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Abstract

The poly(p-phenylene benzobisthiazole) (PBZT)/carbon nano fiber (CNF) composite was prepared by in situ polymerization in

polyphosphoric acid (PPA), and fibers spun by dry-jet wet spinning. The liquid crystalline PBZT/CNF dope in PPA exhibited excellent

spinnability. The PBZT/CNF weight ratio was 90/10. The transmission electron microscope images show isolated and well oriented CNFs

with no aggregation. CNF graphite layer stacking in the composite fiber have been observed using high resolution transmission electron

microscopy, and showed that graphitic structure of CNFs was not damaged during polymerization in PPA and subsequent fiber spinning and

drawing. High resolution transmission electron microscopy also shows that there is no debonding between CNF and the PBZT matrix.

Tensile and compressive properties of the composite fibers have been determined and discussed.

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

Vapor grown carbon nano fibers (CNFs) and carbon

nanotubes (CNTs) are drawing significant attention world-

wide for their potential applications in nano-scale polymer

reinforcement. The primary interest of this paper is vapor

grown CNF, which is synthesized from the pyrolysis of

hydrocarbons or carbon monoxide in the gaseous state, in

the presence of a catalyst [1–3]. Vapor grown CNFs

distinguish themselves from other types of nano fibers,

such as polyacrylonitrile- or mesophase pitch-based carbon

fibers, in its method of production, physical properties, and

structure.

CNF reinforced composites have been processed using

variety of matrices. These include commodity polymers,
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including polypropylene [4–7], polycarbonate [8,9], nylon

[10], poly(methyl methacrylate) [11,12], poly(ether ether

ketone) [13], polyamide [14], PET [15], and epoxy [16].

These studies reported varying degree of success in

achieving CNF dispersion and orientation as well as in

improving mechanical and thermal properties. In these

studies, with the exception of epoxy, CNF has been blended

in the polymer matrix during melt processing.

In the current study, poly(p-phenylene benzobisthiazole)

(PBZT) has been polymerized in poly (phosphoric acid)

(PPA) in the presence of CNFs, and the PBZT/CNF

composite fibers have been spun from the resulting liquid

crystalline dope using dry jet wet spinning. The PBZT is a

rigid-rod polymer and the PBZT and PBO fibers are among

the most stiff and thermally stable polymer [17–20]. Tensile

properties of the composite fiber have been studied and its

structure has been elucidated using high resolution trans-

mission electron microscopy. A morphological study of the

CNFs will be published separately [21].
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Fig. 1. Transmission electron micrograph of the carbon nano fiber.

Table 1

Properties of PBZT and PBZT/CNF composite fibers

Sample Tensile strength

(GPa)

Tensile mod-

ulus (GPa)

Elongation to

break (%)

PBZT [25] 2.8 224 1.3

PBZTC

10 wt% Carbon

nano fiber

1.6 150 1.1
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2. Experimental

Vapor grown CNF (AS PR-24-HT), synthesized using

metal catalyst was obtained from Applied Sciences Inc.,

Cedarville, Ohio. Heat treatment of the nano fiber was

performed at 3000 8C in inert environment. Thermogravi-

metric analysis (TGA) results show that the metallic

impurity in this sample is less than 5wt%. The average

CNF outer diameter is w80 nm and the inner diameter of the

hollow core is w30 nm (Fig. 1). The length of the as received

nano fiber was in the 1–30 mm range, with the number

average length of w2 mm. CNF length after in situ

polymerization was not determined, however due to

continuous high shear mixing for over 24 h during

polymerization, CNF length is likely to decrease. Graphite

planes in these nano fibers are oriented at an angle of 158with

respect to the nano fiber axis. As a result, the lower bound

limit of the CNF tensile modulus along its axis is only

50 GPa, while the tensile modulus of the graphite along the

basal planes is 1060 GPa. CNF morphological structural

details and modulus calculations are reported elsewhere [21].

The PBZT/CNF composite dope was prepared by in situ

polycondensation of bis(aminothiophenol) and terepthalic

acid in the presence of CNFs. The in situ polycondensation

is carried out in PPA to give solids (PBZT/CNF)

concentration of 10% by weight, which forms an anisotropic

reaction mixture. Intrinsic viscosity of the PBZT extracted

from the composite dope was 28 dl/g measured in methane

sulfonic acid at 30 8C. This polymerization method is

similar to the one used for synthesizing poly (p-phenylene

benzobisoxazole) (PBO)/single wall carbon nanotube

(SWNT) composite dope in PPA [22].

PBZT/CNF fibers were dry-jet wet spun using a piston

driven spinning system manufactured by Bradford Univer-

sity Research Ltd. For fiber spinning, polymer dope was
heated to 100 8C. In the spinning of PBO, PBZT, and

PBO/SWNT a filter has generally been used in the spin line.

However, PBZT/CNF study was carried out without filter.

Spun fibers were continuously washed in water for one

week, vacuum dried at 80 8C for 12 h and, subsequently,

heat-treated in nitrogen under tension for 2 min at 400 8C.

For tensile testing, fibers were mounted on cardboard

tabs. Testing was performed on an Instron universal tensile

tester (model 5567) using 2.54 cm gage length at a strain

rate of 2%/min. About 20 samples were tested in each case.

