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Carbon nanotube dispersion and exfoliation in polypropylene
and structure and properties of the resulting composites
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Abstract
Nitric acid treated single and multi wall carbon nanotubes (SWNT and MWNT) have been dispersed in polypropylene using maleic
anhydride grafted polypropylene (MA-g-PP) and butanol/xylene solvent mixture. SWNT exfoliation was characterized by Raman and UVe
viseNIR spectroscopies. Evidence for hydrogen bonding between maleic anhydride grafted polypropylene and nitric acid treated nanotubes
was obtained using infrared spectroscopy. Polypropylene/carbon nanotube composites were melt-spun into fibers. Dynamic mechanical studies
show that for fibers containing 0.1 wt% SWNT, storage modulus increased by 5 GPa at �140 �C and by about 1 GPa at 100 �C, suggesting
temperature dependent interfacial strength. The crystallization behavior has been monitored using differential scanning calorimetry and optical
microscopy. Control fibers exhibited 27% shrinkage at 160 �C, while the shrinkage in the composite fibers was less than 5%. Fibers heat-treated
to 170 �C show very narrow polypropylene melting peak (peak width about 1 �C).
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon nanotubes (CNT) can be dispersed in polymers in
melt or in solution. Good dispersion has been reported in melt
for polar polymers such as poly(methyl methacrylate)
(PMMA) [1e4] and polycarbonate (PC) [5e8], and in solution
for polyacrylonitrile (PAN) [9e11] and poly(vinyl alcohol)
(PVA) [12e14]. CNT dispersion in non-polar polymers such
as polypropylene during melt processing has yielded mixed
results. For example, larger diameter (50e10 nm) vapor grown
carbon nanofibers can be well dispersed in polypropylene melt
[15e17], while single wall carbon nanotubes (SWNT) were
not as well dispersed [18]. Techniques such as end-group func-
tionalization [19e21], use of ionic surfactants [22], shear
mixing [23,24] and plasma coating [25] have been used to
improve dispersion and exfoliation of nanotubes in polymers.
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Polypropylene compatibility with fillers has been improved by
matrix modification by grafting it with reactive moieties, such
as acrylic acid, acrylic esters, and maleic anhydride [26e28].
Improvement in thermal and electrical properties of polypropyl-
ene/nanotube composites has been reported [2,15,23,29,30]. In
this paper we report a method to disperse and exfoliate CNTs in
polypropylene by a combined solution and melt processing
approach as well as the structure and properties of the resulting
composites.
2. Experimental

As-received 100 mg SWNTs (w35% metal impurity) or
MWNTs (w2.5% metal impurity) were sonicated in 100 mL
of 7 and 6 M nitric acid, respectively, for 1 h using a Branson
bath sonicator 3510R-MT (100 W, 42 kHz) maintained at
25e30 �C. The sonicated dispersion was refluxed at 100 �C
for 1 h. The resulting suspension was repeatedly washed in
distilled water and filtered. The filtered nanotubes were dried
at room temperature for one day. The resulting bulky nanotube
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Table 1

Measured carbon nanotubes solubility in various solvents

Solubilitya (mg/L) As-purified

SWNTs

Acid treated

SWNTs

Toluenec <1 <1

Xylenec <1 <1

Ethanolc <1 27

1-Butanolc <1 25

Ethanol/xyleneb <1 17

Butanol/tolueneb <1 19

Butanol/xyleneb <1 20

a Sonication time was over 96 h and settling time was 12 h.
b Volume fraction (50/50) and solubility were measured using same

procedure as in Ref. [36].
c From Ref. [36].
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mat contained 80e85 wt% water as determined by thermogra-
vimetric analysis (TGA) (TA Instruments, TGA 2950). This
acid treated nanotube water mixture was dispersed and
sonicated in butanol (150 mL) for 2 h.

Maleic anhydride grafted polypropylene (MA-g-PP)
(900 mg) (Epolene E-43 from Eastman Chemical Co.;
Mw w 9100 and Mn w 3900 g/mole, acid number of 45) was
dissolved in 150 mL xylene at 100 �C. The acid treated
CNT/butanol dispersion is then added drop by drop to the
MA-g-PP/xylene solution. This solution was further stirred
for 30 min at 100 �C while allowing partial solvent evapora-
tion, and subsequently vacuum dried in an oven maintained
at 85 �C for 24 h to obtain the MA-g-PP/CNT master batch.
The weight concentration of nanotubes in the master batch
was determined by thermogravimetric analysis.

