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Fig. 3. (a) Storage modulus, (b) Magnitude of complex viscosity, and

(c) Loss modulus of PVDF nanocomposites at 190 °C (1% strain).

behavior are observed at the low frequency range for all
concentrations of MWNTs (Fig. 3(b)). The incorporation
of MWNTSs modestly increases the magnitude of complex
viscosity of the PVDF nanocomposites with the increase
most pronounced at a concentration of the highest MWNT
concentration of 5% by volume. The G’, |n*| and G”
curves are all parallel to each other, regardless of the con-
centration of the MWNTs in the 0.01 to 5% range (Fig. 3)
suggesting that the incorporation of the nanotubes has not
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Fig. 4. Change in storage modulus for pure PVDF sheared at different
temperatures (1% strain, 1 rps).

significantly altered the microstructure of the suspensions
“"and only modest increases in the relaxation times have
occurred (akin to the thermo-rheological simplicity asso-
ciated with changes in temperature).
Figure 4 shows the time dependent behavior of stor-
age modulus, G’, of unfilled PVDF in the range of 150 to
°C. In these experiments the strain amplitude and the
y are kept constant at 1% and 1 rps, respectively.
ved that the storage modulus remains constant
hearing time in the 158-190 °C range. However,
r temperatures of 150 and 152 °C, a rapid
f the storage modulus occurs as a function of
result of shear-induced crystallization of the
er melt. Similar results have been observed by others
oly(e-lactone),”® polyethylene,* ** and poly(ethylene
i1 terephthalate) melts.
. The work of de Gennes in dilute solutions of polymers
" has revealed that during flow the polymer chains undergo
step change from a random coil to a fully extended
chain conformation at a critical strain rate, without any
intermediate stable chain conformations.*! The subsequent
studies of Keller et al.”® have provided experimental evi-
dence of the coil-stretch transition in polymer crystalliza-
tion under shear and extension, demonstrating that as the
- strain rate is increased during deformation there is an

abrupt change in birefringence indicative of the formation -

of a fully-extended chain conformation at the critical strain
rate. Such extension and orientation of the macromolecules
in the flow direction reduce the energy barrier necessary
to be overcome for nuclei to form, and thus lead to the
crystallization of the polymer at temperatures under which
quiescent crystallization would not have occurred. Shear-
induced crystallization of the PVDF clearly occurs at a
higher rate with decreasing temperature (Fig. 4). What are
the effects of the carbon nanotubes on the shear-induced
crystallization behavior of PVDF?
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3.1. Effect of MWNT Loading on PVDF
Crystallization Behavior Under Shear

Figure 5 shows the time dependence of the G', G”,
[m*| and the loss tangent (tan delta = G"/G’) data for
PVDF and PVDF nanocomposites for a constant frequency
of 1 rps and 1% strain amplitude at 158 °C. As shown
in Figure 5(a), increases in the storage modulus, G’, val-
ues with increasing time were observed for the PVDF
nanocomposites that were not observed for pure PVDF
under similar conditions. The increase in the storage mod-
uli with time is indicative of the shear-induced crystal-
lization of PVDF as affected by the presence and the
concentration of MWNTs. The storage modulus values
increase up to the point that the force balance transducer
of the rheometer is overloaded (the torque reaches over
2,000 N-m). Furthermore, an increase in the concentra-
tion of MWNTs shows a decrease of the induction time
for the onset of crystallization. Here the induction times
for crystallization are in the range of 2800-1500 s for
0.5-5% MWNTs by volume. The most likely mechanism
for the onset of the crystallization of the MWNT incor-