Fiber diameters were measured using laser diffraction.

Stress–strain curves for both the PBZT and PBZT/CNF

were fairly linear and similar to the once previously reported

for PBO and PBO/SWNT fibers [22]. Thin specimens for

the transmission electron microscopy were prepared using

detachment replication method [23,24]. Bright field and

dark field images as well as selected area electron diffraction

patterns were recorded on Kodak Microscope Film (SO163)

using a high resolution electron microscope (JEM 4000EX)

operated at 400 kV.
3. Results and discussion

PBZT/CNF dope in PPA exhibited excellent fiber

spinnability. From a 250 mm diameter single hole spinneret,



Fig. 2. Scanning electron micrograph of the tensile fracture surface of the PBZT/CNF composite fiber.

Fig. 3. Transmission electron micrograph of the PBZT/CNF composite

fiber (bright field image).
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fibers of 15 mm diameters could be drawn. Good fiber

processability of the PBZT/CNF composite suggests that

during the in situ polymerization, CNFs were well dispersed

in the PBZT solution, a conclusion confirmed by trans-

mission electron microscopy.

Tensile properties of the composite fiber are lower than

those of the control PBZT fiber (Table 1). Decrease in the

composite fiber modulus can be attributed to the relatively

low intrinsic modulus of the CNF [21]. Previous work on

PBO/SWNT composite [22] showed that the tensile strength

of the composite fiber was higher than that of the control

PBO fiber when ultrahigh purity SWNTs (catalyst metal

impurity w1 wt%) were used. Higher levels of catalytic

impurity in the CNFs used in this study may at least in part

be responsible for low tensile strength of the PBZT/CNF

composite fibers. In addition, interaction between CNF

surface and PBZT molecule and between SWNT and PBO

molecule may be different, which may result in lower tensile

strength in PBZT/CNF composite fiber. Differences in

SWNT and CNF length will also affect the composite fiber

tensile strength. The compressive strength of the PBZT/

CNF composite fiber measured from recoil test [26] is

w400 MPa, while the compressive strength values for

PBZT measured from recoil test are generally in the 200–

300 MPa range. A moderate increase in compressive

strength with the presence of CNFs was also observed in

PET/CNF composite fiber [15]. Polymeric fibers in

compression fail due to kinking. It is expected that the

presence of CNFs arrests the propagation of the kink,

delaying the compression failure.

Scanning electron micrograph of the composite fiber

(Fig. 2) showed fibrillar structure, a feature also observed

for the control PBZT fiber. Because of this fibrillar

structure, the CNF in the composite fiber could not be

observed clearly, as it could not be distinguished from the

PBZT fibrils. Therefore, to study the structural features of
the CNFs in the PBZT/CNF composite, transmission

electron microscopy was employed. Transmission electron

micrograph of the PBZT/CNF composite fiber is shown in

Fig. 3. In this image, individual CNFs are clearly

observed in the PBZT matrix. Extensive transmission

electron microscope (TEM) studies showed no aggrega-

tion of CNFs in the PBZT/CNF composite fiber. Though

the quantitative analysis of CNF length in the PBZT/CNF



Fig. 4. Transmission electron micrographs of the PBZT/CNF composite fiber. Bright field image on the left and dark field image on the right.
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composite fiber was not done, most CNFs appeared to be

of the order of a few micrometers in length. These

observations suggest that CNF length did not decrease

drastically [21], during in situ polymerization of PBZT in

PPA. Transmission electron microscopy observations also

suggest that CNFs are well aligned along the composite

fiber axis. Well aligned and isolated CNFs observed in

the composite fiber suggests that during the in situ

polymerization of PBZT, the CNF are well dispersed in

the dope, and CNF alignment occurs during fiber spinning

and to some extent during heat treatment under tension.
Fig. 5. High resolution transmission electron micr
However, curvature in the CNF fiber can still be observed

in the transmission electron microscopy image. The

presence of such a curvature would also reduce mechan-

ical properties, particularly tensile modulus. Dark field

image observed from (002) graphite electron diffraction

peak in CNF also show the presence of CNFs in the

composite fiber (Fig. 4).

High resolution transmission electron micrograph of the

PBZT/CNF composite fiber (Fig. 5) clearly shows the

stacking phenomenon of the graphite layer in the CNF.

Fig. 5 shows that in spite of harsh polymerization conditions
ographs of the PBZT/CNF composite fiber.
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(strong acid, high viscosity, and mixing/stirring for over

24 h) and subsequent fiber processing (drawing during fiber

spinning and heat treatment), the graphitic order in CNFs

has not been damaged. Close observation also reveal

relatively smooth interface between the CNF and PBZT

without any voids. To be able to discern interface

differences in PBO/SWNT and in PBZT/CNF would require

more extensive high resolution transmission electron

microscopy study on these system than has been carried

out to-date.
4. Conclusions

This study demonstrates that CNFs can be blended in

rigid-rod polymers during in situ polymerization. These

liquid crystalline dispersions exhibit excellent fiber proces-

sability and CNT alignment along the fiber axis. CNFs are

not damaged during harsh polymerization and fiber proces-

sing conditions. High resolution transmission electron

microscopy also show that there are no voids at the

boundary of CNF and PBZT suggesting good interaction

between the two components.
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