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Abstract

We analyzed mechanical properties and structure of polypropylene fibers with different concentrations of single-wall carbon nanotubes

(SWNTs) and draw down ratios (DDR). Tensile tests show a three times increase in the Young’s modulus with addition of only 1 wt%

SWNT, and much diminished increase of modulus with further increase in SWNT concentration. Microscopic study of the mechanism of

reinforcement by SWNT included Raman spectroscopy and wide-angle X-ray diffraction (WAXD). The results show linear transfer of the

applied stress from the polymer matrix to SWNT. Analysis of WAXD data demonstrates formation of a b-crystal phase in polypropylene

matrix under the strain.

q 2004 Elsevier Ltd. All rights reserved.
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[1]. Introduction

Experimental and theoretical investigations suggest [1–

8] that carbon nanotubes (CNT) have remarkable mechan-

ical properties with Young’s modulus values and elastic

bending modulus of single-wall nanotubes ropes being in

the order of TPa [9,10,12] and tensile strength as high as

200 GPa [11]. These extraordinary mechanical properties

and high aspect ratio make carbon nanotubes ideal

reinforcing agent in nanocomposite materials. The potential

of carbon nanotubes for application as structure reinforce-

ment, however, depends on the ability to disperse the

nanotubes homogeneously throughout the matrix and on a

transfer of the mechanical load from the matrix to the

nanotubes. Significant enhancement of mechanical proper-

ties of epoxy resins [6,13–17], thermoplastics polymer [18,

19], poly(methyl methacrylate) (PMMA) [20], polyethylene

(PE) and polystyrene (PS) [21] has been achieved with

addition of CNT. However, the microscopic mechanism of
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polymer reinforcement by carbon nanotubes has not been

understood yet.

One of the methods to analyze microscopic load transfer

from the matrix to the nanotubes is the use of the Raman

spectroscopy [6]. It has been demonstrated that the position

of the second-order Raman band at 2610 cmK1, the so-

called D*-band, shifts with applied strain or stress [22,23].

If the stress applied to composite material is transferred to

CNT, the Raman peak shifts by a few cmK1. This shift

varies linear with applied strain, and the slope of the

frequency–strain response depends on the orientation of the

nanotubes and on the properties of polymer matrix [24,25].

In this work, influence of single-wall carbon nanotubes

(SWNT) on the mechanical properties of the polypropylene

(PP) fibers is studied. Microscopic structure of composites is

analyzed using Raman scattering and wide angle X-ray

diffraction (WAXD). Strong reinforcement (threefold

increase) is achieved at rather low concentrations of

SWNT. Stress versus strain curves show non-linear

behavior that is ascribed to changes in crystallinity of the

PP fibers under the stretching. SWNT’s Raman peak

exhibits non-linear shift with strain, but exhibits linear
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variations with stress. The results suggest that the PP-matrix

transfers stress effectively to SWNT.
[Fig. 1]. Stress–strain curves of pure PP and PP composite fibers with

different concentrations (DDRZ110).
[2]. Experimental

[2.1]. Fabrication of SWNT-PP fibers

The SWNT materials from Carbolex Inc. were sonicated

in 80 ml decahydronaphthalene with a Misonix Inc. high-

power sonicator for w30 min. The sonication was accom-

plished in a pulse mode in order to avoid excessive heating

of the solution and evaporation of the solvent. After 30 min

sonication, the carbon nanotube—decahydronaphthalene

solution was placed on a hot plate and heated to 140 8C.

Polypropylene granules (from Basell Polyolefins with a

HG455FB grade) were added to the solution at TZ140 8C

and dissolved by mechanical stirring at this temperature for

45 min. The solution became highly viscous when the PP

was added and further use of the sonicator was not possible.

The so-obtained gel-like solution was poured onto alumi-

num foil and placed in a vacuum oven at 150 8C at an

absolute pressure of 0.34 bar for w7 h in order to dry the

material. After drying, the material was left to cool to

ambient and then was broken into small pieces ofw5–8 mm

that could be used as pellets in the fiber spinning process.

