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Abstract

Polyacrylonitrile (PAN)/carbon nanotubes (CNTs) composite fibers were spun from solutions in dimethyl acetamide (DMAc), using single wall

(SWNTs), double wall (DWNTs), multi wall (MWNTs) carbon nanotubes, and vapor grown carbon nanofibers (VGCNFs). In each case, CNT

content was 5 wt% with respect to the polymer. Structure, morphology, and properties of the composite fibers have been characterized using X-ray

diffraction, Raman spectroscopy, scanning and transmission electron microscopy, tensile tests, dynamic mechanical tests, as well as thermal

shrinkage. While all nanotubes contributed to property improvements, maximum increase in modulus (75%) and reduction in thermal shrinkage

(up to 50%) was observed in the SWNT containing composites, and the maximum improvement in tensile strength (70%), strain to failure (110%),

and work of rupture (230%) was observed in the MWNTs containing composites. PAN orientation is higher in the composite fiber (orientation

factor up to 0.62) than in the control PAN fiber (orientation factor 0.52), and the PAN crystallite size in the composite fiber is up to 35% larger than

in the control PAN (3.7 nm), while the overall PAN crystallinity diminished slightly. Nanotube orientation in the composite fibers is significantly

higher (0.98 for SWNTs, 0.88 for DWNTs, and 0.91 for MWNTs and VGCNFs) than the PAN orientation (0.52–0.62). Improvement in low strain

properties (modulus and shrinkage) was attributed to PAN interaction with the nanotube, while the improvement in high strain properties (tensile

strength, elongation to break, and work of rupture) at least in part is attributed to the nanotube length. Property improvements have been analyzed

in terms of nanotube surface area and orientation.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Carbon fibers developed since 1960s are now widely used in

composite applications. Vapor grown carbon nano fibers

(VGCNFs) developed in 1980s [1], and carbon nanotubes

(single wall—SWNTs [2,3], double wall—DWNTs [4,5], and

multiwall—MWNTs [6]) developed in 1990s have exceptional

physical, mechanical, electrical, thermal, and optical properties

[7,8] and are sometimes heralded to be the ultimate reinforcing

systems for polymer and other matrices. Significant break-

throughs have been reported in processing carbon nanotubes

[9–11] and carbon nanotube/polymer composite films [12–18]

and fibers [19–21]. Pristine or functionalized [22–28] carbon
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nanotubes have been dispersed in more than 25 polymer matrix

systems, including semi-crystalline [29,30] and amorphous

[31,32] thermoplastics, thermosetting polymers [33,34], water

soluble polymers [35], liquid crystalline polymers [20,36], and

conjugated polymers [37,38]. Carbon nanotubes are also being

used to reinforce ceramics [39–41] and metal matrices [42–44].

Property improvements with carbon nanotubes include

enhanced tensile modulus [45–47], tensile strength [47–49],

torsional modulus [50], compressive strength [51,52], fatigue

behavior [53], toughness [47], glass transition temperature

[47,54–56], electrical conductivity [57,58], thermal conductivity

[17,59], solvent resistance [47,60,61], and reduction in thermal

shrinkage [47,51,56], as well as anisotropic optical properties

[47]. Carbon nanotube based materials are also being evaluated

for their functional characteristics, such as charge storage

device [62–64], field emission [65–67], sensors of chemical

[68,69], stress [70], and temperature [71,72]. Carbon nanotubes

are being dispersed in polymer matrices using organic solvents,

or aqueous media with the aid of surfactant [73,74], in situ

polymerization [20], as well as in melt [75]. While poly(vinyl

alcohol) (PVA) [13,19,76], poly(methyl methacrylate)
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(PMMA) [50,77], and epoxy [78,79] based composites

received early attention and perhaps remain the most studied

polymer/CNT systems to date, polyacrylonitrile/CNT compo-

sites are turning out to be quite important [47,60,62,80–89].

