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ABSTRACT: Fracture behavior of amorphous poly(ethyl-
ene terephthalate) (PET) films added multiwalled carbon
nanotube (MWCNT) has been compared with that of the
PET films added with carbon black (CB) to elucidate the
effects of the large aspect ratio of MWCNT. Fracture
toughness has been evaluated using the essential work of
fracture tests. Evolution of the crazes has been analyzed
by conducting time-resolved small-angle X-ray scattering
measurements during tensile deformation of the films at
room temperature using synchrotron radiation. CB and
MWCNT increased the fracture toughness of the PET film
by increasing the plastic work of fracture. This resulted
from the effects of the fillers to prevent the localization of

deformation upon the crazes formed at earlier stages of
tensile deformation and to retard the growth of the fibrils
in the crazes to a critical length. The CB particles provided
a number of sites where the crazes were preferably formed
due to stress concentration. In the case of MWCNT, on the
other hand, the widening of the crazes formed at earlier
stages was suppressed due to the bridging effect arising
from the large aspect ratio of MWCNT. © 2007 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 106: 152-160, 2007

Key words: polymer composite materials; carbon nano-
tube; poly(ethylene terephthalate); mechanical property;
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INTRODUCTION

Mechanical properties of polymers such as tensile
strength, modulus, and fracture toughness can be
increased by dispersing various kinds of fillers.
Among the fillers, carbon nanotube (CNT), having a
large aspect ratio, is expected to exert reinforcing
effects, which have not been obtained with the con-
ventional micrometer scale fillers. It has been shown
both theoretically' and experimentally*® that CNT
has exceptionally high tensile strength and modulus.
Treacy et al.* have estimated Young’s modulus of
multiwalled carbon nanotube (MWCNT) as 1.8 TPa
by measuring the amplitude of its intrinsic thermal
vibrations using transmission electron microscope
(TEM). Wong et al.’> have estimated the modulus of
MWCNT as 1.28 TPa by measuring the bending force,
using atomic force microscope (AFM). Yu et al.® have
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carried out the tensile test of individual MWCNT by
attaching both ends of MWCNT to the AFM cantile-
ver probes under observation with scanning electron
microscope (SEM). They estimated the modulus of
MWCNT as 270-950 GPa and the tensile strength as
20-63 GPa. A number of studies have been conducted
on the mechanical properties of CNT/polymer com-
posites. Various polymers such as polystyrene,”® poly-
carbonate,” polyethylene,'® poly(methyl methacry-
late),"! poly(vinyl alchol),'* polyacrylonitrile,"® poly
(ethylene terephthalate) (PET),'* polyimide,'® and ep-
oxy resin'®'® have been tested as the matrix polymer
and various mechanical properties such as tensile and
bending strengths and moduli, yield stress, fracture
toughness, fatigue, and friction have been investi-
gated. Carbon black (CB), which is also the nanometer
scale filler but with the aspect ratio of about unity, is
known to increase the fracture toughness of poly-
mers.'®" This study aims at elucidating the effects of
the large aspect ratio of CNT on the fracture behavior
of a CNT/polymer composite by conducting in situ
observation of structure changes of the composite
during deformation.

The observations using SEM, TEM, and AFM have
been carried out in the studies of structure and
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morphology for polymer materials as reviewed by
Mark® and for CNT/polymer composites as reported
by various researchers.””'*!71® Although the TEM
observation is a quite effective method to directly
observe nanometer scale structure, its drawback is
that the specimen thickness should be less than some
tens of nanometers, which is comparable with the di-
ameter of CNT. The stress state around CNT in these
thin specimens under deformation differs from that
in the bulk specimen. In this study, therefore, struc-
tural changes of the CNT/polymer composite during
deformation will be measured using small-angle X-
ray scattering (SAXS). The evolution of crazes during
deformation of PET has been detected with
SAXS.'"**'?? We have investigated the formation,
widening, and fracture processes of the crazes in a
CNT/amorphous PET composite film by conducting
time-resolved SAXS measurements during tensile de-
formation, using synchrotron radiation.'