porated suspensions at a temperature of 158 °C is that -

the nanoparticles act as heterogeneous nucleating agents.
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During heterogeneous nucleation the rate of nucleation is
principally controlled by the concentration of the hetero-
geneous nuclei. The decrease of the induction time for
crystallization with increased concentration of nanotubes
may be associated with an increase of the nucleation rate
with increasing concentration. A decrease in the induc-
tion time for crystailization under quiescent conditions has
been reported and was associated with the presence of
nanoparticles.’* > Shear-induced crystallization behav-
ior of nanocomposites associated with the presence of
nanotubes has also been observed during isothermal crys-
tallization under shear studies of PBT nanocomposites.™
The concomitant increases of the other dynamic proper-
ties, i.e., the loss modulus (Fig. 5(b)) and the magnitude of
complex viscosity (Fig. 5(c)) with shearing time are also
shown in Figure 5. Similar to the behavior of the storage
modulus, the loss modulus and the magnitude of complex
viscosity values also exhibit increases with shearing time,
with the rate of increase greater for greater concentration
of MWNTs. The formation of the crystals should lead to
increases in the affine junction points in the entangled melt
to render relaxation more difficult, thus increasing both
the elasticity and the viscosity of the melt. The magni-
tude of complex viscosity values of PVDF nanocomposites
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Fig. 5. Variation of (a) Storage modulus, (b) Loss modulus, (c) Magnitude of complex viscosity and (d) Tan delta with time at 1% strain, 1 rps,

at 158 °C.
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are orders of magnitude higher than those of the pure
PVDF, indicating the introduction of a significant degree
of crystallinity as induced by the presence of the MWNTs.
Figure 5(d) shows a decrease of tan delta with time, with
the addition of MWNTs greatly reducing the loss tangent
as affected by the more significant increases in the elas-
ticity (as represented by the storage modulus, G') in com-
parison to the increase of the viscous energy dissipation
(as represented by the loss modulus G”) with increasing
shearing time.

The typical effect of temperature on the shear-induced
crystallization behavior can be further seen through the
set of small-amplitude oscillatory shear experiments car-
ried out at the lower temperature of 152 °C as shown
in Figure 6. The increases of the storage modulus, loss
modulus and the magnitude of complex viscosity with
time associated with the presence of the nanotubes are
more pronounced at the lower temperature. Furthermore,
unlike the behavior at 158 °C, at the lower temperature

of 152 °C the PVDF itself exhibits shear-induced crys- '
tallization, albeit at a much slower rate in comparison to"
the nanocomposites incorporated with 0.1-5% MWNTs. . =~
Similar to the results obtained at the higher tempera--

ture, the rate of crystallization was found to increase with
the increase of the MWNT concentration. For MWNT
loadings above 2% by volume, the rate of crystallizatior
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is relatively rapid (with induction time almost instanta-
neous with the torque reaching the overload limit of the
transducer within 200 s upon the initiation of shearing).
The time dependent data for the 2% MWNT-PVDF can-
not be distinguished from the data of 5% MWNT-PVDF
nanocomposite due to instrument limitations.

It is interesting to note that shaping of PVDF and PVDF
nanocomposites within the constraints of a typical polymer
processing method (such as injection molding) involves
rapid cooling in conjunction with different time scales for
crystallization due to the significant differences in thermal
and stress/pressure histories of the PVDF located at dif-
ferent locations in the cavity Thus, it is anticipated that
crystallization from the melt in a typical polymer process-
ing operation will generate a wide range of stress induced
crystallization conditions and give rise to myriad mor-
phologies associated with such differences in the thermal,
shearing and resulting crystallization histories.

.2. ‘Effect of Deformation Rate on
~ Crystallization Behavior

- Figure' 7 shows the variation of G’, G”, |n*| and tan

delta for 5% MWNT-PVDF nanocomposite with time at
58 °C and at 1% strain amplitude for frequencies of
nd 5 rps. For pure PVDF no time-dependence
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Fig. 6. Variation of (a) Storage modulus, (b) Loss modulus, (c) Magnitude of complex viscosity and (d) Tan delta with time at 1% strain, 1 rps,

at 152 °C.
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Fig. 7. Variation of (a) Storage modulus, (b) Loss modulué,/ (c) M viscosity and (d) Tan delta with increase in frequency, for 5%