Polyacrylonitrile is a commercially important polymer [90]

and is the predominant precursor for carbon fibers [91]. PAN/

CNT films and fibers with significant property improvements

are being processed [47,62,84,85] from solutions in dimethyl

formamide or in dimethyl acetamide, suggesting good

interaction between polyacrylonitrile and carbon nanotubes,

and the preliminary stabilization [86] and carbonization studies

[87] on PAN/CNT composites have been reported. Which type

of carbon nanotube will have the best reinforcement efficiency?

This question has received little attention to date [92], and there

are no reported fiber studies, comparing the reinforcement

efficiencies of different types of nanotubes. Here, the

reinforcement efficiency of SWNTs, DWNTs, MWNTs, and

VGCNFs has been compared in polyacrylonitrile fiber at

5 wt% nanotube content.

2. Experimental

PAN (molecular weight 100,000 g/mol) obtained from

Japan Exlan Co. Ltd. was dried in vacuo at 90 8C. SWNTs

were obtained from Carbon Nanotechnologies, Inc. (Houston,

TX), DWNTs from Nanocyl, Co. (Belgium), MWNTs from

Iljin Nanotech, Co. (Korea), and VGCNFs (PR-24-HT, heat

treated at 2850 8C) from Applied Sciences, Inc. (Cedarville,

OH). The amount of catalytic impurity in each type of

nanotube was estimated from the thermogravimetric analysis

(TGA) under air based on the residual weight [93]. Based on

this analysis, the impurity was 2.4, 5.4, 2.5, and 0.3 wt% in

SWNT, DWNT, MWNT, and VGCNF, respectively. N,N-

dimethylacetamide (DMAc) was obtained from Sigma–

Aldrich, Co. and was used as received. CNTs (1.5 g) were

dispersed in 300 mL DMAc using simultaneous sonication

(Cole–Parmer 8891R-DTH, 80 W, 43 kHz) and stirring, until

dispersion reached optical homogeneity. SWNTs, MWNTs,

and VGCNFs formed optically homogeneous dispersion in less

than 10 h of sonication, while highly entangled DWNTs

required continuous sonication for 2 weeks before optically

homogenous dispersion could be obtained. 28.5 g PAN was

separately dissolved in 150 mL DMAc at 70 8C, and PAN/
Fig. 1. Schematic diagram of the dr
DMAc solution was added to the CNT/DMAc dispersion and

homogenized while stirring. Excess solvent was evaporated to

obtain the desired solution concentration of 30 g solids

(PANCCNT) in 150 mL DMAc. Accounting for impurity,

CNT content, in each case was 5G0.3 wt% with respect to the

weight of the polymer.

The PAN/CNT/DMAc solutions were spun at room

temperature by dry-jet-wet spinning using the small scale

spinning system manufactured by Bradford University

Research Ltd. The air gap between spinneret (single hole,

500 mm diameter) and the coagulation media was about 2 cm.

The schematic of the spinning set up is shown in Fig. 1. A

635 mesh (20 mm) stainless steel filter pack (TWP, Inc.) was

used in the spinning line. DMAc/water volumetric ratios in the

coagulation baths (baths 1 and 2) and drawing bath (bath 3)

were 60/40, 10/90, and 0/100, respectively, while the two

coagulation baths were maintained at 30 8C and the drawing

bath at 100 8C. An in-line heater was used for fiber drying and

was maintained at 130 8C. There was no fiber drawing in the

two coagulation baths. Fiber was drawn between 1st and 2nd

rollers, and fibers were allowed to relax and dried in the heating

block. Take-up roller speed was set to be a little lower

(19.4 m/min) than the 2nd roller speed (20 m/min). The final

draw ratio of the control PAN and for each composite fiber was

10. The fibers were further dried in a convection oven at 50 8C

for 1 week at constant length.