In many polymers, the crazes are developed during
tensile deformation and act as the precursor of the
cracks leading to the macroscopic fracture of the poly-
mers. The crazes, however, have the load bearing
capability unlike true cracks due to the internal fibrils
aligned in parallel to the loading direction. Therefore,
when the crazes grow stably during tensile deforma-
tion, they dissipate energy and contribute to the
increase in the fracture toughness. The fibrils in the
crazes break when their length reached to a certain
critical length® and the crazes turn into true cracks.
Thus, the evolution of the crazes governs the fracture
behavior such as fracture toughness of polymers.***

In this study, the fracture toughness and the evolu-
tion of the crazes of MWCNT/PET composite films
have been compared with those of CB/PET compos-
ite films. The essential work of fracture (EWF) tests
has been conducted to evaluate the fracture tough-
ness. The time-resolved SAXS measurements using
synchrotron radiation have been performed during
tensile deformation of the films at room temperature
to detect the evolution of the crazes.

EXPERIMENTAL
Specimens

Neat PET films, CB/PET composite films, and
MWCNT/PET composite films were prepared using
PET with an intrinsic viscosity of 1.07 dL g~ ' and a
density of 1.41 g cm™® (Unitika SA1206). CB used was
furnace black with a diameter of about 25 nm (Mitsu-
bishi Chemical Corp. No. 40). Two types of MWCNTs
with a diameter of 20-50 nm and the length of several
micrometers supplied from two different producers
were used. These MWCNTs will be distinguished as
MWCNT-I and MWCNT-IIL. Because of the limitation
of available amount of MWOCNT-II, the fracture

toughness tests were conducted only for MWCNT-1/
PET composite films.

The neat PET films, CB/PET composite films, and
MWCNT/PET composite films were prepared as fol-
lows: First, desired amounts of the fillers and the PET
pellets were mixed so that the weight fractions of the
fillers in the composite films varied between 0 and
5 wt %. Second, the mixtures were kneaded with a
dual spindle kneader at 280°C for 10 min. To impose
the same process history on the neat PET films and
the matrix of the composite films, the kneading pro-
cess with the same conditions as shown earlier was
also applied to the PET for preparing the neat films.
Third, the kneaded materials were hot-pressed at
280°C into the films and immediately quenched by
placing the films between two steel plates cooled with
water at room temperature to suppress crystalliza-
tion. The thicknesses of the films were about 80 and
300 um. Finally, the films were cut into the test pieces
and the notches were introduced with a razor blade
for the EWF tests and the SAXS measurements.

EWF test

Fracture toughness of the films was evaluated using
the EWF tests.**® This method utilized the double-
edge-notched specimens schematically shown in Fig-
ure 1(a). The initial ligament lengths, i.e., the separa-
tions between the notch tips, were varied from 3 to
17 mm in every 1 mm so that the following require-
ments are satisfied.

kB < L < min <§,2R,,> 1)

Ew,
2R,,=%<;‘2’> )

Y

where L is the initial ligament length, D the specimen
width, B the specimen thickness, R, the size of the
plastic deformation zone at the crack tip,27 k a con-
stant between 3 and 5, E the tensile modulus, ay the
tensile yield stress, and w, the EWF per unit ligament
area. The function min(x, y) stands for x or y which-
ever is smaller. The specimen with a gauge length of
50 mm was set on a tensile testing machine and
drawn at a crosshead speed of 2 mm min ™' at room
temperature. The changes of the shape of the speci-
men during tensile deformation are schematically
shown in Figure 1(b).

The principle of EWF method is as follows: the total
work of fracture W, consists of the essential work W,
and the plastic work (nonessential work) W,. By
denoting the total work of fracture dissipated per unit
area as w,, the plastic work dissipated per unit vol-
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Figure 1 Schematic illustrations of double-edge-notched
specimen for EWF tests (a) and changes of shape of speci-
men during tensile deformation (b).

ume as w, and the plastic zone shape factor as f, the
following expression can be obtained.

o= () (5 4 () s pt

This equation shows that the intercept and the
slope of the regression line fit to the plots of w; vs. L
gives the values of w, and Bw,.