Polypropylene (Formolene 5101M from Formosa Plastics
Co., melt flow index of 8.0 g/min at 230 �C) was then blended
with PP-g-MA/CNT master batch by melt mixing in internal
mixer (CW Brabender Instruments Inc. e Model PL2000) at
220 �C, 50 rpm for 10 min. For melt blending, neat polypro-
pylene was pulverized to powder in liquid nitrogen and dry
blended with PP-g-MA/CNT master batch to improve mixing.
The control sample was prepared by melt blending PP with
PP-g-MA in 95:5 ratio. PP/PP-g-MA and PP/PP-g-MA/
CNTs samples containing 0.1 and 1 wt% SWNT, and 1 wt%
MWNT are referred to as PP, PP/SWNT (0.1), PP/SWNT
(1), and PP/MWNT (1), respectively. In the current study,
the effect of the addition of PP-g-MA on PP was not charac-
terized as we only compare PP and PP/CNT samples contain-
ing comparable amounts of PP-g-MA. However, we note from
the literature studies that the addition of PP-g-MA, results in
lowering the polypropylene modulus [31,32].

The control and the composite fibers were melt-spun at
200 �C on a piston driven small scale spinning unit manufac-
tured by Bradford Univ. Ltd., UK using 500 mm diameter
single hole spinneret. Fibers were subsequently drawn to
a draw ratio of 4.7 at 120 �C. Drawn fibers were tensile tested
at a cross-head speed of 25.4 mm/min in Instron Tensile Tester
(Model 1130) by attaching single filaments to cardboard tabs
(25.4 mm gauge length). Thirty single fibers were tested for
each sample. Dynamic mechanical analysis (DMA) was
carried out on Rheometrics RSA III on 10 filaments at a gauge
length of 25.4 mm in the temperature range of �150 to
þ150 �C at 1 Hz at a heating rate of 1 �C/min. Wide angle
X-ray diffraction (WAXD) studies were performed on a Rigaku
Micromax-002 WAXS/SAXS system operated at 45 kV and
0.66 mA equipped with a Rigaku R-axis IVþþ 2-D detection
system. The diffraction patterns were analyzed using Area
Max V. 1.00 and MDI Jade 6.1 softwares. The crystal size
was calculated using the Scherrer equation with K¼ 0.9.
The polypropylene crystalline orientation is calculated using
(040) and (110) planes and the Wilchinsky equation [33,34]
using the previously described procedure [18].

Transmission electron microscopy (TEM) was performed
on a Hitachi HF-2000 field emission gun TEM operated at
200 kV. TEM samples were prepared on lacey carbon coated
300 mesh copper grids (Electron Microscopy Sciences cat. #
HC300-Cu). PP/SWNT (1) and PP/MWNT (1) bulk composite
chunks were first boiled in xylene for about an hour in order to
fragment the composite sample. These fragments were
collected and further placed in xylene and boiled for 24 h. A
drop of the suspension was placed on the TEM grid using
a loop and dried in air. Crystallization of the bulk melt held
at 220 �C for 5 min in a hot stage was observed on Leitz
polarizing microscope when cooled to room temperature at
0.5 �C/min. For differential scanning calorimetry (DSC) (TA
Instrument Q100) studies, samples were heated at 10 �C/min
to 220 �C and cooled and re-heated at the same rate. The
infrared spectra were recorded on an Equinox 55 (Bruker
Optics) in KBr tablets. The fiber shrinkage was measured
using Thermomechanical Analyzer (TMA) (Q400, TA instru-
ments) by heating 10-filament bundle at 5 �C/min from room
temperature to 170 �C at a stress of about 3.2 MPa. UVe
viseNIR spectra were recorded on Cary 5G (Varian)
spectrometer using a thin film of nanotube composite. Raman
spectroscopy was performed on Holoprobe Research 785
Raman Microscope using 785 nm incident laser wavelength
with polarizer and analyzer parallel to each other. Scanning
electron microscopy was carried out on Leo 1530 SEM.
3. Results and discussion

The saturation SWNT solubility in various organic solvents
and solvent mixtures was measured using previously reported
procedure [35,36]. Measured solubility for pristine (containing
about 2 wt% catalyst, from Unidym Inc.) and acid treated SWNTs
in various solvents and solvent mixtures are listed in Table 1. A
broader selection of solvents can be used for dispersing the acid
treated tubes as compared to the pristine as-purified and unpuri-
fied tubes. However, acid treatment does not improve the solubil-
ity significantly in solvents such as toluene and xylene. The acid
treated tubes can be dispersed in a mixture of alcohol and xylene
as shown in Fig. 1. Nanotube dispersion increased when butanol
content increased from 0 to 11.2 mL (58.3 vol% of the total
solvent), while keeping the amount of xylene constant at 8 mL.

