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Detachment of nanotubes from a polymer matrix
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A technique to investigate the adhesion of carbon nanotubes to a polymer matrix is described.
Carbon nanotubes bridging across holes in an epoxy matrix have been drawn out using the tip of a
scanning probe microscope while recording the forces involved. A full force-displacement trace
could be recorded and correlated with transmission electron micrographs observations prior and
subsequent to the tip action. Based on these experiments, an approximate calculation of the
nanotube-polymer interfacial shear strength has been performed. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1521585#
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The remarkable physical properties of carbon nanotu
are currently stimulating the imagination of scientists in va
ous disciplines. Extensive work, described in recent artic1

has led to significant success in the measurement of t
mechanical properties. The strength of nanotube-reinfor
polymers is studied much less. Conjectural or compu
simulated results suggest that the nanotube-polymer a
sion may in some cases attain high values—up to hund
of megapascal under certain conditions2–4—thus an order of
magnitude higher than the stress transfer ability of curr
advanced fiber-based composites. The question of streng
the polymer-nanotube interface remains speculative du
the paucity of studies on nanotube-polymer adhesion2–7

Single-walled carbon nanotube~SWNT!/polymer nanocom-
posites containing holes spanned by well-anchored bun
of SWNTs were previously prepared in our laboratory.8 Such
samples provide an excellent opportunity to measure the
hesion of individual carbon nanotubes to a polymer mat
In this report the nanotube-polymer interaction was qua
fied by detaching individual SWNT bundles an
multiwalled-carbon nanotube~MWNTs! from an epoxy ma-
trix using a scanning probe microscope~SPM! tip. Location
of suitable polymer holes and nanotubes and imaging of t
subsequent detachment was achieved by transmission
tron microscopy~TEM!. The present experiment represen
the first attempt to directly measure the interfacial adhes
in nanocomposites.

The matrix used for the nanocomposite was an ep
resin ~Araldite LY564, Ciba-Geigy, hardener HY560!. The
MWNTs ~diameter range: 10–15 nm; length range: 2–3mm!
were obtained from Dynamic Enterprises Ltd, UK, and t
SWNTs ~diameter range: 1.4–2 nm; length;1 mm! were
purchased from Tubes@Rice, Texas. The nanotubes
dispersed in the epoxy resin~3 wt %! using a high intensity
ultrasonic processor. The hardener was then added and
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chanically mixed with the epoxy/nanotube mixture. Approx
mately 200-mm-thick films were prepared, left at room tem
perature for 24 h and then cured at 72 °C for 3 h followed by
slow cooling back to room temperature. The final compos
specimens were microtomed into thin~70–100 nm! films
parallel to the film surface using a diamond knife~Micro Star
Co.! and a Reichert–Jung ultracut microtome~at room tem-
perature!, and then transferred to a labeled TEM grid up
which both TEM and SPM measurements were made.
TEM employed was a Philips CM120 at 120 kV. For th
SPM measurements, the grid was placed on a 50-mm-thick
Kapton 200HN sheet~DuPont! with the sample sandwiche
between sheet and grid. The SPM measurements were m
on an NT-MDT P7-LS system equipped with high-pow
optical microscope~Navitar 123zoom!. SPM imaging was
performed in the semicontact mode in order to locate
region of interest and position the tip in the appropria
place. The pullout step was accomplished in contact mode
sliding the tip across the hole spanned by the nanotube~mo-
tion perpendicular to the cantilever long axis and intersect
the nanotube axis!, while monitoring lateral force and posi
tion with a digital scope~Nicolet 400!. The pullout force and
work could then be calculated from the scope trace.

