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Highly nonlinear contact interaction and dynamic energy dissipation
by forest of carbon nanotubes
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Mechanical response and energy dissipation of an array of carbon nanotubes under high-strain rate
deformation was studied using a simple drop-ball test with the measurement of the dynamic force
between the ball and forest of nanotubes. This convenient process allows extracting force—
displacement curves and evaluating dissipated energy by the nanotubes. The contact force exhibits
a strongly nonlinear dependence on displacement being fundamentally different than the Hertz law.
The forest of vertically aligned nanotubes may be used as a strongly nonlinear spring in discrete
systems for monitoring signal propagation speed, and as a microstructure for localized energy
absorption. €2004 American Institute of PhysiddOl: 10.1063/1.1829778

Strongly nonlinear elastic materials are of scientific andCNTSs, with their exceptional elastic stiffness combined with
technical interest as their unique characteristics can be utexcellent resilience under large strain exhibit a strongly non-
lized as an energy-absorbing layered material for noise anlihear behavior.
shock wave mitigation and as nonlinear phononic crystals.  Arrays of carbon nanotubes were grown in a microwave
The most famous example of such a nonlinearity is the Hertplasma chemical vapor depositig6VD) system consisting
zian interaction law describing forces at one single contacof a 2.45 GHz microwave power supply and an inductively
between two linear elastic solids, where the force-heated substrate staﬁoez.lPrior to growth,~5 nm thick film
displacement relationship has no linear part because of thef cobalt metal catalyst was evaporated onto a silicti0)
variation of contact area with the foréeChanging contact substrate. The samples were transferred to the growth cham-
interaction is crucial for tailoring properties of strongly non- ber and heated to 765 °C in hydrogen flowing at 200 stan-
linear phononic material, for example, for the tunability of dard cubic centimeters per minusecm and held at 20 Torr.
the speed and shape of propagating sigmaiother example A 1 KW microwave plasma was subsequently ignited. Am-
of strongly nonlinear behavior can be found in some low-monia(NH3) gas was then introduced to completely replace
density materials, such as foams, cellular, or fibroughe hydrogen, and acetylef@,H,) was added 2 min later to
materials®® The drawback of these materials is that whenstart the nucleation and growth of nanotubes. The growth
large deformations are involved, damage, crushing, or elastiduration was 50 s. The total gas flow rate and pressure was
buckling may dominate the behavior of these materials.  held constant at 200 sccm and 20 Torr respectively. The

Since their discovery,carbon nanotubeéCNTs) have  NH3:C,H, ratio was 3:1. The cobalt catalyst layer breaks up
been explored for many potential technical applications. Thénto islands on heating, thus inducing a growth of individual
mechanical response of individual nanotubes under axial anganotubes. The local electric field in the microwave process-
radial deformation has been studied extensively using thedng allows aligned growth.
retical and molecular-dynamics analy&i8. The elastic The nanotubes had a narrow diameter distribution
modulus(E) has been theoretically calculated in agreemenground 30 nm and were aboutum in average length, a
with experimental data to be very high, about 1tPY  small portion of the nanotubes were much longer than the
Nonlinear elastic properties, stability, yielding, and fracturedverage. The estimated density is about 100 Chs7. A
of CNTs were studied in Refs. 7-10 and 12-16 showindypical microstructure of CNTs is shown in Fig(al. The
mechanical robustness of the nanotubes. nanotubes showed slight tangling near the top region, which

Behavior of bundles of nanotubes under pressure wagould be due to their natural mechanical growth configura-
studied in Refs. 17 and 18, and nonlinear penetration resiglon or due to van der Waals force attraction of nearby nano-
tance was experimentally investigated for the forest of verti-
cally aligned nanotubes. However, neither experimental :
data on the contact resistance of the forest of nanotubes ungs

Impacting ball
CNTs forest. H

the high-strain rate response and mechanical properties of (St ) ' Wave-guide
forest of vertically aligned CNTs. This allowed measurement .
and calculation of force—displacement relations for high-
strain rate penetration process at the level of displacement a

Piezo-gauge,
RC~103us

small as a few microns. The results of this work indicate that (@) ®)

FIG. 1. (a) Forest of CNTs before impact an@) experimental setup for
¥Electronic mail: vnesterenko@ucsd.edu measurement of contact force between the CNTs and the impacting ball.
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FIG. 2. (a) Experimental data for force vs time for contact interaction between the steel ball and the CNTé&clanestl) compared to that between the ball
and bare Si wafefcurve 2. For convenience, comparison curves are centered at their corresponding maxbnéonce—displacement curves for contact
interaction of a ball with a forest of CNTgurve 1) and Hertzian contact interaction of a ball with bare Si wdtenrve 2 based on E@3)].

tubes. The presence of such entanglement may help to forof parameters were used: maas 0.03g and the initial im-
a laterally connected nanotubes arrangement structure.  pact speediy=0.20 m/s. The interaction force between a
The experimental setup for measurement of mechanicdall and forest of nanotubes can be approximated by power
response of the contact between the impacting ball and thiews with significantly different exponents for different
array of nanotubes is presented in Figb)l It includes a ranges of displacements. In the intervdk4.8 um, F
calibrated piezosensdiRC~ 10> us) connected to a Tek- =Ad" with A=2.1X102 and m=1.07, and in the interval
tronix oscilloscope to detect force—time curves during dy-4.8 um= <6 um, F=B& with B=1.03x107 and n
namic interaction. Calibration was performed taking into ac—=8.78. ForceF is measured in Newtons and displacemént
count conservation of linear momentum. A piezogauge wa# micrometers. The obtained data might also be used for
placed on the top surface of a long, vertical steel (welve  estimating elastic properties of a densified forest of CNTs.
guide imbedded at the bottom into a steel block to avoid  The resultant force—displacement curve is shown in Fig.
possible waves reverberation in the system. 2(b), curve 1. For comparison, the Hertzian equatjéig.
High-strain rate contact interaction was generated by a(b), curve 2° for ball-silicon wafer contact is also pre-
impact of a steel ball with 2 mm diameter dropped from asented as described below
height of 2 mm at room temperature. The calculated velocity
of impact was 0.20 m/s, the duration was abouj8&nsur-
ing the strain rate in the interval 401 s™1. An essentially
similar contact behavior was observed for impact velocities

