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In this paper, the damping characteristics of epoxyesin containing aligned or randomly
oriented carbon nanotube (CNT) ropes are investigatd via a multiscale analysis approach.
The shear strengths at the inter-tube and tube-resi interfaces are calculated using
molecular dynamics simulations of nanotube pullouts before being applied to a
micromechanical damping model. In the micromechamial model, the composite is described
as a three-phase system composed of a resin, a mnesheath acting as a shear transfer zone,
and a carbon nanotube rope. The concept of stickig motion is used to describe the load
transfer behavior between carbon nanotubes in a rapas well as between nanotubes and the
surrounding sheath. Both the energy dissipationgdm the viscoelastic polymer matrix and
from the stick-slip motion are included in the oveall structural damping characteristics.
The effect of nanorope alignment on damping charaetistics is also presented.

Nomenclature

E = Young's modulus in three-element standard solitlel for viscoelastic resin
E, = Young’s modulus in three-element standard solidieh for viscoelastic resin
E., = equivalent Yong's modulus for carbon nanotuba aslid cylinder

fo = volume fraction of carbon nanotube rope

G = complex shear modulus of viscoelastic resin

Geq = equivalent shear modulus for carbon nanotubesatic cylinder

K = bulk modulus of viscoelastic resin

L, = length of composite unit cell

L, = length of carbon nanotube

[l = effective length of SWNT/sheath debonding

R, = radius of carbon nanotube

Ro = radius of carbon nanotube rope

R, = outer radius of the sheath

t, = thickness of composite unit cell

tand = total effective loss factor

tand, = loss factor contribution from viscoelastic resin

tand,, = loss factor contribution from viscoelastic sheath

tand,, loss factor contribution from stick-slip movement

U, = displacement of resin along tube direction

! postdoctoral Fellow, Mechanical Engineering, 287G Brown Laboratory
2 Stephen P. Timoshenko Collegiate Professor of Meiclal Engineering, 2236 G G Brown Laboratory
® Distinguished Professor of Engineering ScienceMadhanics, 212 Earth-Engineering Science Building
1
American Institute of Aeronautics and Astronautics

Copyright © 2010 by Ailin Liu, K.W. Wang, Charles E. Bakis. Published by the American Institute of Aeronautics and Astronautics, Inc., with permission.



c
o
1

displacement of outer annulus in tube direction
= width of composite unit cell
= maximum strain energy in the composite in aeycl

angle in cylindrical coordinate of carbon nanetub

= angle between nanorope direction and applied dixadtion
= applied load on composite unit cell

= normal stress in the outer annulus
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= normal stress in the inner nanotube
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= normal stress in the resin
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magnitude of applied harmonic loading
= shear stress in the inner nanotube
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shear stress in the outer annulus
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shear strain in the sheath along the tube dect
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= normal strain in the resin along the tube dicect
&, = normal strain in the outer annulus along the tdivection
T, = averaged shear stress over the nanotube ciroemete

@

T, = SWNT/sheath interfacial shear strength

Al = elongation of the outer annulus

AlS = critical elongation of the outer annulus

Al = elongation of the sheath

AW, = dissipated energy in the resin during a cycle

AW, = dissipated energy in the sheath during a cycle

AW, = dissipated energy from the slip at the interfdigeng a cycle

n, = viscosity in three-element solid model for vielzstic resin
[ Introduction

NT-based composites have attracted increasingestteegarding their damping characteristics dugh¢o
exceptional features of carbon nanotubes. It vegrted from experimental studies of composites wit
dispersed CNT fillers’ that the damping properties of polymeric materiatseased by adding a small amount of
carbon nanotubes. The loss factor of such comosiés also found to be sensitive to the straiegsjrievel. High
damping can be achieved by taking advantage ofCtii@-resin interfacial friction with the ultra largeterfacial
surface area between the nanotube and the regplyiAg the stick-slip phenomenon observed at toeni scale
on graphite surfadé to the nanotube/resin interface, Zhou et filst developed a stick-slip damping model for
composites containing aligned, well-dispersed iilial single-wall nanotubes (SWNTs) under quadiesta
monotonically increasing normal stress. The mouas later expanded to composites with aligned ropest and
randomly oriented nanoroges Since polymeric matrix materials possess vissiEl properties that will be
influenced by the nanotubes fillers and at the stime affect the overall damping, their characterishave also
been included in recent investigations
While the current damping models of CNT-based casitps show great potential, it is recognized thatam
research efforts are needed to further advancst#te of the art. For instance, the analyseseawipus studies only
focused on composites under quasi-static, monatipiéncreasing load. In actual applications, temping
materials are normally characterized, evaluated,used under cyclic loading. With frictional shpthe interfaces,
the unloading process in a cycle is complicated resdlts cannot be easily obtained by simply extenérom the
previous models derived for monotonically quastistdoading conditions. Moreover, the studies dised
abové”” indicated that the interfacial CNT-CNT and CNTineshear strengths significantly affect the damping
properties of CNT-based composites. However, @sehprevious investigations, the values of thefint&al shear
strength were chosen arbitrarily based on resefierted in other publications. In order to devedagpmprehensive
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model to explore or design various different malesystems, a multiscale approach that can chaizethe CNT
interfacial strength at the molecular/atomic levieg stick-slip phenomena at the microscopic lewel the material
damping feature for macroscopic applications iglede