A variety of phenomena were observed, including nan
tube pullout ~partial or complete!, bending or breakage o
nanotubes, and unsheathing of inner from outer tube lay
In some cases, the polymer matrix was damaged, so th
was not always possible to assign the measured s
strengths to the pullout alone. In such cases, the value
rived would represent an upper bound for the shear stren
The force acting on a nanotube as a result of pulling out w
the SPM tip~along the scan direction! was not normal to the
nanotube axis, therefore the lateral force was resolved int
component parallel to the relevant direction~along the tube
axis for pullout, and perpendicular to it for breakage!. Ex-
amination of the force traces indicates that bending of
nanotube before pullout was small, typically,6°, so that no
additional force resolution was required at the embedded
free NT interface.
il:
3 © 2002 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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FIG. 1. TEM images of a MWNT crossing a hole in an epoxy resin mat
~a! TEM image of nanotube bridging matrix hole. The bridging nanotube
these images has a diameter of 8.2 nm.~b! TEM image of same specimen
following partial pullout by means of a SPM tip. The larger arrow shows
direction of the tip movement; the small arrow indicates the empty cylin
cal hole left behind after partial pullout.~c! Force-distance curve obtaine
for this specimen shows the dependence of the lateral force on dist
traveled by the SPM tip. The force-distance curve for an empty hole sca
by the SPM tip is also shown on the same plot.
Downloaded 24 Nov 2002 to 132.77.4.43. Redistribution subject to AIP
Figure 1~a! shows a TEM micrograph of a MWNT span
ning a polymer cavity. After dragging across the hole w
the SPM tip, it could be seen@Fig. 1~b!# that the MWNT had
been fully pulled out from the top of the hole and partia
drawn out of the bottom of the hole leaving a cylindric
cavity, as a result of loading the nanotube at its center~analo-
gous to a cable with two fixed ends and a center loadin!.
The nanotube is bent in the direction of the pull. The cor
sponding force-distance (F –d) curve is shown@Fig. 1~c!#,
with the pullout event assigned to the peak in the curve. T
F –d trace resembles a typical stress versus displacem
curve for fiber pullout tests.9–11 TheF –d trace describes the
path of the SPM tip across the matrix hole and suspen
MWNT. The trace line dips as the SPM tip drops into t
hole, due to changing friction of the tip against a differe
substrate. The force then increases steadily as the tip
nects with the nanotube and is followed by a sharp drop
the tip draws the nanotube out of the polymer. The in
shows theF –d curve for an empty polymer hole als
scanned by the SPM tip whereby the sharp peak that
observed for all of the nanotube pullouts is absent. The e
bedded MWNT length can be deduced by comparing
observed embedded and free length plus the length of
empty cylinder observed in Fig. 1~b!. The bending force,12

calculated from the deflection arm~120 nm!, radius~4.1 nm!,
bending stiffness~1.2 TPa13! and deflection~220 nm! is 0.1
mN, which is insignificant relative to the 3.8mN angularly
resolved pullout force. The shear strength for the MWN
was calculated by dividing this pullout force by the interf
cial area of the embedded nanotube. The nanotube dim
sions, work and pullout energy, and shear strength calc
tions for the pullout specimens are presented in Table I. I
likely that some of the energy measured during pullout w
related to stretching the polymer film. This may lead to
overestimate in the energy, but not in the maximum force

SWNTs predominantly bundled together in ropes th
spanned the polymer voids. Of all the SWNT specime
tested, only one~specimen 7, Table I! could be pulled out,
the rest undergoing fracture. Hence, as the ropes had
tured, the rope strength rather than an interfacial sh
strength was calculated, as presented in Table II. In th
cases, the force required to pull these tubes out must be
higher than that required to break them. Calculations of
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TABLE I. Experimental data for nanotube pullout. Note: Errors contributing to the shear strength calcul
included the measurement of the interfacial area~consisting of the nanotube diameter and especially
embedded length, which was sometimes partially concealed, leading to inflated values of the interfacia
sion! and the fractional components of the lateral force signal, which were directed along the pullout dire

MWNT SWNT rope

Specimen 1 2 3 4 5 6 7

Diameter~nm! 8.2 11.0 24.0 13.4 13.4 24 11.6
Embedded
length ~nm!