The fibers were spun using an Instron capillary rheometer

with a die diameter of 1.6 mm followed by a collection of

the fiber on a high speed take up device. The piston speed of

the capillary rheometer was varied between 0.76 and

25.4 mm/min while the speed of the take up devices was

varied up to 125 rpm. By varying the speeds of the

rheometer and take up device the draw down ratio (DDR)

of the fiber could be controlled. The draw down ratio of the

different fibers was measured using an optical stereomicro-

scope. The composite fibers were prepared with several

SWNT concentrations specified as weight percentages in

the polymer: 1, 2, 3, 4, and 5 wt%. Small traces of

decahydronaphthalene have been found in the dried fibers

by TGA.

[2.2]. Measurements

Measurements of stress–strain curves of the composite

fibers have been performed using a mini-tensile testing

machine. Strain was varied on time scale of seconds,

however, the strain rate cannot be controlled. The mini-

tensile testing machine was placed in the Raman spec-

trometer or X-ray device, so stress–strain behavior and

Raman or WAXD data were measured at the same time.

Raman and WAXD measurements usually took a few

minutes and stress relaxation smaller than 10% was

observed during the measurements. Therefore, tensile

strength was calculated from the averaged value of the

measured force divided by the cross-section area of the fiber

samples.
Raman scattering spectra of the SWNT-PP fibers were

measured in backscattering geometry with Jobin Yvon

T64000 triple monochromator. A Krypton laser with a

wavelength of 647 nm and power of 4 mW was used as an

excitation source. The samples were placed in the mini

tensile device for measurement at various levels of strain.

For estimation of the SWNT orientation, the tangential

mode of the SWNT in Raman spectrum was measured at 0

and 908 between the fiber axis and the polarization of light

direction. The Raman spectrum for each direction has been

measured in three different points of the same sample in

order to average out possible inhomogeneity in dispersion of

SWNT in the fiber.

The WAXD measurements were carried out with a

Rigaku 12 kW rotating anode X-ray (Cu Ka radiation)

generator equipped with a diffractometer at 50 kV and

200 mA. Samples were scanned in a 2q-angle range

between 1.5 and 358 using 2D detector. An air scattering

pattern with no sample was also collected and used for

background correction of the WAXD data. All measure-

ments were performed at room temperature.
[3]. Results

Fig. 1 shows the stress–strain behavior of pure PP fiber

and PP composite fibers containing different SWNT

concentrations. Young’s moduli defined as the stress–strain

ratio in the low strain region are presented in Fig. 2 as a

function of the SWNT concentration. The tensile modulus

of the fibers increases sharply (w3 times) with addition of

1 wt% SWNTs. However, it increases much slower with

further addition of SWNT (Fig. 2). Tensile stiffness

increased only w45% when concentration of SWNT

increases from 1 to 4–5 wt%. Another observation is a

change of the slope of the stress–strain curve for strains

above w0.8–1.0% (Fig. 1) that was observed in all samples

including pure PP. The stress–strain measurements of fibers



[Fig. 2]. Dependence of the Young’s modulus on concentration of SWNT:

symbols—experimental results, the solid line is theoretical calculation

using the eq. 1.
[Fig. 4]. Raman spectra of tangential mode measured at different points in

PP—2 wt% SWNT composite fiber (DDRZ87). The angle between fiber

axis and polarization of incident light are 0 degree (top 3 spectra) and 90

degree (bottom 3 spectra). Inset shows dependence of the ratio of the

integrated intensities of the mode measured at two orientations on DDR.
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obtained with different draw down ratio (DDR) showed no

dependence of Young’s modulus on DDR.

Fig. 3(a) shows the circularly integrated 1D WAXD

intensity profiles of the pure PP fiber at various strains (0,

0.5, 1.0 and 2.0%). The neat PP initial pattern without strain

(0%) shows the typical a-form PP crystals and no changes

are observed at 0.5% strain. However, when the PP fiber is

stretched further (1 and 2%), the peak near 168 becomes

double peak suggesting appearance of b-form of PP [26].

The same behavior is obtained in the SWNT/PP composite

fiber, which is shown in Fig. 3(b).