To advance the state of the art and eventuallywedean effective analysis tool that can be usedymthesize
CNT-based damping composites, the research presenthis paper addresses the aforementioned teahissues
and develops a multiscale damping model for CNe+fled composites under cyclic loading.

Il.  Modeling Approach

In this study, a sequential two-part multiscale garg model is proposed. First, the interfacialeststrength is
calculated by simulating a CNT pull-out test usthg molecular dynamics method. Interfacial sheégngths
between nanotube and polymer resin as well as eetwdjacent nanotubes in a rope are investigagttength
values obtained from atomic simulations are thegpliegh to a micromechanical damping model of a repnéative
unit cell of a CNT/polymer composite. The micromaaical unit cell is modeled as a three-phase systenposed
of a resin, a resin sheath transferring load batviee CNT and resin, and CNTs in the form of SWNpeas. The
sheath is a thin layer of the resin around the tdres which transfers only shear stress betwee@MiiEs and the
resin. For simulation convenience, the sheathsssimed to share the same material properties agshe The
concept of stick-slip motion caused by interfadiattion is applied to characterize the interfacetvieen the
nanoropes and resin as well as between individaabtubes. Details of the multiscale damping maatel
presented in the following sections.

A. Molecular dynamics simulations
In the current investigation with MD simulation etlinterfacial shear strength is calculated usirgy rirethod
derived from balance of momentfimHowever, instead of theull-throughtest discussed in Frankland’s study, we
modified the approach to emulatguall-out test by eliminating the periodic boundary conditassumption used by

Frankland. The Tersoff potenflals used to describe the carbon nanotubes whileOReS-UA potentidf is
applied to the epoxy resin. All the 5% 00 : :
molecular dynamics simulations ar
performed with the DL POLY
software packadé

Two types of pull-out tests are o8
simulated: one pulls out one SWN™ &5
from a rope containing sever ¥z
hexagonal-packed SWNTSs; the othe
pulls out one SWNT embedded i
epoxy resin. Fig. 1 shows the
equilibrated systems for CNT-CNT
pullout test and CNT-resin pullout test
The length of the SWNTs in a rope i

2d

" S % (b)
Figure 1. Top View of equilibrated system of (a) se&n hexagonal-
36 A including caps at both ends Tl,packed SWNTs (b) epoxy resin with one embedded SWNTrey
epoxy resin used in this study is I'Epodots represent carbon, red is oxygen, blue is nitgen, small circle

862 and EPI-CURE W curing agenWithout filling is hydrogen (hydrogens on carbon ae implicit).

with weight ratio of 100:26.4. The
SWNT embedded in the epoxy resin is 53 A includiags at both ends.

In order to pull out the inner SWNT from a ropdgafequilibration at 300K, all the atoms in theeyuix CNTs
are fixed while the external force is applied unifty to each atom of the inner CNT. Figure 2 shelesexternally
applied force, average velocity, and average digpieent of the inner CNT in the tube length dirattg a function
of simulation time during the tube-tube pulloutrsago. When the external force is small, the in@BIT displays
thermal vibration but no net motion. This phenoorenontinues until the applied force increases.5d @N, after
which the inner tube starts to oscillate arountghtly displaced position. When the applied foirs@bout 1.3 nN,
the average velocity and displacement of the il@eT start to increase dramatically, indicating cdete pull-out
of the inner tube. The interfacial shear strengtie ratio of the threshold force to the totakifacial surface area.
For the case studied here, the interfacial sheangth between nanotubes in a rope is 27.7 MPa.
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Similarly, the shear strength
between the SWNT and the resin is
18.8 MPa from pullout test. This
result shows a fair match with the
interfacial shear strength obtained

I
I

1 from pulling MWNTs from epoxy
1

polymer with an AFM cantilever,
30+ 7MPa? For this case study,
the calculated interfacial tube-resin
shear strength is smaller than the
inter-tube shear strength.

model

In the micromechanical damping
model, the following basic
assumptions are applied: (a) the
carbon nanotube rope is straight and

1000 does not buckle under compression;
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Figure 2. Simulated pullout of the inner CNT from a rope: (a)
external force (b) average velocities and (c) avega displacements of

the inner and outer nanotubes.

included in the model due to the large aspect wHtibhe nanotube.