484 256 2570 379 708 1870 193

Interfacial area
(m2310214)

1.01 0.88 19.4 1.60 2.99 14.07 0.71

Max. force~mN! 3.860.5 2.860.6 6.861.7 0.660.04 2.360.6 12.862.1 2.660.5
Work (J310213) 2.9 3.3 16 1.3 1.6 7.8 4.1
Pullout energy
(J m2)

26.4 36.9 8.2 0.9 5.35 5.54 25.6

Shear strength
~MPa!

376640 318616 3569 3862 77620 91615 366674
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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breaking strength assumed that the rope cross section
round in shape.14 If all SWNT in a rope are assumed to car
an equal load, the relevant cross section is obtained by m
tiplying the cross section of one nanotube~wall thickness
0.34 nm! by the total number of tubes in the rope. Altern
tively, we also present the strength obtained by assuming
only the perimeter nanotubes carry the load.14 SWNT
bundles tested under tensile loading by Yuet al.14 resulted in
the average breaking strength of 30 GPa assuming tha
load is carried by the SWNTs on the perimeter of ea
bundle. Our experiment is not a true tensile loading since
stress is applied laterally. Further, the SWNT ropes are fir
embedded in the polymer matrix as indicated by good w
ting seen in the TEM micrographs~not shown!. Thus, frac-
ture would be a complex process involving rupture of t
polymer-nanotube interface coupled with bending of
rope. These additional modes for energy dissipation co
lead to high fracture strengths.

A correlation between interfacial shear strength and e
bedded length (l e) is presented in Fig. 2. The interfacia
shear strength falls with increasingl e , reminiscent of the
falloff seen in single-fiber pullout tests due to an ‘‘ineffectiv
length’’ over which most of the shear stress transfer occu9

TABLE II. Experimental data for SWNT rope breaking. Not
Aall5cross-sectional area calculated for all nanotubes in a SWNTs r
Aperim5cross-sectional area calculated from the peripheral nanotubes
sall calculated assuming all nanotubes are carrying load andsperim assuming
just the perimeter nanotubes are carrying the load.

SWNT ropes

Specimen 6 7 8
Diameter~nm! 15.6 16.2 11.5
Embedded length~nm! 568 1603 709
Cross-sectional area Aall 11.1 14.4 4.37
(m2310217) Aperim 4.32 5.04 2.12
Max Force~mN! 30.765.5 6.060.7 5.062.2
Work (J310213) 14.6 9.6 1.6
Breaking strength~GPa! sall 277650 4265 114650

sperim 7116127 119614 2366103

FIG. 2. Correlation between shear strength and embedded nanotube le
Downloaded 24 Nov 2002 to 132.77.4.43. Redistribution subject to AIP
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Our measurements support the prediction2–4,7 that the
nanotube-polymer interface strength can be significan
higher than similar measurements in fiber-polymer int
faces. This apparent capability of the nanotube polymer
terface to sustain more shear than the matrix could be du
one of several reasons: Molecular dynamics simulati
show that the existence of covalent bonding between na
tube and polymer could lead to shear strengths on the o
of those measured here.7 Such bonding could arise from
naturally occurring defect sites at the NT wall, and tho
arising from interaction with the electron beam in th
TEM.15 The mechanical behavior the ultrathin polymer lay
at the interface may be different than that of bulk polyme
A generalized Kelly–Tyson scheme predicts interfac
strengths of hundreds of megapascal under certain co
tions, albeit with high variability due to the presence of d
fects in the SWNT structure.4 Indeed, significant specimen t
specimen data variability was observed. Conversely, p
defects leading to covalent NT-polymer bonding wou
strengthen the interface, the nonstatistical presence of s
defects also leading to variable results.

An experimental technique for probing individual carbo
nanotube pullout from a polymer matrix has been presen
The procedure provides a direct measurement of the s
strength of the carbon nanotube/polymer interface
MWNT specimens. Only one SWNT rope specimen und
went pullout, with most experiments resulting in SWNT ro
fracture. In these cases, the SWNT-polymer adhesion m
exceed SWNT rope strength. The high values of interfac
strength and breaking strength measured here indicate th
some cases, substantial adhesion exists between the n
tubes and the epoxy resin matrix.
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