Fiber mechanical properties were determined using RSA III

solids analyzer (Rheometric Scientific, Co.). The gauge length

and crosshead speed for the tensile tests were 25 mm and

0.1 mm/s, respectively. For tensile tests, at least 10 filaments

were tested in each case. Dynamic mechanical tests were

conducted at 10 Hz at a heating rate of 2 8C/min, and on

bundles of 10 filaments at 25 mm gauge length. Thermal

shrinkage was determined using thermo-mechanical analyzer

(TMA 2940, TA Instruments) at 15 MPa pre-stress in the

extension mode at a heating rate of 10 8C/min. Raman spectra

were collected in the back scattering geometry using a

Holoprobe Research 785 Raman Microscope made by Kaiser

Optical System using 785 nm excitation laser with polarizer

and the analyzer parallel to each other. Spectra were collected

when the fiber axis was at 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 85,

and 908 from the polarization direction. The SWNTs and

DWNTs orientation in the composite fiber was determined
y-jet-wet fiber spinning set up.
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from the peak intensity of tangential band (ca. 1590 cmK1)

assuming Gaussian intensity distribution with respect to the

polarization direction [94]. The orientation of MWNTs in the

composite fiber was determined from the graphite (002)

azimuthal scan obtained from X-ray diffraction. From the

orientation factor of the graphite plane normal, K0.455,

orientation factor of the graphite plane was determined to be

0.91 on the assumption of the symmetry of orientation along

the a and b axes. The orientation of the VGCNF was also

determined from the graphite (002) azimuthal scan. The

graphitic layers in VGCNFs make an angle of 158 to the fiber

axis [95]. Therefore, to determine the orientation of VGCNFs,

the azimuthal scan profile was fitted by two Gaussian peaks,

with peak positions located at G158 around the equator as

described elsewhere [95]. Wide angle X-ray diffraction

(WAXD) patterns were obtained on multifilament bundles by

Rigaku Micromax-007 (operated at 45 kV, 66 mA, lZ
1.5418 Å) using Rigaku R-axis IVCC detection system.

The diffraction patterns were analyzed using AreaMax V. 1.00

and MDI Jade 6.1. PAN orientation was determined from the

(200,110) azimuthal scans (2qZ16.78) using the previously

described procedure [47]. PAN crystallinity was determined by

area-calculation of deconvoluted integrated diffraction patterns

[96–98]. In PAN/MWNTs and PAN/VGCNFs composite

fibers, the graphite peak was also present and was excluded

from the PAN crystallinity calculation. The PAN crystal size

was determined from the peak at 2qZ16.78 using the Scherrer

equation with KZ0.9 [99]. Fiber tensile fractured surfaces

were observed on the gold coated samples by scanning electron

microscopy (LEO 1530 SEM operated at 15 kV). Transmission

electron microscopy (TEM) specimens for the composite fibers

were prepared by detachment method using parlodian [100].

Bright field TEM images were recorded on Mitsubishi

Microscope Film using JEM 2000EX (operated at 200 kV).
Fig. 2. Bright field TEM images of carbon nanotubes used in this st
3. Results and discussion

Fig. 2 shows the bright field TEM images of various

nanotubes used in this study. As expected, SWNTs show

5–50 nm diameter bundles or ropes, with an average diameter

of about 30 nm. Diameters of DWNTs were about 5 nm, and

they mostly existed as individual tubes, however, these were

highly entangled. The average diameter of MWNTs was about

20 nm, and these also existed as mostly individuals, though

entangled. Diameter of vapor grown carbon nano fibers was

about 60 nm and they appeared to be relatively free of

entanglements. As mentioned in the experimental section,

DWNTs, due to high degree of entanglement, were the most

difficult to disperse. By comparison SWNTs and MWNTs were

readily dispersed by sonication, suggesting a relatively less

entangled structure in these two types of nanotubes. TGA plots

indicate that SWNT, DWNT, MWNT, and VGCNF degra-

dation peaks in air at about 500, 440, 600, and 700 8C,

respectively (Fig. 3(A)). Degradation in MWNT and VGCNF

is delayed due to the existence of the layered graphitic structure

in these. For comparison, thermogravimetric analysis results in

nitrogen (Fig. 3(B)) show that all nanotubes do exhibit

degradation in the 800–1000 8C range. SWNT exhibit the

most degradation followed by DWNT, MWNT, and VGCNF.