MWNT-PVDF nanocomposite at 1% strain, 158 °C.

was observed in the 1-5 rps range (i.e., there
shear-induced crystallization of the pure PVDF under rate which increases the storage modulus of the melt at
conditions; data not shown). For the 5% MWNT-PVDE greater rate in comparison to the rate of increase of
suspension all three frequencies gave rise to shegr-;p”?u%ceg“ . the Joss modulus. This again emphasizes the greater role
crystallization, with the induction time for crystaflization™ ° played by the elasticity in comparison to viscous dissipa-
decreasing with increasing frequency. Similar fréquency * tion with increasing degree of crystallinity, consistent with
dependence was observed for PBT nanocomposites under ;. ., the results discussed earlier.

shear.®® Figure 7(d) shows a fast decrease in tan delta with =~

ing frequency, due to an increase in crystallization
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Fig. 8. WAXD analysis of compression molded PVDF and PVDF Fig. 9. WAXD analysis of 5% MWNT-PVDF nanocomposites samples
nanocomposites. sheared at different frequencies (1% strain, 158 °C).
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T, (melting temperature)

introduction of MWNTs produces a shoulder at 20.7°,

0.0
@ which occupies a greater area with increasing MWNT
loading. This peak at 20.7° does not overlap with the peaks
~02F associated with MWNTSs (major peaks in the WAXD spec-
5 trum for MWNTSs occur at 28.5°, 39.5° and 40.6°). Overall,
2 the increases of the areas under the peaks associated with
2 -04r the Bragg angles of 20.3° and 20.7° are attributed to the
T formation of the B-phase crystal in PVDF nanocompos-
T ite samples while the decrease of the areas of the peaks
-06} / at 20.3° and 27.5° are attributed to the decrease of the
Tm,ptg:g"g:‘;'u'rfsmng a phase (the decrease in the 27.5° peak occurs in spite
08 | ) , | i | , of the increase of the concentration of MWNTSs). Similar
60 80 100 120 140 160 180 results for the quiescent crystallization condition have been

Temparature (°C)

Te,p (nominal crystallization

1.0 / temperature)

o
o
-

obtained upon melt blending as well as solution processing
of PVDF with MWNTs and nanoclays.!% 203

Figure 9 shows the WAXD results of the 5% MWNT-
PVDF nanocomposite sample collected after shearing at
different frequencies at 158 °C. The results were com-

08 pared with 5% MWNT-PVDF nanocomposite sample crys-
5 tallized under quiescent conditions in the ARES for 3000 s
306 (i.e., with no shearing). In the sheared samples, the shoul-
H der located at 20.7° attributed to the S-phase can be seen,
Z«: 04 as well as there is an increase in overall area under the
£ peak. Such changes in crystallinity due to shearing ver-

o
[

sus the quiescent conditions should be tractable upon DSC

sis as will be shown below. Other studies have also
_the generation of the B-phase upon deformation

0.0 ! | 1 1 1 11
50 80 100 120 140 160 DF melt."" However, these earlier studies were
Temparature (°C) carried ut using fiber spinning, with the gssomated strong
extensional flow, where the rate of separation between two
Fig. 10. (a) Melting curve and (b) Non-isothermal crystallizat i ljacent points changes exponentially with respect

for PVDF. Heating rate and cooling rate: 10 °C/min.

3.3. WAXD Analysis of Quiescent and Sheared PVDF
and PVDF Nanocomposite Samples i

Figure 8 shows the WAXD spectra of compression molded
PVDF and PVDF nanocomposite samples prepared under

quiescent conditions. The pure PVDF sample is predom-
inantly a-phase with characteristic peaks at 26 values
of 18.6°, 20.3° and 27.5°.* With addition of MWNTs
a change in relative intensity of peaks can be clearly
seen. The increase in MWNTS loading decreases the peak
at 18.6°, relative to the peak at 20.3°. Furthermore, the