of 0.14 and 0.30 m/s. Scanning electron microScE¥M) \hereR s the radius of the ball indicates the displacement
analysis of deformed nanotubes was performed on a Phl||lpauring interactiony; and v, are Poisson coefficients, aiqg

SEM operated at 30 kV. and E, are Young's moduli for Si and steel, respectively
The measured contact force between the steel ball an(q,l:,}zzolzs E,=130 GPaE,=207 GPa

the forest of nanotubes versus time is shown in Fig),2 It is clear from curves 1 and 2 in Fig. 2 that the nanotube
curve 1. Repeated experiments demonstrate identical behayyy o1 exhibits a fundamentally different response of contact
ior of contact force. For comparison, the contact response Oferactions as compared to the silicon surface. This non-
the bare Si wafer under identical impact conditions was alsertzian behavior is revealed by initially weakly nonlinear
measured and presented in Figa)2curve 2. With the pres-  oce dependence on displacement in a relatively wide range
ence of nanotubes array, a dramatic change in the slope gk s-_5 microngcompare insert in Fig.(®) for Hertz law
contact force is evident in the first part of interaction process¢y, small s and curve 1 At larger displacements, the contact

A signific_ant decrease of the maximal _force caus_,ed by th‘?orce[Fig. 2b), curve 1 starts displaying a strongly nonlin-
deformation of the forest of nanotubes is also noticeable. o5 pehavior in the remaining displacement range of 5-6

Contact force-displacement curfe-é) was constructed icrons. The initial 5 micron displacement are accompanied
based on the measured dependence of force on time. Consgy; 4 relatively small increase in force, which might be re-

vation of linear momentum allows an estimation of the ball|gteq to an initial engagement of the ball surface with the

4E,E,\ RS2

F(5) = ,
@ 3[Ex(1 - 18) + Ey(1 - 1))

3

velocity dependence on tima(t), using Eq.(1):

t
m(u—uo)=—f
t

0

F(t)dt. (1)

The velocity of impacting ballu(t) can then be used for
calculation of its displacement starting fromt,, which is

the beginning of interaction between the ball and the foresf

of CNTs[-30 us in Fig. 4a), curve ]

t
J u(t)dt.
t,

0

o= (2)
DependencéF - 6) was obtained by comparison of ex-

perimentally detected force and calculated displacemeéit
at the same momert In calculations, the following values

taller tubes sticking out of the forest. As the ball continues to
penetrate into the nanotubes, forest densification and defor-
mation of the forest follow. The dramatic change in force
slope observed in the last stagel micron range of ball
displacement prior to the peak deformation position. The ve-
locity of the ball is zero at the peak of tie-t curves in Fig.

(a). The slope increase might be related to the continuously
increasing volume density of nanotubes as the height of the
compressed manotubes array is decreased further by the im-
pacting ball(this contact behavior is qualitatively different
from linear elastic materials which follow Hertz lawlt is

not clear if this highly nonlinear behavior is connected to the
sideways interaction of the bending nanotubes. Another fac-
tor to consider is that as the upper part of nanotubes bends
sideways, the remaining still-vertical portion of the same
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Impact with a velocity of 0.20 m/s results in absorbed
energy equal to 0.44J or an upper limit for volume density
235 MJ/n? per initial volume of an impacted area of the
forest of nanotubes. The corresponding localized energy on
each nanotube gives a value of 0.015 nJ, which is compa-
rable to Ref. 18. This amount of energy can be related to the
estimated maximum pressure on the cont&GPg based
AR L G T on the maximal measured for¢@.9 N) and diameter of the
(@) o ' (b) heavily deformed aregabout 20um) [Fig. 3@)]. This indi-

\,/ § = Zimm cates that the forest of nanotubes can be utilized as a me-
chanical energy storage device at high-strain rate deforma-
CNTs THm tion as suggested earlier for reversible quasi-static
Tscoum compression at similar level of pressufés.
\l/ A different array of multiwall CNTs synthesized by dc
Plasma CVB® showed a dramatically different behavior.
CNTs In summary, it is shown that the dynamic deformation of
a forest of CNTs exhibits a strongly nonlinear non-Hertzian-
© type contact interaction law, which may be useful for the
design of strongly nonlinear phononic discrete systems using
FIG. 3. (a) Heavily deformed impacted area shown by white cirgly; ~ th€ nanotube array as nonlinear springs. Such a nonlinear
interface between heavily deformed and undeformed region(@nsche-  behavior allows tunability of properties of phononic devices
matic diagram showing the initial and final stages in the nanotube array. due to the dramatic change of stiffness of contact interaction
with applied static force. The results also reveal a significant

nanotubes gets shorter, thus requiring a much higher stress [@el of energy absorption on high-strain rate deformation at
deform. In order to clarify the mechanisms associated withigh pressures on the order of a few GPa.

the weakly nonlinear part of interaction, experiments with a

very uniform height would be desirable. Strongly nonlinear ~ This work was supported by the NSEGrant No.
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linear springs between inertial elements, and can be utilizednd J. AuBuchon at UC San Diego for help.
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