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ABSTRACT

An individual carbon nanocoil was clamped between two AFM cantilevers and loaded in tension to a maximum relative elongation of ~42%.
The deformation of the nanocoil agrees well with an analytical model of the spring constant that accounts for the geometric nonlinearity. The
nanocoil behaves like an elastic spring with a spring constant K of 0.12 N/m in the low strain region. No plastic deformation was detected.
High-resolution microscopy images and the electron energy loss spectrum (EELS) indicate that the nanocoils are amorphous with a sp%sp®
bonded-carbon ratio of ~4:1.

Carbon micro- and nanocoils have been synthesized andgeometry and the shear modul@snd have used this equa-
studied!® Because of their unique 3D structure, they have tion to fit G from the measured values kfand the geometric
potential applications as mechanical components such agparameters. In addition to our mechanical measurements, we
resonating elements and nanosprings or as a novel reinforcepresent results of the structural analysis of other carbon nano-
ment in high-strain composites. Other potential applications coils from the same sample, as obtained by transmission elec-
are as nanosolenoids and electromagnetic wave absorberdron microscopy (TEM, Hitachi HF-2000 and Hitachi
Volodin et al’ reported the elastic properties of coiled carbon H-8100).
nanotubes as measured with force modulation microscopy The carbon nanocoils were synthesized with catalytic
(an AFM technique). The tensile properties of helical dia- thermal chemical vapor deposition (CVD) by the coauthors
mond microfibers several millimeters in length and having from Osaka Prefecture Universftynd all mechanical testing
a wire core of platinum have been discus®&thkayama et and structural analysis was performed by the Northwestern
al? presented a brief report on the mechanical properties of University team. A metal wire covered with adhesive carbon
carbon nanocoils, and Motojima et'8ldescribed the mech-  tape was used to touch the nanocoil sample, which caused
anical response of carbon microcoils under extension. Amor- some nanocoils to adhere to the tape surface. This tape was
phous helical Si@ nanosprings have also been recently then used as a nanocoil source for our mechanical measure-
characterized by scanning and transmission electron micro-ments. Figure 1 shows an SEM image of various carbon
scopy and atomic force microscdpyHowever, a direct  nanocoils grown from an iron-coated indium tin oxide (ITO)
experimental measurement of the mechanical response othin film deposited on a glass substrate as well as a schematic
carbon nanocoils under tensile loading has not yet beenof the tensile loading experiment.
conducted and is the focus of the present study. For the tensile loading experiment, two ultrasharp AFM
This carbon nanocoil was studied using a home-built nano- cantilevers from Mikromasch, Inc. were mounted on the
manipulator tool operated inside of a scanning electron mic- nanomanipulator. A stiff AFM cantilever (chip NSC12; we
roscope (SEM, LEO 1525). The nanocoil was picked up and ysed the longest of the six cantilevers on the chip with a
then clamped between two AFM cantilever tips with the elec- gpring constant ok &~ 0.1 to 0.4 N/m provided by Mikro-
tron beam-induced deposition (EBID) meth8d°A loading  masch) is attached to one end of the nanocoil. The deforma-
experiment was conducted in which the nanocoil was mono- tjon of the compliant AFM cantilever (chip CSC12; we again
tonically loaded/unloaded in tension to a maximum coil ex- ysed the longest cantilever on the chip, withe 0.01 to
tension of 33%. From the load versus elongation data, we 9,08 N/m as quoted by the manufacturer) is used as a force-

have fit the spring constark{ values for the nanocoilk(s sensing element. The applied force is calculated from the
used later for the spring constant of the AFM cantilevers.) opserved deflection of the soft cantilever, and the nanocoil
We derived an equation that expreskesa terms of the coil elongation is determined from the acquired SEM images.
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Figure 1. (a) SEM image of carbon nanocoils. (b) Schematic of
tensile loading of an individual nanocoil.

creating a clamp on the tip by EBID of residual hydrocarbons
in the SEM environment. The desire to extract an individual
nanocoil for subsequent mounting onto the opposing canti-
lever tip was typically thwarted because of the extension of
the nanocaoil to a certain point, followed by violent detach-
ment that often resulted in the loss of the nanocoil because
of its having “sprung away.” The nanocoil that is the subject
of this paper was actually first studied by extending it with
respect to the source (the tape on the metal wire). We were
fortunate to succeed in freeing it from the substrate at an
elongation of~42%, as measured by the relative displace-
ment between six turns in the nanocoil as shown in Figure
2, without the clamp failing at the tip. We note that this
carbon nanocoil returned completely to its relaxed geometry
after loading without apparent plastic deformation.