Table L

(for constant strain rate), whereas the distance
nges only linearly in the simple shear flow, as used in

ixém inal Analysis of Quiescent and Sheared
PVDF and PVDF Nanocomposite Samples

Typlcal differential scanning calorimetry (DSC) results
depicting the melting and crystallization behavior of PVDF
under non-equilibrium conditions are shown in Figure 10.
Upon heating at the rate of 10 °C/min, the melting
onset is around 145 °C, with a nominal melting temper-
ature (7, ,; the temperature of the peak of the melting

Nominal melting temperature (7,, ), melting temperature (7,,), melting enthalpy (AH,), crystallinity (X.) and nominal crystallization

temperature (7, ,) of PVDF and PVDF nanocomposites under quiescent conditions. Heating rate and cooling rate: 10 °C/min. The average values and
95% conﬁdence intervals are reported (based on five separate tests per sample).

Sample T o (°0) T, (°C) AH, (J/g) X, (%) 7., (°C)

PVDF 1723417 1823408 28+£2.0 26.8+1.9 129.740.8
0.01% MWNT-PVDF 171.1£0.5 181.840.4 295417 28.1£1.6 137.240.3
0.1% MWNT-PVDF 170.6+1.4 180.5+1.3 31+1.3 29.6+1.2 137.3:0.1
0.5% MWNT-PVDF 170.3+1.0 181.5+0.3 30.542.1 29.142 140.2£0.2
1% MWNT-PVDF 170.5+0.5 181.440.7 202425 27.94+2.4 141.840.1
2% MWNT-PVDF 170.8+0.2 181.84:0.8 305423 20.1+2.1 142.640.2
5% MWNT-PVDF 170.640.3 181.3+0.6 319427 30.5+2.5 143.340.1
J. Nanosci. Nanotechnol. 9, 3330-3340, 2009 3337
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endotherm upon heating) of 172.3 °C and a melting tem-
perature (7,,; the highest temperature at which the last
trace of crystallinity disappears) of 182.3 °C. As shown
in Table I, the incorporation of the MWNTs followed
by quiescent crystallization appears to result in a slight
decrease of the mean value of the nominal melting temper-
ature in comparison to the pure PVDF, with the decrease of
the mean value of the nominal melting temperature being
more pronounced with increasing concentration of the
MWNTs. The mean values of the integrated heat of fusion
values, AH,, of the PVDF (corrected for the presence of
carbon nanotubes, i.e., heat of fusion of the nanocomposite
sample over the weight fraction of polymer in the sample)
suggest that the degree of crystallinity appears to increase
with increasing concentration of the MWNTs. The relative
degree of crystallinity was characterized as the ratio of the
integrated heat of fusion of the sample, determined dur-
ing the heating of the sample to 200 °C, over the heat of
fusion of purely crystalline PVDF (104.6 J/g).*® As shown

in Table I, the mean values of the degree of crystallinity -

increases from 26.8% of the PVDF to over 30.5% upon
the incorporation of MWNTs. However, it should be noted
that Table I reports the 95% confidence intervals (based
on five samples for each run) determined according to

Student’s-t distribution, and there is some overlap betweenw

the confidence intervals of the thermal properties
ferent nanocomposite samples. Such overlapping p
the drawing of definite conclusions.

Figure 10(b) shows the crystallization behavior of I
PVDF after being kept at an isothermal temperatur
200 °C for a duration of 5 minutes, and then coolin
a rate of 10 °C/min. As shown in Table I, the nom
crystallization temperature (T, ,) values increase upon the
incorporation of the MWNTs, consistent with the ﬁndmgs
of other studies which have focused on the effect of hano-
tubes on quiescent crystallization behavior ofx»Nylon~647
and polypropylene.**® The relative shift of T,
evident at the lowest concentration of MWNTSs (X
mean T, value increasing from 129.7 to 137.2 °C upon the
incorporation of only 0.01% of MWNTS). Such a spectac-
ular rise is only possible due to the very high surface to
volume ratio of the nanotubes as they act as heterogeneous
nuclei. As typically reported in the literature, subsequent

Table II. Nominal meliing temperature (7,,,), melting tempera-
ture (7,,), melting enthalpy (AH,,) and crystallinity (X,) of 5% MWNT-
PVDF nanocomposites (sheared at 1% strain, 158 °C). Heating rate:
10 °C/min. The average values and 95% confidence intervals are reported
(based on five separate tests per sample).