SAXS

Time-resolved SAXS measurements were carried out
during tensile deformation of the films at room tem-
perature using the facility at BL-15A of Photon
Factory, High Energy Accelerator Research Organiza-
tion, Japan. This experiment utilized surface-notched
specimens schematically shown in Figure 2(a). The
specimen was set on a miniature tensile testing
machine (Kato Tech, AK-01) so that the notch was
centered between the two grips of the testing
machine. The notch stayed at a fixed position during
tensile deformation since the two grips were moved
at the same velocity in the counter directions. The
specimen with an initial gauge length of 10 mm was
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stretched up to failure at a deformation speed of
2 um/s. The changes of the shape of the specimen
during tensile deformation are schematically shown
in Figure 2(b). During tensile deformation, synchro-
tron radiation X-ray beam was incident on the notch.
The incident X-ray was with a wavelength of 0.15 nm
and cross section sizes of 0.2 mm X 0.3 mm. The
SAXS patterns were detected with a charge-coupled
device camera and an image intensifier as shown in
Figure 2(c). The specimen-to-detector length was set
to 2.1 m. The time interval between the succeeding
measurements of the SAXS patterns was 2 or 5 s and
the exposure time for obtaining each pattern was
0.051 or 0.451 s.

WAXD

Wide angle X-ray diffraction (WAXD) of the films
was measured without applying tensile deformation
at room temperature using a diffractometer, a posi-
tion sensitive proportional counter, and Ni-filtered

I[l<— Irradiation point

(a) Synchrotron X-ray beam
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Figure 2 Schematic illustrations of surface-notched speci-
men for SAXS measurements (a), changes of shape of
specimen during tensile deformation (b), and geometry
of time-resolved SAXS measurements during tensile de-
formation (c).
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Figure 3 Geometries of WAXD measurements (a), WAXD
profiles of neat PET film (b), CB and CB (2 wt %)/PET
composite film (c), MWCNT-I and MWCNT-I (1 wt %)/
PET composite film (d), and MWCNT-II and MWCNT-II
(2 wt %)/PET composite film (e).

Cu Ko radiation at a specimen-to-detector length of
110 mm. The X-ray beam was incident on the films
perpendicularly (through-view, TV) and in parallel
(edge-view, EV) to the film surface as shown in Fig-
ure 3(a). With the edge-view geometry, the diffraction
was scanned perpendicularly (edge-view normal-
scan, EV-NS) and in parallel (edge-view in-plane-
scan, EV-IS) to the film surface. The TV and EV meas-
urements were carried out using the films stacked to
different thicknesses suitable for individual measure-
ments.

The crystallinity of the films was calculated from
the WAXD intensity distributions measured using the
fragmented and randomly oriented films. The crystal-
linity was calculated using the equation:

[ 1.(26)d(26)
X = [ 1(20)d(26) @

where X, is weight fraction of the crystallites, I the
total WAXD intensity distribution, I. the part of the
WAXD intensity distribution caused by the crystalli-

tes, and 20 the diffraction angle. The integration was
carried out in the range of 8.8° < 20 < 35.0°.* The
crystallinity obtained in this way by performing the
integration over a limited region of 20 and ignoring
the distortion is an approximate value.’

RESULTS AND DISCUSSION
Crystallinity and crystallite orientation

CB and CNT are known to act as the nucleation agent
of crystallization for certain polymers.**? Since the
crystallinity and the crystallite orientation can influ-
ence the mechanical properties, the WAXD profiles of
the films are compared in Figure 3. The neat PET
film, CB (2 wt %)/PET composite film and MWCNT-I
(1 wt %)/PET composite film show only the amor-
phous haloes of PET. The MWCNT-II (2 wt %)/PET
composite film shows the diffraction peaks of PET
crystallites. These peaks, however, are weak and no
preferential crystallite orientation is observed. The
crystallinity of this film was only about 5 wt %.