In this study, seven identical SWNTs in a hexag@arehingement
are used to illustrate the nanotube rope. It sim®ed that the six sheath
outer SWNTs comprise a monolithic annulus, as shiowFig. 3 with
dashed lines, implying that the normal and shemsses in the six
outer tubes are continuous. Therefore, only tvpesyof load transfer
are considered in such a SWNT lattice: one reptegpinteractions
at the interfaces between the outer annulus andstheounding
material, and the other representing interactiongha interfaces
between the inner SWNT and outer annulus, as sdiwia

illustrated in Fig. 3.

(b) the carbon nanotube ropes are
dilute in the resin; (c) only the

normal and shear stresses oriented
along the tube-length direction are

—L— Tube/sheath
friction

b Intertube
friction

Figure 3. A schematic ofload transfer

Similar to the three-phase model for polymeric cosifes with in the tube lattice model

discontinuous fiber reinforcemént the nanorope is assumed to t
surrounded by a sheath of resin in a unit celhef¢composite (Fig. 4).

o
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The nanotubes are assumed to
have rotation angles only in
the Y-Z plane. The sheath
carries only longitudinal shear
stress between the nanotubes
and the remote resin material;
normal stress in the sheath is
negligible. We also assume
that the sheath shares the
same material properties as
the resin. The CNT-based
composite is, thus, modeled
as a three-phase composite:
resin, sheath, and nanorope.
(b) The length, width and

Figure 4. Representative volume element; (a) unitetl consisting of a  thickness of the unit cell are

bundle of seven SWNTs surrounded by a sheath and m®te resin; (b) L,.w, andt

stresses on an element of lengtiz in the inner CNT.

4

. » respectively.
These geometric parameters
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are related to those of nanotubes by the volumgidra of the nanorope in the composite,, according to the
relationship

R L, = f,Lwt, (1)
where R and L, are the radius and length of the carbon nanotube, respectively.

Based on viscoelastic material thédna three-element standard solid model is adoptedhie epoxy resin.
Since the aspect ratio of the nanotube is large thadstick-slip motion is only considered in thendgdudinal
direction of the nanotubes, the response of thenoge to applied longitudinal normal and shearsstes along the
z-axis is modeled using a viscoelastic elementialtel with a Coulomb friction.

In this model, a shear lag analysis is used toagherize load transfer in and around a nanoropiedan the unit
cell. The normal stresses on the inner SWNT amdadiiter annulus of SWNTs in the tube axial directize
represented by, and o,, respectively. The shear stresses acting onntiee-tube and SWNT/sheath surface are

represented ag andr,, respectively, wherer is the polar angle measuredxiy plane of the nanorope as shown

in Fig. 4(b). With the assumptions that the urahxiormal stress in the resin is spatially unifocand that the
normal stress in the sheath is negligible, the @leqguilibrium along the-direction of the unit cell as shown in Fig.
4(a) gives

TR0, + 6RO, + (ot~ TR )0 = 0 W Lcod @
where R, and R, are the radius of the nanotube and the sheatis the applied stress on the composite inzhe
direction; ando? is the normal stress in the resin alongzfuérection.

The shear strain in the sheaflj;, is determined from the displacement of the oaterulus,u, , and the resin,
u, , along thez-direction:
Us = U, = (R~ Ry @)

Taking the first derivative of Eq. (3) with respéotz and using the strain-displacement relations aedstress-
strain relations for the sheath, we obtain

rmg, =2 el @
G dz

where G is the complex shear modulus of the viscoelassinrwhich can be obtained from three-element stahd

<~ L, +Al, —>  solid mode¥, £ and ¢, are the normal
< L, — . ~ L, o . strains of the resin and the outer annulus in
! Sheath ' Sheath ! the z-direction, respectively.
— —= ; - . ——— _ The stick-slip motion_ is applied to the
P g © ! —_—  li-s : interface between the inner CNT and the
( O : O ( (b : 5 O outer annulus as well as between the outer
: OQuter annulus, | e _ annulus and the surrounding sheath. For
; L +AL F @) =< L, +AI > (b) instance, the outer annulus and the sheath are