The neat PP-g-MA spectrum (Fig. 2a) shows strong
absorbance of polymaleic anhydride (1784 cm�1) [37,38]
and carboxylic acid C]O stretch (1715 cm�1) [39] at
self-hydrogen-bonded carboxyl groups (COOH). The
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Fig. 1. Solubility of acid treated SWNTs in xylene/butanol mixture. Top and bottom rows indicate amount of xylene and butanol in milliliters, respectively. Acid

treated SWNTs (1 mg) were dispersed in 8 mL xylene and sonicated for 30 min and the dispersion was allowed to settle for 2 h before taking a photograph.

Subsequently, each time 1.6 mL butanol was added followed by sonication (30 min) and settling (2 h).
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absorbance of polymaleic anhydride stretch (1784 cm�1 peak)
was down shifted in PP/SWNT (0.1) composites and its relative
intensity was reduced. This is due to hydrogen bond formation
between polymaleic anhydride and PP/SWNT as schematically
shown in Fig. 2b [37e40].

SEM images of the melt mixed bulk samples show good
nanotube dispersion (Fig. 3). Fig. 4 shows fibril of about
15 nm diameter in the PP/SWNT (0.1) composite, and can be
thought of as a SWNT bundle. After imaging Fig. 4a, sample
was exposed to the electron beam for about 30 s, and imaged
again at the same position (Fig. 4b). Fibril bending observed
in Fig. 4b, suggests polymer coating on the nanotube. Due to
electron beam irradiation, temperature increases and the poly-
mer softens, resulting in the bending behavior. In the absence
of polymer coating on the nanotube, 30 s electron beam expo-
sure would have had no significant effect on its bending behav-
ior. High resolution TEM images of PP/SWNT (1) and PP/
MWNT (1) samples boiled in xylene for over 24 h show residual
Fig. 2. (a) FTIR spectra of SWNT/PP-g-MA composite and neat PP-g-MA, and (b
polymer on both SWNT and MWNTs (Fig. 5). The fact that all
the polymer did not wash away in xylene even after boiling for
24 h suggest good polymereCNT interaction.

It has been reported that Raman spectra can be used to probe
the aggregation state of SWNTs [41]. PP-g-MA thin films were
prepared with acid treated SWNTs using xylene/butanol mix-
ture and the SWNT concentration in the films was about 0.25
and 5 wt%, respectively. Sample of 0.25 wt% was processed us-
ing xylene/butanol concentration below the solubility limit
given in Table 1, while 5 wt% sample was processed above
this concentration. Fig. 6 shows radial breathing mode spectra
at laser excitation wavelength of 785 nm and film morphology
of the two composite films as observed by SEM. In the figure,
Raman spectra of the composites have also been compared to
the spectrum of 100% carbon nanotube film. The spectral com-
parison in Fig. 6b reveals substantial diminution of the peak in-
tensity at 267 cm�1 in the composite sample containing lower
SWNT concentration (0.25 wt%), which is consistent with
) the schematic diagram of hydrogen bonding between SWNT and PP-g-MA.



Fig. 3. Scanning electron micrographs of (a) PP/SWNT (1), and (b) PP/

MWNT (1) melt mixed bulk samples.

Fig. 4. SEM images of PP/SWNT composite: (a) before irradiation, and (b)

after 30 s exposure to the 15 kV electron beam.

Fig. 5. High resolution transmission electron micrographs of (a) PP/SWNT (1)

and (b) PP/MWNT (1) composite showing nanotubes covered by polymer.

Both samples were boiled in xylene for 24 h before being examined in TEM.
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significant SWNTs exfoliation, as discussed elsewhere [41]. By
comparison, intensity of 267 cm�1 peak (Fig. 6a) is substan-
tially higher, suggesting lower degree of exfoliation in 5 wt%
SWNTs containing sample.

