of CNTs under compressive loading was beautifully shown
by Cao et af. through cyclic loading.

Assume the nanotubes take an evenly distributed sinusoidal
shape with a wavelength= L/n. Because a full wavelength
can be regarded as four sections of the structure shown in
Figure 5a being connected in series, it follows from eq 5
that the compressive modulus of the CNT in tith mode
buckling can be expressed as

L AEl _ 27°El
AnAcnT 814 Acnth’

(6)

comp ™~

It follows that Ecomp is independent of the array heiglht,
which agrees with our observations. To fit with our experi-
mental measurements Bf,mp one can derivé ~ 12.9um

for the 15um tall array,A ~ 12.1 um for the 40um tall
array, andi ~ 12.1 um for the 500um tall array. These
values are close to those experimentally observed by us (see

Substituting these expressions into the above equations andrigure 1) and those of Cao et‘alith A ~ 12 um for the

solving for the normalized load, one obtains the force-
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860um tall array. This matches the intuition that the buckling
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(6) Ajayan, P. M.; Suhr, J.; Koratkar, N. Mater. Sci2006 41, 7824~
7829.

(7) Cao, A.; Dickrell, P. L.; Sawyer, W. G.; Ghasemi-Nejhad, M. N.;
Ajayan, P. M.Science2005 310, 1307-1310.

(8) Deck, P. C.; Flowers, J.; McKee, G. S. B.; Vecchio JKAppl. Phys.
2007, 101, 023512.

waves are guided by the natural wrinkles of the CNTs and
should be a structural characteristic of the CNT array
regardless of the total length, as long as the overall
morphology is the same.

Although strains larger than 20% were not explored (9) Delreit, L: N V- Chen. B St R Cassell A H

- - . elzeilt, L.; Nguyen, C. V.] en, b.; stevens, R.; Cassell, A.; Ran,

expenmen'_[ally in our current study due to the force constraint 3 Meyyappan, MJ. Phys. Chem. 2002 106, 5629-5635.
of the loading stage, the force-displacement curve of the 500 (10) Delzeit, L.; Chen, B.. Cassell, A Stevens, R.. Nguyen, C.:
um sample already showed softertedn, at strain>10%, Meyyappan, MChem. Phys. Let001, 348 368-374.
which indicates possibly mixed buckling and bending of the (1) zsé'g’e"a’ W. R.; Marohn, J. ARev. Sci. Instrum.2003 74, 267-
CNTs (Figure 5c). y

In summary, we have used an optically probed precision-
loading platform to study the compressive properties of the
chemical vapor deposited dense vertically aligned multi-
walled carbon _nanOtUbe arrays. From compressive tests to overall precision of the loading platform was anyway limited by the
CNT arrays with tube lengths of 15, 40, and 50fn, reflecting cantilever and the signal of the PSD~d.5 um.
compressive moduli of the CNT arrays were found to be (13) l\Z/Ih‘?‘Ov J-? ;Ogg\r/ T SDGF'ZTe'tvh'--?I K3332”54Aé?31\/'23’33’53ppa”' M.
~ . . ajumadar, A.J. vac. SCl. Technol., y — .
. 0.25 MPa due to Sequent'f’il bUCk“ng E_ind were almost (14) Pocius, A.VAdhesion and Adhegs Technology- An Introduction
independent of CNT array heights for strains up to 20%. A Hanser Gardner Publications: Cincinnati, OH, 1997.
continuum mechanics model assuming noninteracting CNTs (15) Dahlquist, C. A. Pressure-sensitive adhesive$réatise on Adhesion
; ; indi~ati ; _ ; ; and Adhesies Dekker: New York, 1969; Volume 2.
is denve%llndflcatlfr:g higher mo_de bt;ckllng as the meﬁhamsm (16) Autumn, K.. Majidi, C.. Groff, R, E. Dittmore, A.: Fearing, .
responsible for the compression o CNT arrays. The mea- Exp. Biol. 2006 209, 3558-3568.
sured effective compressive moduli of the CNT arrays match (17) Dean, R. H.; Hutchinson, J. Wracture MechanicsWheeler, J. B.,
the empirical Dahlquist criterion for tack and allow for the Ed.; American Society for Testing Materials: Philadelphia, PA, 1980;
CNT arrays to show dry adhesive properties.

(12) Vacuum wavelength of the He-Ne laser was used in the calculation
of displacement. Cosine error resulting from the misalignment
between the direction of motion and the normal axis of the plane
mirror and other effects such as air refractivity, laser frequency, beam
drifting, and thermal effect were not considered here because the

pp 383-405.
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175-187.

(19) Hart, A. J.; Slocum, A. HJ. Phys. Chem. B00§ 110, 8250-8257.

(20) Deck, C. P.; Vecchio, K. Sl. Phys. Chem. B005 109 12353~
12357.

(21) Lee, C.J.; Lyu, S. C.; Kim, H. W.; Park, C. Y.; Yang, C. ®hem.
Phys. Lett2002 359, 109-114.

(22) Ting, J. M.; Li, T. P.; Chang, C. @arbon2004 42, 2997-3002.

(23) Yap, H. W.; Lakes, R. S.; Carpick, R. \Mano Lett.2007, 7, 1149-
1154.
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