Once the nanocoil was freed from the source as described
above, the more compliant cantilever tip was brought into
contact with the opposite end of the nanocoil and attached Figure 2. (a) Nanocoil picked up by the AFM tip. (b) Nanocoil
via a.nother-EBID clamp. The nqnocon was then subject to ex%ension upon extracticr))n from tEe zubstrate. (c)pNanocoiI detach-
tensile loading by applying a series of discrete voltages t0 @ ment from the substrate. The distance between the six turns is,
piezoelectric multilayer bender (Noliac A/S, Denmark, within experimental error, identical to the equivalent distance in
ceramic multilayer bender B1) as shown in Figure 3, where (&)
the cantilever on the left is the stiffer cantilever and the one
on the right is the more compliant cantilever. The displace-
ment of the more compliant cantilever, with a spring constant
of k=0.047+ 0.003 N/m, was used to measure the applied
load. (We discuss the calibration of the AFM cantilevers
below.) Also shown in Figure 3 are images of the nanocoil
at 20% and 33% relative elongation. After reaching the LY
maximum 33% relative elongation, the load was slowly
released, and the nanocoil relaxed to its original length and &
geometry. Again, no plastic deformation was identified after
the nanocoil was unloaded.

Previously, a method that we use for measuring small
(ranging from fractions of a micro-Newton to micro-
Newtons) applied forces from small cantilever deflectiéns
has been described. The displacement of the relatively soft
cantilever AFM tlp was calibrated as a function of the voltage Figure 3. (a) Nanocoil clamped between two AFM cantilevers.
applied to the piezoelectric bender. The displacement of the The left cantilever is stiffer than the right cantilever. (b) Relaxed
tip both with and without the nanocoil was measured with nanocoil prior to I.oading. (c). Nanocoil ata relative elongation of
the same potential (volts) applied to the piezoelectric bender, 20%- (d) Nanocoil at a relative elongation of 33%.

The difference between the two displacements is the true The spring constant of each cantilever was calibrated
deflection of the AFM cantilever. This method allows before the tensile loading experiment. The calibration
accurate measurements of small displacements by trackingorocedure is based on the method reported in ref 15. The
the AFM tip position at the highest SEM magnification. resonance frequency of each cantilever and all of the
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2 01 e whered is the diameter of the coil wireG is the shear
s modulus,Ris the radius of the coil, and is the number of
: : coils. The above equation takes into account only the torsion
0 10 20 30

generated from the extension of the spring and hence is
accurate only in the low-strain regime. When the spring is
Figure 4. (a) Load versus elongation response of the nanocoil. in the high-strain region, the contributions from the bending,
(b) Low-strain region response. (c) Spring constant versus the shear, and tension may not be negligible. In what follows, a
relative elongation. The_spring cpnstant values are obtained from more accurate expression is presented.
the load versus elongation data in (a). Because of the symmetric geometry of the coil spring, only
one unit cell is considered in the following analysis, as shown
cantilever dimensions were measured inside of the SEM. Thejn Figure 5. When subjected to a pure axial tensile load
spring constank is kK = Mepcbhlwva?, whereMe is the  defined asF, the axial stretch of the unit celA can be
normalized effective masp, is the cantilever mass density, determined by using the principle of virtual wotk:
b, h, andL are the width, the thickness, and the length of
the cantilever beam, respectively, and,. is the natural
resonance frequency in vacuumm§. = 27f.).25 The A =j; NN ds+ f' *QUQ ds + f' M Me ds+
. . EA 0 GA o El

geometry of the soft cantilever as measured in the SEM was TT
b=35+0.5um,h=1.04+ 0.05um, andL = 350+ 5 | _u'F
um. From the measurefl,c = 13.1 + 0.1 kHz and by 0 GJ
assuming that. = 2.33 g/cni and settingVle equal to 0.2427
as discussed in the literati¥ewe find that the spring ~ Wherel is the total length of the unit cellss is the shear
constantk of the soft cantilever is 0.04Z 0.003 N/m. The CoefﬁCient,E is the tensile mOdUIUﬂ is the cross-sectional
applied load is given by the spring constant of the cantilever area of the coil wirel is the moment of inertia, andlis the
multiplied by its deflection. polar moment of inertia of the cross section. The variables