The UVeviseNIR spectrum of composite film containing
0.25 wt% SWNT shows relatively well resolved van Hove
transitions (Fig. 7) [42e44]. On the other hand, van Hove
transitions for sample containing 5 wt% SWNTs are less
well resolved. Based on the Raman, and UVeviseNIR spec-
tra, it can be concluded that the sample containing 0.25 wt%
SWNT have a higher degree of exfoliation than 5 wt%
SWNT containing samples. However, UVeviseNIR spectrum
does suggest some exfoliation even in 5 wt% SWNT contain-
ing samples. The UVeviseNIR spectra of 0.25 wt% SWNT
sample is blue shifted as compared to 5 wt% SWNT compos-
ite, suggesting interaction differences in the two cases. The
shift of about 50 meV has also been reported for surfactant
coated (such as sodium dodecyl sulfate e SDS) SWNTs
[42e44]. Both the UVeviseNIR and Raman spectroscopy
provided evidence that when SWNT concentration below the
saturation limit given in Table 1 is used then mostly exfoliated
SWNTs can be obtained in the composite. Based on these
studies we conclude that exfoliated SWNTs are present in
PAN/SWNT (0.1) and PAN/SWNT (1), though degree of
exfoliation is expected to be higher at 0.1 wt% than at 1 wt%.



Fig. 6. Raman radial breathing mode (RBM) spectra normalized by tangential (G) band intensity of PP/SWNT. SWNT Raman spectra are given for comparison; (a)

sample containing 5 wt% SWNTs, (b) partially exfoliated composites with 0.25 wt% SWNTs.
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The SWNT orientation in the fiber can be determined from
Raman tangential band (w1590 cm�1) intensity, when spectra
is collected as a function of polarization angle with respect to
the fiber axis [10,45]. Raman tangential band intensities for
PP/SWNT (1) and PP/SWNT (0.1) give Herman’s orientation
factors of 0.58 and 0.83, respectively. The tensile strength and
modulus of PP/SWNT (0.1) fiber is about 25% higher than that
of the control sample containing no nanotubes (Table 2). No
further increase in modulus and strength was observed when
SWNT concentration was increased to 1 wt%, in fact the prop-
erties were lower than that for the 0.1 wt% sample. This is
Fig. 7. Background subtracted UVeviseNIR absorption spectra of PP/SWNT

composite films. Inset shows the raw data.

Table 2

Tensile properties of various fibers

Sample Tensile

strength (GPa)

Elongation

at break (%)

Tensile

modulus (GPa)

PP 0.50� 0.05 35� 5 4.4� 0.3

PP/SWNT (0.1) 0.63� 0.06 35� 8 5.5� 0.3

PP/SWNT (1) 0.52� 0.06 28� 4 5.1� 0.4

PP/MWNT (1) 0.52� 0.06 30� 4 5.7� 0.5
attributed to insufficient nanotube exfoliation and relatively
lower SWNT orientation in 1 wt% SWNT containing sample.

Dynamic mechanical analysis of polypropylene shows
three relaxations at about �80 �C (a), 8 �C (b) and 100 �C
(g), respectively [46e48]. The g peak is generally attributed
to the relaxation of a few chain segments in the amorphous
regions. The b-relaxation represents the glass transition, and
a-relaxation is attributed to the lamellar slip and rotation in
the crystalline phase [48]. In our control polypropylene fibers,
tan d plots (at a frequency of 1 Hz) show glass transition at
about �7 �C, and at about 5 �C for the PAN/SWNT (1)
(Fig. 8). The tan d magnitude above the glass transition for
all the composite samples is higher than that for the control
polypropylene. Increase in tan d peak was also observed for
PMMA/carbon nanofiber [4] and PMMA/MWNT [1] compos-
ites. In PAN/SWNT, higher tan d magnitude was also observed
above the glass transition, with increasing SWNT content [11].