Raman spectra (Fig. 4) show that the intensity of the disorder

band (ca. 1300 cmK1) in MWNTs and in VGCNF is quite high,

suggesting highly defective graphitic structure in these two

cases. Among the four types of tubes, SWNTs appear to have

the highest perfection followed by DWNTs.

Mechanical properties and various structural parameters for

the control PAN and the composite fibers are listed in Table 1.

All composite fibers exhibit improved mechanical properties

over the control PAN. Increase in modulus and decrease in

shrinkage is the highest in SWNT containing fibers, while
udy: (a) SWNTs, (b) DWNTs, (c) MWNTs, and (d) VGCNFs.



Fig. 3. Thermogravimetric analysis plots of (a) SWNTs, (b) DWNTs, (c) MWNTs, and (d) VGCNFs powder at a heating rate of 10 8C/min in (A) air and (B) nitrogen.

Fig. 4. Raman spectra for pristine (a) SWNTs, (b) DWNTs, (c) MWNTs, and

(d) VGCNFs powder.
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increase in tensile strength, strain to failure, and toughness was

the highest in MWNTs containing fibers. Improvement in all

the properties in PAN/DWNTs and PAN/VGCNFs composite

fibers was intermediate to that of PAN/SWNTs and PAN/

MWNTs. While conventional fillers and reinforcements

improve modulus and strength at the expense of strain to

failure and toughness, all nano carbon reinforcements used in

this study improved all mechanical properties, including up to

230% improvement in fiber toughness (with just 5 wt%

MWNTs) as measured from the area under the stress–strain

curve.

Storage modulus at 140 8C is enhanced by almost a factor of

6 (for SWNT containing fibers), while the tan d peak

temperature increased from 100 8C for the control PAN to

109 8C for the PAN/SWNTs composite, and the magnitude of

the tan d peak decreased from O0.3 for the control PAN to

below 0.2 for the composite fibers (Fig. 5). Storage moduli in

the entire temperature range for the MWNT and VGCNF

containing composite fibers were quite comparable to each

other. On the other hand, the storage modulus of the composite

containing DWNT was substantially higher than that of the

control fiber, above the glass transition temperature, while it

only exhibited a moderate increase at room temperature. Width

of the tan d vs temperature plot for the composite fibers (except

SWNT containing fibers) is significantly reduced as compared

to that of the control PAN. This suggests a narrower spectrum

of relaxation times in the composites than in PAN, a result of

polymer interaction with the nanotubes. In the case of SWNT

containing fibers, tan d peak is broadened towards high

temperature. We conjecture that PAN interactions with

SWNT are stronger than with other larger diameter nanotubes,

and that PAN segments closer to the SWNT exhibit tan d loss at

higher temperature than the segments farther from it, leading to

the broadening in the high temperature region. Intercalation of

PAN in the SWNT bundle may also be partially responsible for

the tan d broadening behavior.

SWNT containing fibers exhibited most improvement in the

thermal shrinkage behavior, followed by MWNTs, VGCNF,
and DWNT, respectively (Fig. 6). In the control PAN fiber, as