Figure 5. SWNT/sheath stick-slip behavior. (a) stic perfectly bonded if the interfacial shear stress
r <1 Al =N and (b)slip,7, =75, Al, >A =N° 7, is less than the SWNT/sheath shear
o sh — o v fo0 T sh o™ 0"

o o strength7®_, as shown in Fig. 5(a). The
SWNT/sheath slippage occurs when the interfaci@asbtress reaches the critical value. Once therdiing starts,
the outer annulus and the sheath have differengalionsAl_, > Al¢ (Fig. 5(b)).

From shear lag analysis, the equilibrium of thesstes on the inner SWNT can be expressed as follows

do, (2~ -
”R”‘EJrIo r,.da=0 ©)
For the outer annulus, the shear stresses indhade from the inner SWNT, and those from the sheatf:
dUQ 2 2 _
R +4] "r,da-["r,ar=0 (6)
5
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The normal stresses at the ends of SWNT are zeavd, the average shear stresses over the nanotube
2m 2m
circumference at the middle length of the nanorppe-0) are also zero, that isj'b rida:J.0 r,da=0. In

general, the boundary conditions for the inner SWAXd the outer annulus are

Til ety = %ol a2 = 0 (7)
Ti|Z:0 =1, ., =—0sind cod simr ®8)

By solving the above governing equations with nuoagiiterations, the strain distribution in eachmstituent of
the composite unit cell can be obtained. The gmiubf the governing equations indicates that theritube shear
stress is smaller than the SWNT/sheath shear stresperfectly bonded system. Recall that theriibe shear
strength is larger than the tube-resin shear stefngm molecular dynamics simulation. Therefor@/$T/sheath
slip starts before inter-tube slip is initiatedurthermore, for the case studied in this paperngnis dissipated due
to interfacial sliding only at the SWNT/sheath fixdee.

In cyclic loading situations, consider a fully-resed (tension-compression) harmonic loading cydté weriod

of T, aza"sin(Znt/T). Stresses and strains in all constituents arenzsd to be zero at the start of the first

cycle at zero applied stress. As loading begihs, domposite undergoes a tensile stress which wenes is
sufficient to cause debonding. When unloading i&ghe nanorope is assumed to immediately stithegesin as
the strain of the resin decreaSesThus, the stresses in the constituents andeainterfaces during the unloading
process can be obtained by superposing the stresistisig at the previous peak strain and, at,firs¢ compressive
elastic stresses in relation to the previous péains If the applied stress magnitude is suffithg large, slipping
can occur on the compression side of the loadictecy

Using the calculated stress and strain distribubiotained under cyclic loading, the damping chamstics of the
CNT-based composite unit cell can be obtainedhaddss factor. The effective loss factor is defirms the ratio of
the dissipated energy per unit volume to the marinstored energy per unit voluffie There are three mechanisms
of energy dissipation in the composite containiigtd nanoropes: one is the energy loss due tostio&-slip
motion; the other two are the energy dissipationthe viscoelastic resin and sheath, respectivalye effective
loss factor of the composite containing nanoropes i

tand = (Avvrs + AV\éh +A V\élip)/ V\ét = tar6r5+ tard sh+ tag slip? (9)

whereW, is the maximum strain energy in the entire compossita period. To determine energy loss due to the

stick-slip motion, Kelly’ proposed that the dissipated energy due to fricisoequivalent to the frictional shear
force times the differential displacement at theerface. In the present model, the energy digsipaissociated
with stick-slip motion between the outer annulud #re resin is:

AW, = [ 7, BR (1) (de - ck ), (10)

ff

wherel?, is the effective length of the SWNT/sheath slippag

lll.  Results and Discussion
The derived multiscale damping

Table 1. Material properties used in the model model can be used to analyze the loss
Unit cell Length,Ly 1.5um factor for composites containing
Resin Young's modulusk; 3.3 GPa aligned or randomly oriented dilute
(Three-element Young's modulusk, 3.3 GPa MWNTs or SWNT ropes. All the
standard solid Viscosity, 1, 50 GPas material properties used in this
model) Bulk modulus K 3.67 GPa simulation are listed in Table 1. Recall
Sheath Inner radiusR,, 2.544 nm that inter-tube sliding will not occur
Outer radiusRy, 10.2 nm due to the relatively large inter-tube
(10, 10) Equivalent Young’s modulug,, | 641.1 GPa shear strength and small shear stress at
SWNT Equivalent shear modulu§., | 38.6 GP& the inter-tube surface in this study.
Radius Ry 0.848 nm Only the calculated SWNT/sheath
" The definition of the three parameters is giveR@f. 12 shear streng_th from the MD simulation,
"The equivalent Young's and shear moduli of SWNTaasolid 18'8_ MPa, is used fc_)r all the case
cylinder are obtained following the effective fibprocedure in _studles. The outer radius of _the sheath
Ref. 18. is assumed to be four times the