Storage moduli of various fibers as a function of temperature
are compared in Fig. 9. The difference between the storage mod-
ulus of the composite (E0comp) and control (E0control) samples
represents the contribution of nanotubes to the overall modulus
(Fig. 10). For MWNT containing samples, E0comp� E0control de-
creased from about 8 GPa at�140 �C to about 1 GPa at 100 �C,
while the SWNT modulus contribution (both at 0.1 and 1 wt%)
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at�140 �C is about 5 and 1 GPa at 100 �C. Considering that the
carbon nanotube modulus at 100 �C is more than 95% of its
modulus value at �140 �C [49], the substantial drop in carbon
nanotube contribution to the composite fiber modulus in this
temperature range suggests highly temperature dependent na-
ture of the load transfer efficiency and hence the interfacial
strength in these composites. Modulus contribution of 5 GPa
from 0.1 wt% nanotubes, even at �140 �C is noteworthy, and
Table 3

Non-isothermal crystallization and melting parameters for various samples for firs

Materials Crystallization

temperature Tc (�C)

FWHMa of

crystallization

peak, Tc (�C)

Crystalliz

enthalpy D

Bulk PP 114.8 7.1 103.5

PP/SWNT (0.1) 123.1 4.5 102.6

PP/SWNT (1) 126.3 3.7 100.3

PP/MWNT (1) 120.8 4.4 103.3

Fiber PP 116.8 6.8 118.7

PP/SWNT (0.1) 121.1 5.0 114.3

PP/SWNT (1) 126.7 3.1 115.1

PP/MWNT (1) 122.4 3.4 110.3

a FWHM e full width at half maximum.
b Crystallinity calculated from enthalpy of melting.
represents an effective SWNT modulus contribution of about
5 TPa. This modulus value is much higher than the SWNT mod-
ulus value of about 640 GPa, and may represent contributions
from changes in polymer morphology due to the presence of
SWNT. Change in interfacial strength or the load transfer effi-
ciency between the polymer and the nanotubes as a function
of temperature, at least partially may be due to the differences
in the coefficient of thermal expansion of the two components
e that is polymer and the nanotube [50e52]. Variation in load
transfer efficiency as a function of temperature was also ob-
served in PAN/SWNT composite fibers [9].

Ratio of composite to the control fiber storage moduli
(E0comp/E0control) is higher at or near the glass transition tem-
perature than above or below it (Fig. 11). Similar phenomenon
for shear modulus ratio of composite to that of the control
polymer was also observed in samples where reinforcing enti-
ties were spherical particles [50,53]. The jump in E0comp/
E0control near Tg was partially attributed to change in poisson’s
ratio of the polymer from about 0.35 below the glass transition
temperature to about 0.50 near the glass transition temperature
as well as to changes in the ratio of the modulus of the filler to
that of the polymer in going through the glass transition [53].

DSC crystallization and melting data from first cooling and
second heating cycles for bulk and fiber samples are given in
Table 3. The percent crystallinity is calculated assuming that
t cooling and second heating cycles

ation

H (J/g)

Melting

temperature Tm (�C)

Melting

enthalpy DH (J/g)

Crystallinityb (%)

167.2 101.9 49.2

166.2 104.8 50.6

165.3 101.2 48.9

164.0 102.9 49.7

165.1 114.3 55.2

165.2 113.1 54.7

163.9 114.7 55.4

163.7 107.8 52.1



Fig. 12. DSC crystallization plots for various fibers: (a) first cooling cycle (b)

second heating cycle. Plots for bulk samples not shown.

Fig. 13. Optical micrographs with cross-polarizers (1) PP, (2) PP/SWN
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the enthalpy of melting of 100% crystalline polypropylene is
207 J/g [54,55]. The crystallization and melting peaks were
integrated by fitting the baseline from 85e145 �C and
100e180 �C, respectively (Fig. 12). In both bulk and the
fibers, the onset of crystallization occurs at higher temperature
for the composites, suggesting that nanotubes act as nucleating
agent. The crystallization and the melting peaks are narrower for
the composite samples suggesting narrower crystal size distribu-
tion, in agreement with previous work [18]. The crystallization
of bulk samples was also observed using Leitz polarizing optical
microscope. For this purpose, bulk samples were melted at
220 �C and cooled at a rate of 0.5 �C/min. Fig. 13 shows that
spherulite diameter decreased from about 400 mm in the control
sample to about 20 mm in the composite, further confirming
crystallization nucleation by carbon nanotubes.