there are no nanotubes, amorphous chains are free to relax,

unless constrained by the crystalline regions. In the PAN–CNT

composite, due to polymer nanotube interaction, an additional

constraint is imposed on the PAN molecules, resulting in

improved thermal shrinkage performance. DWNT containing

samples exhibit poor performance due to high degree of

entanglement and agglomeration. Under comparable spinning

conditions, PAN orientation factors in the composite fibers were

0.62, 0.60, 0.57, and 0.53 for SWNT, MWNT, VGCNF, and

DWNT containing fibers, while the orientation of the control

PAN fiber was 0.52. All types of CNTs, including VGCNF,

resulted in enhanced polymer orientation, with SWNT resulting

in most enhancements. Normally fibers with high degree of

orientation results in large thermal shrinkage, and unoriented

fiber would exhibit no entropic shrinkage. Considering that the

nanotube containing fibers exhibit higher orientation than



Table 1

Structural parameters and properties of control PAN and PAN/CNT composite fibers

Control PAN PAN/SWNTs PAN/DWNTs PAN/MWNTs PAN/VGCNFs

Modulus (GPa) 7.8G0.3 13.6G0.5 9.7G0.5 10.8G0.4 10.6G0.2

Strength at break (MPa) 244G12 335G9 316G15 412G23 335G13

Strain to failure (% strain) 5.5G0.5 9.4G0.3 9.1G0.7 11.4G1.2 6.7G0.3

Toughness (MPa) 8.5G1.3 20.4G0.8 17.8G1.7 28.3G3.3 14.0G1.0

Shrinkage at 160 8C (%) 13.5 6.5 11.5 8.0 11.0

Tg
a (8C) 100 109 105 103 103

fPAN 0.52 0.62 0.53 0.60 0.57

fCNT – 0.98 0.88 0.91 0.91

Crystal size (nm) 3.7 5.0 4.1 5.0 4.4

Crystallinity (%) 58 54 57 55 55

a tan d peak temperature.
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the control PAN, the reduction in their thermal shrinkage

conveys stronger PAN–CNT interaction than if the PAN

orientation in the composite was the same as in the control PAN.

Integrated radial WAXD scans, including the deconvoluted

scans and the flat plate photographs for various fibers are given
Fig. 5. (A) Storage modulus and (B) tan d vs tem

Fig. 6. (A) Thermal shrinkage in various fibers as a function of temperature. Figure le

function of CNT surface area.
in Fig. 7. The crystallinity of the control PAN fiber was only

marginally higher than that of the composite fibers. However,

PAN crystal size obtained from (200,110) peak, was larger in

all composite fibers, and 35% larger in SWNT and MWNT

containing fibers than the control PAN. As was the case with
perature plots of various composite fibers.

gend same as in Fig. 5(A). (B) Thermal shrinkage in various fibers at 160 8C as a



Fig. 7. WAXD patterns, integrated radial scans and the deconvoluted profiles

for (a) control PAN, (b) PAN/SWNTs, (c) PAN/DWNTs, (d) PAN/MWNTs,

and (e) PAN/VGCNFs.
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orientation, composite fiber containing DWNTs exhibited the

smallest increase in crystal size. PAN is currently the

predominant precursor for carbon fibers. Stabilization and

carbonization studies on PAN/carbon nanotubes composites

point to the potential of this composite system as a precursor

for next generation carbon fiber [86,87]. Fibers with larger

PAN crystals and higher polymer molecular orientation are

expected to lead to a more perfect and higher orientation

carbon fiber with improved mechanical properties.

Tensile fractured surfaces reveal fibrillar structure in both

the control PAN and the PAN/CNTs composite fibers (Fig. 8).

Many more fibril ends are observed in PAN/SWNT fiber than

in PAN/MWNT fiber. SWNT bundles are known to be

wrapped by PAN molecules [60,62], and we suggest that the

fibril ends observed in PAN/SWNT composite are PAN

wrapped SWNTs bundles (Fig. 8(b)). The fact that numerous
fibril ends are visible in PAN/SWNT than in PAN/MWNT,

suggests that SWNT or SWNT bundles are much shorter than

MWNTs. Higher tensile strength and higher toughness of the

PAN/MWNT fiber, over that of the PAN/SWNT fiber is

attributed to longer MWNTs than SWNTs. This behavior is

analogous to the increased tensile strength with increasing

molecular weight in polymers [101–104].