The spring constark of the nanocoil is defined as the Nu Qu My, andT, are the axial force, shear force, bending
total applied load divided by the total elongation. The spring Moment, and torsion, respectively, caused by a unit tensile
constants of the nanocoil at discrete elongations were!0ad of P, =1 along the axial directiorNe, QF, Me, and
calculated and are plotted in Figure 4. From the low- Tr are the tension, shear, bending moment, and torsion,
elongation data (see Figure 4b), a linear fit value Koof respectively, caused by the applied tensile fdfce
0.12 N/m is obtained. Figure 4c illustrates the measured An arbitrary point along the central line of the unit cell
spring constantk versus the relative elongation of the has spatial coordinates dRpos@, Rsin 6, (h2r)6], where
nanocoil. It indicates that the spring constant of the nanocoil ¢ i the radial angle ranging from 0 torzandh the height
increases with increasing relative elongation. To explain this Of the unit cell. The tangential direction at this point is then
result, the nanocoil has been analyzed in terms of the (TR'sin 6, Rcos6, W2x). The length of unit cell is thuk
mechanics of a helical spring as described below. = 27VRHH? whereH = h27. We assume that is

The spring constarK of a helical spring is a function of  constant. Denotingy as the angle between the tangential
the geometry and shear modulus of the material and can bedirection and the axial direction of the coil gives aps=

Relative elongation (%)

ds (2)
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H/v/RR+H2. Thus, the tension, shear, torsion, and bending 980metry of the coil,
at the cross section of the coil can be expressed as

E _ H2d2 anZ n 2H2 N
tension:NFzF-co&p:i 8ﬁR3x/R2+H2 8Rx/R2+H2 ﬂR\/RZTHZ
VR + H? R
i FR VR + H?
shear:Q: =F :sing = ———
2
R+H For coil springs that are composed Mfturns, eq 6 can be
rewritten as
bending: M =F -cosg ‘R= _FRH
2
R+ H od 1
K=o & t)
. . FRP 64R°N &
torsion: Tc =F *singp ‘\R=——=
R+ H?

For a coiled nanotube with outer diametér and inner

diameterd,, eq 8 can be rewritten as
Then, eq 2 can be rewritten as follows:

G(d,* — d,?
K= (1 2)1

A=_FH 1 oFR | FRH? 1 64N & &
R+H EA R+H GA R+H° El
FR'* | (3  Wherelis expressed as:
R+ H? GJ

Hz(dlz + dzz) as(dlz + d22) 2H?
+ + +
8RR + H  BRVRR+ H®  BRVRR + H?

We defineK = F/A such that

R ——S— (10)

2 2

l: H .L+ % .I__|_ RH .L+ VR 4+ H?

K R+H? EA R+H? GA R+H? E
l.|_ ) Equations 8 and 9 take into account the nonlinear
R+ H? GJ relationship between the shear modulus and the set of

measured spring constants. Hence, it is valid as long as the

whereos = (7 + 6v)/6(1 + v) andwv is Poisson’s ratio. If deformation of the coil spring remains in the elastic regime.

the unit coil is extended a&, thenH = (h + A)/27 andR In the limiting caseR > H, the first three terms on the right
_ \/[|2—(h+A)2]/(2.717)2 side of eq 7 are negligible compared with the fourth term,

L ; . leading to the simplified case described by eq 1. However,

For a coil wire of circular cross section, if R < H, then eq 8 is reduced to the case of uniaxial

elongation of a straight beam.

_ Jl’_d4 We consider two examples to discuss the above analysis.