nanorope radius from finite element
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analysig®.
— I The effective loss factor of composites with 0° aligned
S IO, ENT VL= 5% nanoropes under fully-reversed tension-compressiaic

loading, o =c°sin( 27t), is presented in Fig. 6. The aspect

ratio of the nanotube is 250 and the volume fractd the
nanorope is 0.5%. Four lines are plotted with eespo the
magnitude of the applied stress in a cyet®, These lines
include the total loss factor, loss factor from theerfacial
friction, loss factor from the resin, and loss &acfrom the

0.06 4

0.05

Q.04 Friction

0.03 1

Loss factor

0.02 4 Resin

" ‘ ‘ Sheath . sheath as defined in Eq. (9). As shown in Figthe, total
0 50 100 150 200 effective loss factor and the loss factor from #tiek-slip
Magnitude of applied stress o’ (MPa) motion are sensitive to the magnitude of the apptigess,

Figure 6. Loss factor for composite withg=0° Wwhile the loss factor of the viscoelastic resinwgtoonly a
aligned nanoropes under tensiorsompressior Slight increase with stress. When the appliedsstie small
loading. The loss factor from theviscoelastic (lower than 8 MPa in this case), the nanorope iseptly
sheath cannot be seen on this scale as itvisry bonded to the resin, resulting in a zero loss faftton stick-
small—of the order 105) slip motion. As the magnitude of applied stresseases, the
debonding at the SWNT/sheath interface occurs antcem
and more portions of nanorope are debonded fronslikath at the maximum applied stress in a cyesalihg to
the increase of total loss factor. Once the agpteess magnitude is larger than certain valugghty 40 MPa in
this case, fully developed debonding occurs in @ecy This is shown as an inflection point in F&g. The loss
factor continues to increase at decreasing ratékam ) ) !
applied stress of 75 MPaCompared to the loss facto 0074 Tf;:‘;sf;s%ogﬂ;e:;;ofn Logtgr/lg
from viscoelastic resin and sheath, the loss fafttim 0.08 |
stick-slip motion dominates when the applied load
large enough to cause the entire interfacial aveslip
during the cyclic motion. _
The damping behavior of a composite with randon %,
oriented nanoropes under fully-reversed tensic § 003
compression loading is shown in Fig. 7. The aspai 0.02 1
of the nanotube is 250 and the volume fractionhaf 1
nanorope is 0.5%. It is seen thatalignment improves
the composite’s damping ability when interfaci@h s a 0
major contributor to energy dissipation (above MRBa
in this example). The loss factor of the compositéh . . . .
aligned nanoropes can be about twice the valudef Figure 7. Loss factor of composites with Valignec

composite with randomly oriented nanoropes at Ba'uerand in-plane rand.omly orlented' nanoropes unde
high stress. fully-reversed tension- compression loading

0 aligned

actor
o
o
&=

Random

0 50 100 150 200
Magnitude of applied stress o' (MPa)

IV. Conclusion

To predict the effective loss factor of compositeith dilute SWNT ropes, a multiscale damping moisel
developed and analyzed. The interfacial sheangtie between the SWNTs and epoxy resin as wdleaseen
individual SWNTSs are obtained by simulating pulloests with the molecular dynamics method. Thedeutated
interfacial shear strengths are then applied tacaamechanical damping model to predict SWNT/epoasnposite
damping under cyclic loading. The observationthie investigation are summarized as follows:

1) With only van der Waals interactions and with thatenial system studied, the interfacial shear gtien
between the nanotubes in a rope is larger thaimtbgacial shear strength between the nanotubeéghen
epoxy resin.

2) Due to the interfacial friction between the CNTalahe resin, the loss factor for the composites wit
nanoropes is sensitive to the applied stress urdsion-compression cyclic loading.

3) With a large enough applied stress to cause theeenterfacial area to slip during the cyclic nuoutj
alignment of carbon nanoropes can improve the dagnpioperties for composite with dilute nanoropes.
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