Bright field TEM images of thin peeled composite fibers

as well as the schematics showing the presence of carbon

nanotubes are shown in Fig. 9. SWNTs, MWNTs, as well

as VGCNFs are mostly oriented along the fiber axis.

However, these are not quite straight, as kinked, bent, and

curved nanotubes were generally observed. SWNT bundle

diameter in the composite fiber is about 10 nm [105]. This

represents partial exfoliation of the SWNT bundles, as the

diameter of the SWNT ropes in the powder used in this

study was about 30 nm. SWNT, MWNT, and VGCNF

agglomeration was not observed in these composite fibers.

Occasionally MWNTs with orientation perpendicular to the

fiber axis were also observed. SWNT bundles were typically

100–300 nm long (Fig. 9(a)), while MWNTs longer than

1 mm were often observed (Fig. 9(c)). VGCNFs also

survived the sonication and fiber processing conditions,

and were also typically longer than 1 mm. However, due to

the stacked cup geometry [92,106], the strength of the

VGCNF is lower than that for the MWNTs, resulting in

lower tensile strength improvement in PAN/VGCNF than in

PAN/MWNT. In PAN/DWNT composite fiber, the dispersed

nanotubes were mostly individuals and well oriented.

However, TEM images also reveal the presence of

entangled and unoriented DWNTs globules (Fig. 9(b)).

The limited property improvements in PAN/DWNT compo-

site fibers are a result of the presence of these unoriented

and entangled DWNT globules. The size of these DWNT

globules is in the range of 50–200 nm, which is below the

resolution limit of the optical microscope and explains why

solutions containing such globules appeared to be mostly

optically homogeneous.

The enhancements in tensile and dynamic mechanical

properties as well as reduced thermal shrinkage, all point to

interaction between carbon nanotubes and the PAN matrix.

The question is what factors are responsible for different

levels of property improvements with different nanotubes.

Low strain properties (modulus and thermal shrinkage) were

most improved in PAN/SWNT, while high strain properties

(tensile strength, strain to failure, and toughness) were most

improved in PAN/MWNT. As addressed above, the

improvements in high strain properties are a result of longer

MWNT than SWNTs. The improvements in low strain

properties are dominated by the polymer/CNT interaction,

which will depend on the interface area. Strength of the

interaction may also depend on the nanotube curvature, as

due to higher non planar strains arising from pyramidization

of the conjugated carbon atoms and p-orbital misalignment

between adjacent pairs of conjugated carbon atoms

[107,108], smaller diameter tubes would provide stronger

interaction than the larger diameter tubes. This would favor



Fig. 8. SEM images of the tensile fractured surfaces; (a) control PAN, (b) PAN/SWNTs, and (c) PAN/MWNTs fibers.
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SWNTs over DWNTs and MWNTs. At 5 wt% nanotube

loading, the calculated polymer/CNT interface area for

various types of nanotubes along with their diameters and

densities are listed in Table 2. The trend of the interface

area for SWNTs (10 nm diameter bundle)OMWNTsO
VGCNFs is in qualitative agreement with the reduction in

thermal shrinkage (Fig. 6(B)). The interface area for the

DWNTs is higher than that of the SWNT bundles (10 and

20 nm diameter), however, as mentioned earlier, the PAN/

DWNT composite fiber contained DWNT globules, which

limited the property improvements in this system. Based on

the TEM observations, the length of the dispersed DWNTs

in the composite fiber was comparable to the length of the

SWNT bundles. Considering the fact that DWNTs were

sonicated for nearly 2 weeks as opposed to 10 h of

sonication for SWNTs, suggests that DWNTs were

originally much longer than SWNTs, leading to greater

degree of entanglement for the former. The interface area

calculations further suggest that well dispersed DWNTs

(surface area 26.6 m2/g at 5 wt% DWNTs) and well

dispersed and fully exfoliated SWNTs (surface area
154 m2/g at 5 wt% SWNTs) would lead to further

enhancement in modulus and other low strain properties

such as thermal shrinkage, glass transition temperature, as

well as modulus improvement above the glass transition

temperature. Retention of the SWNT and DWNT length

would also lead to further improvements in the high strain

properties (strength, strain to failure, and toughness).