Tensile behavior

In this study, tensile tests were carried out using
specimens with two different geometries. They were
double-edge-notched specimens for the EWF tests
and surface-notched specimens for the SAXS meas-
urements. Figure 4(a) shows the load-extension
curves of the double-edge-notched specimens at a lig-
ament length of 17 mm for the neat PET film, CB (2
wt %)/PET composite film, and MWCNT-I (2 wt %)/
PET composite film. The total work of fracture of the
films gets larger in the order of the neat PET film, CB
(2 wt %)/PET composite film, and MWCNT-I (2 wt
%)/PET composite film and they are 221, 246, and
248 k] m 2, respectively. Figure 4(b) shows the load-
extension curves of the surface-notched specimens of
the neat PET film, CB (2 wt %)/PET composite film,
and MWCNT-II (2 wt %)/PET composite film. The
total work of fracture of the films gets larger in the
order of the neat PET film, CB (2 wt %)/PET com-
posite film, and MWCNT-II (2 wt %)/PET com-
posite film, and they are 4.66, 9.76, and 11.03 k] m 2
respectively.

It is commonly observed with the double-edge-
notched and the surface-notched specimens that the
extension at fracture increases by adding CB while
the maximum tensile load increases by adding
MWCNT. Thus, the increases of the fracture tough-
ness by adding CB and MWCNT are caused by differ-
ent factors, the former being the increase in the exten-
sion at fracture of the film and the latter being the
increase in the load required to stretch the film.

The increase of the fracture toughness by the addi-
tion of CB and MWCNT is larger with the surface-
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Figure 4 Load-extension curves of neat PET film, CB (2
wt %)/PET composite film, MWCNT-I (2 wt %)/PET com-
posite film, and MWCNT-II (2 wt %)/PET composite film
measured using double edge-notched specimens (L = 17
mm) (a) and surface-notched specimens (b).

notched specimens than with the double-edge-
notched specimens. This difference may be related to
the difference in the stress conditions, which causes
the difference in the plastic zone shape and size. It is
considered that the stress condition in the double-
edge-notched specimen is close to the plane-stress
state while that in the surface-notched specimen is
rather close to the plane-strain state. The plane-strain
condition is in favor of the development and growth
of the crazes. Thus, the effects of the additions of CB
and MWCNT are more emphasized with the surface-
notched specimens than with the double-edge-
notched specimens. The difference in the stress states
also manifests itself in the load-extension curves. The
load gradually decreases before fracture with the
double-edge-notched specimens whereas it decreases
abruptly at the fracture points with the surface-
notched specimens. That is, the double-edge-notched
specimens fracture in a more ductile manner than the
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surface-notched specimens, suggesting that the shear
deformation prevails in the former specimens while
the crazes are developed more favorably in the latter
specimens.

Fracture toughness

Figure 5 shows representative load-extension curves
of the double-edge-notched specimens. The area
under load-extension curves divided by BL gives the
w; values. Figure 6 shows the plots of w; against L for
the neat PET films, CB (2 wt %)/PET composite films,
and MWCNT-I (2 wt %)/PET composite films. The w;
value increases by adding CB and MWCNT-I, espe-
cially at a large ligament length.

The values of w, and Bw, were determined as the
intercept and the slope of the regression lines fit to
the w, vs. L plots of the composite films with various
filler contents. The results are shown in Figure 7(a,b)
as a function of the filler contents. As the fractions of

(a) 60

Neat PET

Load /N
'S
o

—
O
—
(#)]
o]
1

Extension / mm

Figure 5 Load-extension curves of neat PET films (a), CB
(2 wt %)/PET composite films (b), and MWCNT-I (2 wt
%)/PET composite films (c) measured using double-edge-
notched specimens with various ligament lengths L shown
in the figure.
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Figure 6 Total work of fracture per unit area w; for neat
PET films (open triangles), CB (2 wt %)/PET composite
films (open circles) and MWCNT-I (2 wt %)/PET compos-
ite films (closed circles) versus ligament length L.

CB and MWCNT-I increase, w, decreases at the filler
contents from 0 to about 1 wt %, maintained constant
values from 1 to about 3 wt %, and decreases again
beyond 3 wt %. On the other hand, Bw, increases at
the CB contents from 0 to about 3 wt % and at the
MWCNT-I contents from 0 to about 2 wt % and
decreases thereafter. The initial decrease in w, is sup-
posedly caused by poor bonding between the fillers
and the PET matrix. The later decreases in w, and Bw,
are caused by the filler aggregation as shown in a pre-
vious work.'* From these results, it can be known that
the increase in fw, contributes to the increase in w.