Txmp (OC)

170.1£0.7 180.4£1.2 30.1+3.3 28.8:+3.1

Frequency (rps) T, (°C) AH, (g) X, (%)

No shear, in ARES
for 3000 s at 158 °C

1 170.62.0 180.6+£0.9 34422 32942.1
3 17044 1.5 181.6£0.3 33.8:0.7 32.340.7
5 169.640.1 182£0.2 32.9+22 31.5+2.1
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increases in the nominal crystallization temperature upon
further increases in MWNT loading are less pronounced.

Table II shows the effect of MWNTs on the final
crystallinity of 5% MWNT-PVDF nanocomposite samples

l 50 pm

(b)

50 um

= ol

Fig. 11, Effect of MWNT loading on PVDF crystal size: (a) Pure PVDF
(b) 0.01% MWNT-PVDF (c) 0.1% MWNT-PVDF,
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collected after shearing in small-amplitude oscillatory
shear at different frequencies followed by cooling to ambi-
ent under free convection (around 50-60 °C/min). For
comparison, the heat of fusion and degree of crystallinity
values of 5% MWNT-PVDF nanocomposite sample, which
was only thermally treated and kept in the confines of
the rheometer for a duration of 3000 s, without actually
being sheared, are also included. The mean values of the
degree of crystallinity obtained at the constant loading
level of 5% by volume of MWNTSs suggest that the degree
of crystallinity of the 5% MWNT-PVDF nanocomposite
increases upon shearing. An increase in crystallinity upon
shearing has been observed for other polymers including
polypropylene and polyethylene blends.**! The sheared
samples have similar values of degree of crystallinity, irre-
spective of the frequency applied within the narrow range
of 1-5 rps. The changes in the melting temperature are
negligible.

3.5. Effect of MWNTs on PVDF Crystal Size

Figure 11 shows the effect of the incorporation of the":
MWNTs on PVDF spherulite sizes (as revealed by the -

Maltese cross patterns under the polarized light). Melt-
mixed PVDF nanocomposite samples with 0.01 and 0.1%
of MWNT loadings were subjected to the same analy
undertaken for virgin PVDE. The samples were nit
and isothermally crystallized between two glass
160 °C for 2 h. The PVDF spherulite size decrea;
addition of MWNTs. This is again consistent 3
MWNTs acting as heterogeneous nuclei, with t
ber of nuclei eventually defining the total numbe
spherulites upon the growth of the spherulites ceasin
when the spherulites impinge on each other.

4. CONCLUSIONS

The effect of MWNTs on the time-dependent linear vis
coelastic material functions, associated with shear-induced
crystallization behavior and the resulting crystalline struc-
tures of PVDF nanocomposites, have been studied. The
rate of PVDF crystallization under shear was increased due
to the presence of MWNTs. The crystallization tempera-
ture was found to increase due to the heterogeneous nucle-
ation effect of nanotubes, concomitant with the decrease
of the PVDF crystal size. The addition of MWNTs and
shearing appear to promote the formation of [B-crystals
in PVDF nanocomposites. These results suggest that the
structure and morphology of PVDF nanocomposites will
depend very strongly on the processing conditions, as well
as on the concentrations of the nanotubes.

Acknowledgments: Financial support from the Depart-
ment of Mechanical Engineering at Stevens (for GM)
is greatly appreciated. The authors would like to thank

J. Nanosci. Nanotechnol. 9, 3330-3340, 2009

Dr. Halil Gevgilili from the Highly Filled Materials Insti-
tute (HfMI) at Stevens for his contributions to this work.
Arkema Inc (USA) is acknowledged for providing the
Kynar 741 PVDF powder.