Modulus of the composite films and fibers depends

significantly on the nanotube orientation and exfoliation

[109]. Modulus of the composite fiber was estimated using

the following equation:

Ecomposite Z ðEPANÞcompVPAN C ðECNTÞIIVCNT (1)

where, (EPAN)comp, (ECNT)II are the moduli of the two

components along the fiber axis, and VPAN, and VCNT are

their volume fractions. (EPAN)comp for each composite fiber

was estimated based on the modulus of the control PAN as well

as the PAN orientation in the control PAN and in the respective

composite fiber. Effective (ECNT)II for SWNT, and MWNT

along the composite fiber axis was calculated using the

following continuum mechanics equation [110], as described



Fig. 9. Bright field TEM images and the schematics showing the presence of carbon nanotubes in various composite fibers; (a) PAN/SWNTs, (b) PAN/DWNTs, (c)

PAN/MWNTs, and (d) PAN/VGCNFs.
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elsewhere [47,109]:
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where E1, E2, and G12 are the longitudinal, transverse, and in-

plane shear moduli, respectively, and n12 is the Poisson’s ratio.
Elastic constants and Poisson’s ratios for various nanotubes used

in this study were obtained from the literatures [111–116] and

are listed in Table 3. Due to variation in diameter and chirality,

the shear modulus of SWNT bundle depends on its diameter

[117]. Shear modulus of the 20 nm diameter bundle was reported

to be 1 GPa, while that for the 4.5 nm diameter bundle it was

about 6 GPa. Based on the shear modulus of graphite (4.5 GPa)

and the geometric packing factor, it was estimated that the shear

modulus of nanotubes with homogeneous diameters should

approach 19.5 GPa. Values of axial modulus and shear modulus

between the planes for MWNTs are based on the reported values



Table 2

Physical carbon nanotube parameters, as well as theoretical and experimental moduli of the various composite fibers

Diameter

(nm)

CNT density

(g/cm3)

CNT

(wt%)

CNT

(vol%)

PAN/CNT interface area in the

composite fiber at 5 wt% load-

ing (m2/g)

PAN/CNT composite fiber tensile

modulus (GPa)

Theoretical Experimental

VGCNF 60 1.95 [116] 5.0 3.1 1.3 9.7 10.6

MWNT 20 1.8 [116] 3.3 5.6 10.7 10.8

SWNT bundle 20 1.3 [112] 4.6 7.7 11.9 –

10 15.4 – 13.6

4.5 34.2 21.4 –

DWNT 5 1.5 [5] 4.0 26.6 – 10.8

Exfoliated SWNT 1 1.3 [112] 4.6 154 29.7 –
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for graphite [118]. Calculations [119] of axial and shear moduli

for various diameter tubes suggest that for 20 nm diameter

MWNT tubes, values of E1 and G12 listed in Table 3 based on

graphite elastic constants are quite reasonable. Poisson’s ratio of

0.14 was also extrapolated based on the calculations reported in

reference [119]. Graphite planes in VGCNFs make an angle of

158 to the nano fiber axis [95]. Modulus of VGCNF calculated

using Eq. (2) and the misorientation angle of 158, represents the

modulus along the VGCNF axis, which we term as ECNT. Thus

axial modulus of VGCNF (ECNT) was determined to be 50 GPa

[95]. The effective VGCNF modulus along the composite fiber

axis, (ECNT)II was estimated to be 44.3 GPa based on the axial

VGCNF modulus of 50 GPa and the VGCNF orientation in the

composite fiber.