It is known that tangential Raman mode at nw1500–

1600 cmK1 is sensitive to the orientation of carbon

nanotubes relative to polarization of light [21,27]. Fig. 4

shows the Raman spectra of the 2 wt% SWNT/PP

composite fiber with DDR of 87. All spectra were normal-

ized to the intensity of the PP peak at nw1450 cmK1 (which

does not show dependence on fiber orientation relative to

polarization of light). The Raman scattering intensity of the
[Fig. 3]. Changes of wide angle X-ray diffraction under strain (shown by

numbers) in (a) pure PP and (b) PP-1% SWNT.
SWNT mode decreases significantly when the angle

between the fiber axis and polarization of light changes

from 0 to 908, suggesting preferential orientation of SWNT

along the fiber direction. Degree of orientation was

calculated as a ratio of integrated Raman intensities

measured at 0 and 908. The orientation factor was seen to

be w5 with no significant dependence on DDR or

concentration of SWNT (inset Fig. 4).

Raman spectroscopy has also been used to analyze the

load transfer from the matrix to the nanotubes [6].

Frequency of SWNT D*-band is sensitive to stress and is

often used as a stress sensor [22]. Fig. 5 shows the spectra of

D*-band of the sample containing 1 wt% SWNT with no

strain and with 2% strain. The mode shifts to lower

frequency under tensile stress. The D*-band peak was fit by

a Lorentzian curve to estimate the position of its maximum.

The peak position of the D*-band is seen to shift to a lower

value on application of a tensile strain. The initial slopes are

approximately K200 cmK1 per strain with no significant
[Fig. 5]. The Raman spectra of D*-mode in PP—1 wt% SWNT composite

with no strain (dashed line) and with 2% strain (solid line).
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dependence on concentration or DDR (Fig. 6). These data

demonstrate clear transfer of the load to SWNTs. The data

also show change in the slope at strain above w0.8–1.0%.

To check reversibility of the properties under extension,

one of the fibers with 2 wt% SWNT and 117 DDR has been

loaded to strain w2%, then unloaded and left to relax over

night and then loaded again. Results for the stress–strain

behavior (Fig. 7(a)) and the shift of the Raman peak (Fig.

7(b)) show complete reversibility.
[Fig. 7]. Results of loading and reloading the sample of PP—2 wt% SWNT

with DDRZ117: (a) stress–strain curve and (b) dependence of the D*-band

peak position on strain.
[4]. Discussion

The presented results show transfer of the mechanical

load from PP-matrix to SWNT that appears to be rather

independent of concentration and DDR. Also orientation of

SWNT and the Young’s modulus appear to be independent

of DDR. Recent studies of PE-SWNT fibers found

dependence of CNT orientation and modulus on DDR

[21]. One of the reasons for this difference might be rather

narrow DDR range studied in our work: we vary DDR less

than three times while more than 30-fold variations were

studied in [20,21].

The Young’s modulus shows an interesting dependence

on SWNT concentration (Fig. 2): strong increase with

addition of 1 wt% and rather weak increase with further

addition of SWNT up to 5 wt%. A decrease of reinforcing

rate with filler concentration above a certain amount has

been observed for many composite materials [28–31]. If the

SWNT-PP composite fibers are assumed as randomly

oriented discontinuous fiber lamina, the composite modulus

Ec, can be calculated according to the following equation

[32].

Ec Z
3

8

1C2ðlNT=dNTÞhLVNT

1KhLVNT

C
5

8

1C2hTVNT

1KhTVNT

� �
Epp
[Fig. 6]. Dependence of the D*-band peak position on strain (a) for fibers

with different concentrations of carbon nanotubes and the same

DDRw110; (b) for PP—2 wt% SWNT with different DDR.
hL Z
ðENT=EPPÞK1

ðENT=EPPÞC2ðlNT=dNTÞ
; hT Z

ðENT=EPPÞK1

ðENT=EPPÞC2

where Epp and Ent represent tensile modulus of pure PP and

SWNT, Vnt the volume fraction of SWNTs, lnt/dnt is their

aspect ratio. We calculate the expected modulus taking

density of PP and SWNT equal to 0.9 and 1.34 g/cm3 [33],

respectively, and assuming aspect ratio w1000 and

modulus Entw600 GPa [33] for SWNT. The theoretical

calculation and experimental values for the Young’s

modulus are compared in Fig. 2. Experimental value at

1 wt% is in good agreement with the theoretical calculation

(Fig. 2). However, at increasing nanotube concentrations,

the deviation is greater. This behavior might be explained as

the poor distribution of SWNT that becomes even more

heterogeneous with increase in concentration.