32 The first example is a unit nanocoil with= 120 nm,R =

420 nm,h = 120 nm,G = 2.5 GPaypy = 0.27, and a very

By substituting the above expressions into eq 4, one has Small helical angle. Figure 6a plots the spring constant versus
relative elongation based on eq 6. It indicates that the spring
constant remains constant even though the relative elongation

4 64 J

1_ 8H? 4 8o R 4 128R°H? n exceeds 30%. Figure 6b shows the contribution to the spring
K ERVRR+ H?2 GEVRE+ H?2 EdVRE + H2 constant from the tension, bending, shear, and torsion
64R generated by the extension of the coil based on eq 7. It clearly
———— (5) shows that torsion dominates the response and that the
Gd'VR? + H? contributions from the tension, bending, and shear compo-
nents are negligible. For the second example, we consider a

whereE = 2(1 + v)G. We define = 2(1 + v). Then, nanocoil with a larger helical angle for whi¢h= 2000 nm

and the rest of the parameters are the same as in the first
od 1 case. Parts ¢ and d of Figure 6 show the plot of the spring
=—= (6) constant versus relative elongation and the percentage
64R* & contribution to the spring constant from the tension, bending,
shear, and torsion generated by the extension of the coil.
where & is a dimensionless coefficient that describes the The results show that the spring constant will increase as
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Figure 6. Analytical modeling of the spring constant of a nanocaoil.
For a small helical angle: (a) spring constant versus relative
elongation and (b) contribution of spring constant components
versus relative elongation. For a large helical angle: (c) spring
constant versus relative elongation and (d) contribution of spring
constant components versus relative elongation.

the colil is extended even though the relative elongation is
less than 30%. In this case, both the bending and the torsion
contribute significantly to the response. The bending con- .
tribution increases and the torsion contribution decreases with )
increasing relative elongation.
. : . o (c)
The experimental nanocoil behavior discussed earlier is
similar to the second example. According to eq 8, as the
nanocoil is elongated under pure tensile load, the coil radius
R decreases, and the spring constant increases because the
other variables such as coil wire diametgrand shear
modulusG are assumed to be constant in this analysis. From
the comparison between Figures 4c and 6c, it is clear that 1
the experimental data are consistent with this theoretical g
analysis. , , . i ,
The growth mechanism of carbon nanocoils has been 280 290 300 310 320
discussed in the literatuf@.The catalyst is located at the Energy Loss (V)
tip of the nanocaoil, indicating a tip-growth mechanism. The
TEM diffraction pattern shown in the inset of Figure 7a was Figure 7. (a) Transmission electron microscopy image of a carbon

taken using another carbon nanocoil and demonstrates thafi@nocoil. Inset: TEM diffraction pattern taken from this nanocoil
it i gh As sh in Ei 7 SEM d TEM Fboth obtained in a Hitachi H-8100 TEM). (b) High-magnification
IL1IS amorphous. AS shown In Figure 7, an SEM image of the nanocoil used in the tension experiments (Leo

images indicate that most of the nanocoils consist of more 1525 SEM). Inset: schematic of a double coil. (c) Electron energy
than one wire and typically have a double-helical structure. loss spectrum of a different carbon nanocoil obtained using a Hitachi

In addition, the TEM image in Figure 7a shows that each HF-2000.
wire of the nanocoil is hollow.

_ Figure 7b shows a relatively high magnification SEM ¢ases. If the i.d= 3/4 that of the 0.d., then the shear modulus
image of the nanocoil that was mechanically loaded, and G fitteq according to eq 4 is-2.5+ 0.4 GPa, which is the

the inset of Figure 7b sh_ows a sch_ematlc of a double coil. mean value of the 26 values fit to the 21 measuret
As mentioned above, this nanocoil was stretched several . . o
elongation) points. If i.d= 1/2 o0.d., then the mean value of

times, and even though the relative elongation reached 42%, _ . - . . .
no separation or sliding between the two wires was observed.G is ~2.3+ 0.4 GPa, and er two joined (solid) wires (i.d.
= 0), the mean value d& will be ~2.1 4+ 0.3 GPa. Thus,

This suggests that the two wires are tightly joined. Thus,

for purposes of modeling, we assume that the cross sectiorin€ value ofG does not depend very strongly on the inner
of the nanocoil is two joined tubes. The outer diameter (o.d.) diameter of the individual tubes. These results indicate that

of each tube is~126 + 4 nm, as measured from the SEM the shear modulu& of the carbon nanocoil iswuchlower
image. Although the inner diameter (i.d.) of this particular than that of carbon nanotubes for which a shear modulus of
nanocoil is unknown, below we consider a few different roughly 400 GPa has been estimated.future area of study
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Nanocoil

Intensity (arb unit)
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