Calculated composite fiber moduli as a function of

Herman’s orientation factor for various nanotubes are plotted

in Fig. 10. Due to the graphite plane misorientation in the

VGCNFs, the modulus of the composite fiber is relatively

insensitive to the VGCNF orientation, and even at the ideal

VGCNF orientation, the modulus of the composite fiber is

relatively low. MWNT and SWNT containing fibers exhibit

significant modulus dependence on orientation and on SWNT

exfoliation. For example, the modulus of the fiber containing

5 wt% MWNT is predicted to be 15 GPa at MWNT orientation

of 0.98, while for the ideal MWNT orientation (orientation

factor 1), it is predicted to be 34 GPa. This is assuming that the

PAN orientation is the same as observed in PAN/MWNT fiber

reported in Table 1. However, PAN orientation is also likely to

increase with increase in CNT orientation. Therefore, the

calculated modulus values in Fig. 10 represent a lower limit.

By comparison, calculated modulus of SWNT containing fibers

is predicted to be higher, even at lower orientation, provided

SWNT bundles are at least partially exfoliated. For example, at

SWNT orientation of 0.98, the modulus of the PAN/SWNT
Table 3

The elastic constants of SWNTs and MWNTs

SWNTs MWNTs

1 nm 4.5 nm 20 nm

E1 (GPa) 640 [112–115] 1060 [118]

E2 (GPa) 15 [115] 50 [111]

G12 (GPa) 19.5 [117] 6 [117] 1 [117] 4 [118]

n12 0.17 [115] 0.14 [119]
composite fiber is predicted to be 21, and 29 GPa for the

SWNT bundle diameter values of 4.5, and 1 nm diameters.

The experimentally observed moduli for SWNT and

MWNT containing composite fibers are in excellent agreement

with the theoretical values (Table 2). The experimental value of

13.6 GPa for the PAN/SWNT composite is in between the

predicted value of 11.9 GPa for 20 nm diameter rope and

21.4 GPa for the 4.5 nm diameter rope. From TEM studies, the

rope diameter in the PAN/SWNT composite fiber was

estimated to be about 10 nm. The experimental modulus for

VGCNF containing composite fiber is somewhat higher than

the theoretical values. VGCNF exhibit two types of mor-

phologies, where a second outer layer is composed of highly

oriented graphite. The presence of such VGCNF will result in

higher observed modulus than the value calculated based on the

morphology where all graphite layers are oriented at 158 to the

nano fiber axis [95].

In summary, this study clearly shows that polymer/CNT

composite fibers can be solution processed using SWNT,

DWNT, MWNT, as well as VGCNF. All nanotubes exhibit

improvements in tensile, dynamic mechanical, and thermal

shrinkage properties and result in higher polymer orientation
Fig. 10. The calculated tensile modulus of composite fibers containing 5 wt%

carbon nanotubes, as a function of carbon nanotube orientation factor,

assuming that PAN orientation in the composite fiber is the same as given in

the respective composite fibers in Table 1. Points are calculated values, and

lines are interpolations.
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and crystallite size. The increased polymer orientation and

crystal size point to the potential of PAN/CNT composite as the

precursor for next generation carbon fiber. Highly entangled

DWNTs were most difficult to disperse. All well dispersed

nanotubes exhibit high orientation in the drawn composite

fiber, while the entangled DWNT globules were unoriented. In

the case of PAN/DWNT, poor nanotube dispersion resulted in

limited property improvements. While, even the relatively

cheaper VGCNF result in useful property gains, the most

improvements in properties come from highly dispersed small

diameter tubes of long lengths. While the synthesis control can

lead to longer nanotubes, they have to be preserved in

unentangled state to achieve good dispersion with minimum

or no sonication. Achieving ultrahigh nanotube orientation

(orientation factor above 0.98) is critical for obtaining high

modulus composite fibers containing MWNTs or large

diameter SWNT bundles.
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