The stress–strain curves for composites with various

SWNT concentration and DDR exhibit change of the slope

at strain w0.8–1.0% (Fig. 1). The nanotube slippage in the

polymer matrix under stress has been reported in recent

papers [34,35]. This could explain the observed change of

slope in stress–strain curves (Fig. 1). However, similar

behavior is also observed in the pure PP fibers. WAXD data

(Fig. 3) provide another explanation—change of PP

crystallinity under stress. It is known that isotactic

polypropylene have four different crystalline structures,

corresponding to monoclinic (a), hexagonal (b), triclinic
(g), and smectic or quenched polymorphs. The monoclinic

structure is usually obtained under typical industrial and

laboratory processing conditions, while the b-form can be

obtained under particular thermal condition and under shear

stress [26,36]. The mechanical properties such as Young’s

modulus and yield stress of PP reduce slowly with an

increase in the b-phase content [37]. WAXD data show (Fig.

3) that the b-crystal of the PP is formed when fibers are

uniaxially stretched. Therefore, stretching of the composite
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above some level (strain higher than w0.8–1.0%) leads to

formation of the b-crystals in PP matrix, which causes

decrease in modulus and change in the stress–strain

behavior.

This conclusion is supported by analysis of the Raman

spectra (Fig. 6). They also show changes of slope of the shift

versus strain at the same value of strain w0.8–1.0%.

However, shift varies linear with the applied stress (Fig. 8).

So, there is no slippage of SWNT in PP matrix, but the

modulus of the matrix changes under extension due to

formation of b-crystals. It has been found that addition of

CNT to polypropylene does not change crystallinity of the

polymer, although affects crystallization rate [38–41].

Formation of b-crystals apparently happens at the same

strain in neat PP and in PP-SWNT composite (Fig. 3)

suggesting no significant influence of SWNT on strain-

induced transformation of crystalline PP. This result might

be not surprising assuming that SWNT are excluded from

PP-crystals.

Our results show initial shift of D*-band K205G
30 cmK1/strain. Wagner and co-workers reported shift of

the SWNT D*-band K467 cmK1/strain in UV cured

urethane acrylate polymer and various values (between K
1422 andK1800 cmK1/strain) in epoxy resins [25,42,43]. It

appears that the shift per strain increases with increase of the

matrix modulus (Ew0.35 GPa in PP, Ew1.2 GPa in

urethane and Ew1.6–3 GPa in epoxy) suggesting that it

depends mostly on the stress transferred from the matrix to

SWNT.

Our results also show (Fig. 6) dependence of the initial

position of the D*-band on concentration of SWNT and

DDR. In all cases, the initial position appears at frequency

higher than the position of D*-band in SWNT powder,

nw2610 cmK1 [22]. When nanotubes are embedded in a

polymer, thermal strain builds up as a consequence of the

thermal expansion mismatch between the two phases.

Thermal strain that put nanotubes under compression

increases the frequency of the D* peak.
[Fig. 8]. Dependence of the D*-band peak position on stress in PP

composite fibers with 1 and 2 wt% SWNT.
[5]. Conclusions

We achieve w3 times increase in Young’s modulus of

PP fibers adding only 1 wt% of SWNT. The theoretical

calculation of this composite (1 wt%) shows an agreement

with experimental value. However, increase in the modulus

becomes weaker with further increase of SWNT concen-

tration. Analysis of Raman scattering spectra shows load

transfer from polymer matrix to SWNT. The observed

stress–strain and Raman band shift–strain curves show the

change of the slope when applied strain becomes larger than

w0.8–1%. These changes are ascribed to formation of b-
crystal under strain as evidenced by WAXD measurements.

The change of crystallinity in the composite fibers under the

stress affects the mechanical properties. Shift of the Raman

mode varies linear with stress supporting the earlier

suggestions that SWNT can be used as stress sensors.
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