References and Notes

1. A.J. Lovinger, Science 220, 1115 (1983).

2. A. Ambrosy and K. Holdik, J. Phys. E: Sci. Inst. 17, 856 (1984).

3. T. Mirfakhrai, J. D. W. Madden, and R. H. Baughman, Mater. Today
10, 30 (2007).

4, M. G. Broadhurst and G. T. Davis, Ferroelectrics 60, 3 (1984).

5. G. T. Davis, J. E. McKinney, M. G. Broadhurst, and S. C. Roth,
J. Appl. Phys. 49, 4998 (1978).

6. J. Humphreys, 1. M. Ward, and T. McGrath, J. Appl. Polym. Sci. 30,
4069 (1985).

7. J. Scheinbeim, C. Nakafuku, B. A. Newman, and K. D. Pae, J. Appl.
Phys. 50, 4399 (1979).

8. R. Gregorio and E. M. Ueno, J. Mater. Sci. 34, 4489 (1999).

9. A.J. Lovinger, Polymer 22, 412 (1981).

10. K. Matsushige and T. Takemura, J. Polym. Sci.: Part B: Polym. Phys.
16, 921 (1978).

“'11. Y. Wang, M. Cakmak, and J. L. White, J. Appl. Polym. Sci. 30, 2615

© (1985).
12, J. M. Schultz, B. S. Hsiao, and J. M. Samon, Polymer 41, 8887
(2000).
13. A. Keller and H. Kolnaar, Processing of Polymers, edited by H. E. H.
Meijer, Material Science and Technology, Processing of Polymers
(Materials science and Technology: A Comprehensive Treatment),
iley-VCH, New York (1997), pp. 189.
Vi, Bigg, Polym. Eng. Sci. 28, 830 (1988).
ler and M. J. Machin, J. Macromol. Sci.: Phys. B1, 41 (1967).
D."Shah, P. Maiti, E. Gunn, D. F. Schmidt, D. D. Jiang, C. A. Batt,
; > Giannelis, Adv. Mater. 16, 1173 (2004).
Maiti, D. D. Jiang, C. A. Batt, and E. A. Giannelis, Adv.
7, 525 (2005).
am, W. N, Kim, Y. H, Cho, D. W. Chae, G. H. Kim, S. P.
2, S. S. Hwang, and S. M. Hong, Macromol. Symp. 249-250,
8 (2007).
Z. Dang, Y. Lin, and C. Nan, Adv. Mater. 15, 1625 (2003).
N, Leti, R. Czerw, S. Xing, P. Iyer, and D. L. Carroll, Nano Let:. 4,
. 1267 (2004).
.'A. Ramaratnam and N. Jalili, J. Intell. Mater. Syst. Struct. 17, 199
4 £2006).

ik

s T G
. A. Ramaratnam, N. Jalili, and H. Rajoria, Proc. SPIE 5503, 478

(2004).

23, D. R. Dillon, K. K. Tenneti, C. Y. Li, F. K. Ko, I. Sics, and B. S.
Hsiao, Polymer 47, 1678 (2006).

24. M. Kamal, D. M. Kalyon, and J. Dealy, Polym. Eng. Sci. 20, 1117
(1980).

25. L. Priya and J. P. Jog, J. Appl. Polym. Sci. 89, 2036 (2003).

26. H. Sobhani, M. Razavi-Nouri, and A. A. Yousefi, J. Appl. Polym.
Sci. 104, 89 (2007).

27. J. M. Samon, J. M. Schultz, B. S. Hsiao, S. Seifert, N. Stribeck,
L. Gurke, G. Collins, and C. Saw, Macromolecules 32, 8121 (1999).

28, J. N. Ness and J. Z. Liang, J. Appl. Polym. Sci. 48, 557 (1993).