Shrinkage at 160 �C in polypropylene fiber is about 27%,
while in all the composite fibers, the shrinkage at this temper-
ature is less than 5% (Fig. 14). This dramatic (80%) reduction
in shrinkage, even at 0.1 wt% nanotubes, provides further
evidence of interaction between CNT and polypropylene. In
the absence of interaction, polypropylene in the composite
would be as free to shrink as in the control sample. This
interaction suggests that one should be able to disperse un-en-
tangled nanotubes in polypropylene without functionalization
or without the use of compatabilizers such as maleic anhydride
grafted polypropylene used in the current study. This was
recently demonstrated in MWNT/PP system, where MWNTs
were first dispersed in dichlorobenzene [56]. Recent observa-
tion of polypropylene transcrystallinity on carbon nanotube,
provided further evidence of PPeCNT interaction [57].
T (0.1), (3) PP/SWNT (1), and (4) PP/MWNT (1) bulk samples.
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To further understand the shrinkage behavior, the drawn
fibers were heated at 5 �C/min to 150, 160, and 170 �C (this
is above the polymer melt temperature) in thermomechanical
analyzer at a stress of 3.2 MPa, and held at the ultimate tem-
perature for 5 min. Fibers were then cooled down to room tem-
perature, and characterized by wide angle X-ray diffraction
Fig. 15. WAXD diffraction p
(Fig. 15). Polymer crystalline orientation increases for all
the fibers, when they were heated up to 160 �C (Table 4).
Considering that all fibers shrink even at 160 �C, increased
crystalline orientation suggests that only the amorphous
regions are responsible for the shrinkage at this temperature.
At 170 �C, there is substantial decrease in polypropylene crys-
talline orientation in the control sample, while in composite
fibers it decreases only marginally. At 160 �C, relatively small
polymer crystals melt and re-crystallize. Tensile properties of
the fibers heated to 160 �C under tension, were either compa-
rable to or lower than that for the fibers without heat treatment.
DSC melting behavior of the 160 �C sample, shows very sharp
melting peak (peak width less than 1 �C) during first heating
(Fig. 16). Such a sharp melting peak is typically not observed
for polymers. However, the sharp melting peak is consistent
with the large crystal size observed from X-ray. Broad melting
peak is observed during the second heating, as expected. The
crystal size increases on re-crystallization closer to the melting
point [58,59]. The re-crystallized larger crystals show a melt-
ing point of 5e10 �C higher than the crystallized samples
[60,61]. In our case fibers without heat treatment exhibited
atterns for various fibers.
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Table 4

Crystal size, crystallinity, and Herman’s orientation factor ( f ) for various

fibers

RT 160 �C 170 �C

Crystal size (nm) of (110) plane (2q w 14�)

Control PP 10.9 26.6 36.0

PP/SWNT (0.1) 12.9 22.9 36.6

PP/SWNT (1) 13.4 18.8 29.2

PP/MWNT (1) 13.1 13.2 35.2

Crystallinity (%)a

Control PP 69 76 80

PP/SWNT (0.1) 75 75 77

PP/SWNT (1) 73 78 75

PP/MWNT (1) 75 76 78

fpp
b

Control PP 0.89 0.93 0.73

PP/SWNT (0.1) 0.92 0.94 0.88

PP/SWNT (1) 0.92 0.93 0.88

PP/MWNT (1) 0.93 0.94 0.86

a Crystallinity calculated from X-ray diffraction.
b fpp is polypropylene c e axis orientation.
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a melting temperature of 164e165 �C, while the 160 �C
heat-treated fibers exhibited the narrow melting peak above
167 �C (an increase of about 2 �C).

4. Conclusions

A method has been developed to disperse and exfoliate
carbon nanotubes in polypropylene using a combined solution
and melt processing approach. Dynamic mechanical analysis
shows that 1 wt% well dispersed MWNT increase the storage
modulus at �140 �C by 8 GPa and well dispersed and exfoli-
ated 0.1 wt% SWNT increased it by 5 GPa at the same temper-
ature. On the other hand the storage modulus increase in the
two cases at 100 �C was only about 1 GPa. This suggests sig-
nificant temperature dependent load transfer efficiency in the
PPeCNT system. At 160 �C, there is 80% reduction in the
thermal shrinkage of 0.1 wt% SWNT containing fiber as com-
pared to the control polypropylene fiber. This reduction in the
thermal shrinkage between PP and PPeCNT fibers provided
evidence of interaction between the two entities. Direct evi-
dence of interaction has also been observed from high resolu-
tion transmission electron microscopy.
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