Evolution of crazes

The SAXS patterns of the films observed at various
characteristic points of the load-extension curves are
shown in Figures 8-11. In these figures, the same al-
phabetical symbols are used to refer to the points
with similar characteristics of the load-extension
curves. For example, (B) refers to the point at maxi-
mum load for any specimen.

When the crazes are formed in the film, a cross-
shaped SAXS pattern is developed. The streak in par-
allel to the loading direction is the total reflection at
the craze/polymer interfaces, and the streak perpen-
dicular to the loading direction is the fibril/void scat-
tering. The structure of the crazes can be investigated
by analyzing the latter streak.”** In this study, an
integrated intensity Q is defined as follows:

Q= // 2nl(s1,52)52d52d51 (5)

where I(sy, sp) is the intensity distribution of the
fibril/void scattering and s; and s, are the compo-

nents of the scattering vector in parallel and perpen-
dicular to the loading direction, respectively. The
value of Q is in portion to the total volume of the
fibril/void structures, the electron density difference
between the fibrils and the void, and v(1 — v) where v
is the volume fraction of the fibrils (or the voids) in
the fibril/void structure. Therefore, Q value increases
with the increase in the number and/or the length of
the fibrils aligned in parallel to the loading direction.
When the fibrils break, they may spring back to some
bent or wavy forms and the vacant spaces left behind
do not contribute to SAXS. Thus, the Q value
decreases when the crazes turn into the true cracks.
In this study, the Q values were obtained by perform-
ing the integration of eq. (5) in the region of Is] <
0.011 and 0.025 nm ™! < s, < 0.1 nm ™ '. For the com-
posite films, the scattering of the fillers was sub-
tracted from the measured intensity distributions
before integration. This was done by scanning each

(a) 50
MWCNT-I/PET
L]
4 =% —a——8
‘:‘E - o
2
2030
CB/PET
20
1 1 | b
(b) =
12 ;’%{
L
ol
= MWCNT-I/PET
%“ sl CBIPET

1 1 1 1 ]
0 1 2 3 4 5
Weight fraction / wt%

Figure 7 Essential work of fracture per unit area w, (a)
and product of plastic work of fracture per unit volume w
and plastic zone factor B (b) for CB/PET (open circles) and
MWCNT-I/PET (closed circles) composite films versus
weight fraction of fillers.
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Figure 8 Selected SAXS patterns of neat PET film (a) and
at characteristic points of load-extension curve (b).

SAXS pattern at an angle of 45° against the loading
direction and regarding this profile as the intensity
distribution of the fillers. In this experiment, the inci-
dent beam was collimated using the slits in parallel
and perpendicular to the loading direction and the
parasitic scattering from these slits appears in
the SAXS patterns in parallel and perpendicular to
the loading direction. This causes nonzero value of Q
even before tensile deformation. This nonzero value
was subtracted from the values of Q for the specimen
under deformation.

The Q values of the films are shown in Figure 12 as
a function of the extension together with the load-
extension curves. The variations of Q with increasing
extension of the films differ considerably among
the neat PET film, CB/PET composite film, and
MWCNT/PET composite films. For the neat PET film,
the Q value starts to increase rapidly at a small exten-
sion of about 0.10 mm, reaches maximum at the maxi-
mum load and abruptly decreases to zero thereafter.
For the CB (2 wt %)/PET composite film, the Q value
starts to increase at a much larger extension of about
0.22 mm at which the load starts to decrease and then
continues to increase up to the fracture of the film.
The Q value of the MWCNT-I (1 wt %)/PET and
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MWCNT-II (2 wt %)/PET composite films increase
markedly at an extension of about 0.2 mm. The Q
value of these films turns to decrease at the maximum
load but does not decrease to zero unlike the neat
PET film.