29. M. R. Mackley, F. C. Frank, and A. Keller, J. Mater. Sci. 10, 1501
(1975).

30. W. Leelapornpisit, M. Ton-That, F. Perrin-Sarazin, K. Cole,
J. Denault, and B. Simard, J. Polym. Sci.: Part B: Polym. Phys. 43,
2445 (2005).

31. A. G. Kolbeck and D. R. Uhlmann, J. Polym. Sci.: Part B: Polym.
Phys. 15, 27 (1977).

32. A.J. McHugh, J. Appl. Polym. Sci. 19, 125 (1975).

33. G. Mago, E T. Fisher, and D. M. Kalyon, Macromolecules 41, 8103
(2008).

3339

B

| 3TOILHY HOHVYE




Deformation-Induced Crystallization and Associated Morphology Development of CNT-PVDF Nanocomposites

Mago et al.

34.
3s.

36.

37.

38.
39.

40.

41.
42,

43.

C. Carrot, J. Guillet, and K. Boutahar, Rheol. Acta 32, 566 (1993).
K. Boutahar, C. Carrot, and J. Guillet, Macromolecules 31, 1921
(1998).

A. Zwijnenburg and A. J. Pennings, Colloid. Polym. Sci. 253, 452
(1975).

A. Zwijnenburg and A. J. Pennings, Colloid. Polym. Sci. 254, 868
(1976).

A. J. Pennings, J. Cryst. Growth 48, 574 (1980).

C. H. Sherwood, F. P. Price, and R. S. Stein, J. Polym. Sci.: Polym.
Symp. 63, 77 (1978).

H. S. Myung, M. J. Yoon, E. S. Yoo, B. C. Kim, and S. S. Im,
J. Appl. Polym. Sci. 80, 2640 (2001).

P. G. de Gennes, J. Chem. Phys. 60, 5030 (1974).

J. Sandler, G. Broza, M. Nolte, K. Schulte, Y. M. Lam, and M. S. P.
Shaffer, J. Macromol. Sci.: Phys. B42, 479 (2003).

E. Assouline, A. Lustiger, A. H. Barber, C. A. Cooper, E. Klein,
E. Wachtel, and H. D. Wagner, J. Polym. Sci.: Part B: Polym. Phys.
41, 520 (2003).

44,

45,

46.

47.

48.

49.

50,

5L

Received:

B. P. Grady, F. Pompeo, R. L. Shambaugh, and D. E. Resasco,
J. Phys. Chem. B 106, 5852 (2002).

M. G. Buonomenna, P. Macchi, M. Davoli, and E. Drioli, Eur. Polym.
J. 43, 1557 (2007).

J. Buckley, P. Cebe, D. Cherdack, J. Crawford, B. S. Ince,
M. Jenkins, J. Pan, M. Reveley, N. Washington, and N. Wolchover,
Polymer 47, 2411 (2006).

D. Chae, S. Oh, and B. C. Kim, J. Polym. Sci.: Part B: Polym. Phys.
42, 790 (2004).

A. R. Bhattacharya, T. V. Sreekumar, T. Liu, S. Kumar, L. Ericson,
R. Hauge, and R. E. Smalley, Polymer 44, 2373 (2003).

L. Yang, R. H. Somani, I. Sics, B. S. Hsiao, R. Kolb, H. Fruitwala,
and C. Ong, Macromolecules 37, 4845 (2004).

A. Nogales, B. S. Hsiao, R. H. Somani, S. Srinivas, A. H.
Tsou, F. J. Balta-Calleja, and T. A. Ezquerra, Polymer 42, 5247
(2001).

B. S. Hsiao, L. Yang, R. H. Somani, C. A. Avila-Orta, and L. Zhu,
Phys. Rev. Lett. 94, 117802 (2005).

21 October 2007. Revised/Accepted: 29 January 2008.

3340

J. Nanosci. Nanotechnol. 9, 3330-3340, 2009