The major difference in the variations of the Q val-
ues between the neat and the composite films is that
the Q value of the neat film abruptly decreases to
zero concomitantly with the decrease of the load of
the film while that of the composite films does not.
On the basis of the hypothesis that the crazes turn
into the true cracks when the fibrils reach to a certain
critical length and break, the difference of the fracture
behavior between the neat and the composite films is
considered to be brought about by the difference
whether the increase in the external extension pro-
motes the growth of the crazes formed at earlier
stages of tensile deformation or creates new crazes. If
the crazes formed at earlier stages grow predomi-
nantly without being accompanied by the formation
of the new crazes, the fibrils in these crazes reach to
the critical length at a small external extension. This
is the case with the neat PET film. On the other hand,
if the new crazes are formed during tensile deforma-

A B c
D E F
< >

(b) 30

Loading direction

Load /N

0 0.1 0.2 0.3 0.4
Extension /f mm

Figure 9 Selected SAXS patterns of CB (2 wt %)/PET
composite film (a) at characteristic points of load-extension
curve (b).
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Figure 10 Selected SAXS patterns of MWCNT-I (1 wt %)/
PET composite film (a) at characteristic points of load-
extension curve (b).

tion, deformation is not localized upon the crazes
formed at earlier stages but shared between the crazes
formed at various stages, and the fibrils break at
much larger external extension. This is the case with
the composite films. Although both of CB and
MWCNT cause the increase of fracture toughness,
they do so in different manners. That is, CB increases
the extension at fracture of the film while MWCNT
increases the load required to stretch the film. This
suggests that the CB particles provide a number of
sites where crazes are preferably formed while
MWCNT increases the resistance against the widen-
ing of the crazes. It is considered that in the CB/PET
composite film, the crazes are formed around the CB
particles due to stress concentration. The CB particles
dispersed over the entire specimen volume provide a
number of sites where the crazes are preferably
formed and prevent the localization of deformation
upon the crazes formed at earlier stages. It is consid-
ered that the small crazes formed in the CB/PET film
at early stages do not have the regularly aligned
extended fibril/void structure and they do not con-
tribute to SAXS. In the case of the MWCNT/PET

composite film, the crazes are formed in microscopi-
cally polymer-rich regions of the film. When the
crazes formed at earlier stages increase their length
and the craze tips reach to the regions where
MWCNT exists, the energy needed to widen the
crazes is increased due to the bridging effect of
MWCNT. This promotes the formation of new crazes
in other regions and avoids the localization of defor-
mation upon the crazes formed at earlier stages. This
bridging effect arises from the large aspect ratio of
MWCNT.

CONCLUSIONS

CB and MWCNT increases the fracture toughness of
the PET film by increasing the plastic work of frac-
ture. This comes from the effect of the fillers to pre-
vent the localization of deformation upon the crazes
formed at earlier stages of tensile deformation and to
retard the growth of the fibrils to a critical length. In
the case of CB, the CB particles dispersed over the
entire specimen volume provide a number of sites
where the crazes are preferably formed due to stress

A B c
D E F
< >

(b) 30 - Loading direction

\
20 QC
Z 1
= D
B \{
-l
10
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:
UL 1 | ]
0 01 02 03 04

Extension /f mm

Figure 11 Selected SAXS patterns of MWCNT-II (2 wt %)/
PET composite film (a) at characteristic points of load-exten-
sion curve (b).
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Figure 12 Integrated intensity Q (circle) and load of film
(broken line) versus extension of film for neat PET film (a),
CB (2 wt %)/PET composite film (b), MWCNT-I (1 wt %)/
PET composite film (c) and MWCNT-II (2 wt %)/PET
composite film (d).

concentration. In the case of MWCNT, the widening of
the crazes formed at earlier stages is suppressed due to
the bridging effect of MWCNT. The addition of CB
increases the extension at fracture of the film while the
addition of MWCNT increases the load required to
stretch the film. The bridging effect of the MWCNT
arises from the large aspect ratio of MWCNT.

The SAXS measurements were performed at BL15A of
Photon Factory, High Energy Accelerator Research Organi-
zation, Japan, under the approval of the Photon Factory
Program Advisory Committee (Proposal No. 2006G091).
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