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Abstract Two types of morphologies have been observed

in vapor grown carbon nano fibers (CNFs) using trans-

mission electron microscopy (TEM). In one case, a trun-

cated cone microstructure was observed, with outer and

inner diameters of 60 and 25 nm, respectively. In this type

of CNF, graphite sheets were oriented at about 15� to the

fiber axis. The second type of fiber was a double-layer CNF

with outer and inner diameters of 83 and 20 nm, respec-

tively. A truncated cone structure was also observed in the

double-layer CNF. Graphite sheets in the outer layer of the

double-layer fibers were oriented along the nano fiber axis.

Tensile modulus for the first type of nano fiber along its

axis was calculated to be 50 GPa, and for the second type

of fiber the calculated modulus value was in the 100–

775 GPa range, depending on the outer layer orientation.

Modulus calculations based on these two morphologies

explain the wide ranging experimental CNF modulus val-

ues reported in the literature.

Introduction

Carbon fibers (typical diameter 7–10 lm) for reinforcing

composites were developed during the 1960s, while the

development of carbon nano fibers (CNFs, typical outer

diameter 50–200 nm) dates to the 1980s [1–4]. Reports of

vapor grown carbon fibers prior to 1980 also exist [5–7]. The

existence of carbon nanotubes was recognized in 1991 [8],

which are now being produced with multi-walls, double

walls or a single wall, and are considered to be the ultimate

reinforcing systems [9]. While carbon fibers have been used

for reinforcing composites over the last four decades, there is

significant current research activity for making macroscopic

fibers from CNFs [10–14], multiwall carbon nanotubes [15,

16] and single wall carbon nanotubes [17–20]. Thermal [21]

and electrical conductivity [22] as well as mechanical

properties [4, 23] of the CNFs have been reported. Property

improvements in the polymeric fibers with the incorporation

of CNFs include enhanced tensile modulus [10, 12], torsional

modulus [11], compressive strength [11] and reduced ther-

mal shrinkage [12]. Carbon nano fibers are also being used to

reinforce functional materials [24].

Vapor grown CNFs are grown by exposing a metallic

catalyst to hydrocarbon gases [25]. Based on high resolution

transmission electron microscopy (TEM) studies of the va-

por grown CNF produced by the Floating Reactant Method,

cup-stacked-type structures with entirely hollow cores have

been reported [26, 27]. The graphite sheets were not parallel

to the fiber axis, though the sheet angle was not quantified.

For fully understanding the mechanical properties (particu-

larly the modulus) of this type of CNF, the orientation of the

graphite sheets is important, as the graphite modulus drops

significantly with orientation [28]. A similar drop in modu-

lus with orientation has also been reported in single wall

carbon nanotube bundles of relatively large diameter [29].
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CNF modulus of 680 GPa [30], 100–210 GPa [31], and

130–250 GPa [32] has been reported. Recent studies on the

composite fibers suggest that the CNF modulus may be be-

low 100 GPa [10, 14]. In this paper, we discuss the mor-

phology and modulus of the vapor grown CNFs.

Experimental

Carbon nano fibers (PR-24-HT, PR-24-PS, PR-21-PS) were

obtained from Applied Sciences Inc., Cedarville, Ohio [1].

For TEM study, CNFs (PR-24-HT) were dispersed in

ethanol by sonication, and a drop of this suspension was

placed on a lacey carbon grid and dried in air at room

temperature. TEM studies were carried-out on a JEOL

4000EX microscope at 400 kV and the images were re-

corded on Kodak SO-163 film. For X-ray studies, nickel

filtered CuKa radiation (wavelength = 0.15418 nm) was

used with a Statton flat-film camera equipped with an im-

age plate. The intensities at the Bragg angle of the graphitic

(002) peak were measured as a function of azimuthal angle

relative to the fiber equatorial direction in poly(methyl

methacrylate) (PMMA)/CNF composite fiber. Processing

and properties of PMMA/CNF composite fibers have been

reported [12].

Results and discussion

Single and double layer morphologies were observed in the

PR-24-HT fiber. The number and weight average length of

the PR-24-HT fiber determined from TEM images were 2

and 8 lm, respectively. Figure 1 shows the single layer

CNF. The outer and inner radii of the single layer CNF were

~30 and 12.5 nm, respectively. The inner and outer walls

were oriented at ~15–17� to the fiber axis (Fig. 1b, c). These

morphological features appear to arise from the CNF growth

mechanism [33], and suggest that graphite sheets orient at

this angle. High resolution electron micrographs of this type

of CNF (Fig. 2) confirmed that the graphite sheets were

oriented parallel to each other and at an average angle of

~15� to the nano fiber axis. The crystallite thickness per-

pendicular to the graphitic planes was ~17 nm (Fig. 2).

The PMMA/CNF [12] composite fiber exhibited a four

point X-ray diffraction corresponding to the graphite (002)

peak (Fig. 3). The azimuthal intensity data in Fig. 3 was

fitted with two Gaussian peaks of the same widths symmet-

rically placed about the equator. The parameters, full-width

at half-maximum (FWHM) and peak separation half-angle

(or the angle from the equator) reported in Table 1 are also

shown in Fig. 3. The FWHM of the azimuthal scan is a

measure of the spread of orientation of the graphene planes

within the PMMA/CNF composite fiber, which can result

from variation in graphite plane orientation within a nano

fiber as well as from the variation in nano fiber orientation in

the composite fiber. The peak separation angle is related to

the average graphene plane orientation angle by the fol-

lowing equation [34]:

cos b ¼ cos /
cos h

ð1Þ

where, h is the diffraction angle (2h = 26.5� for the

graphite (002) plane), and / is the compliment of the

angle that the graphene plane makes with the fiber axis,

while b is the compliment of the peak separation half-

angle. Based on the X-ray studies of the composite fiber,

the average graphite plane orientation with respect to the

nano fiber axis was determined to be 11.8� for PR-21-PS

and 13.1� for PR-24-PS fibers. Similarly graphene plane

misorientation angle in the range of 14–17� was deter-

mined from X-ray diffraction studies on poly(ethylene

terephthalate) (PET)/CNF composite fibers. Using the ra-

dial scan of the PMMA/CNF composite fiber diffraction

pattern, graphite crystal size perpendicular to (002) plane

as determined using the Scherrer equation was 16 nm for

the PR-24-PS fiber, comparable to the value of 17 nm

determined from the high resolution TEM on the heat-

treated fiber (PR-24-HT).

The high resolution electron micrograph in Fig. 2 shows

that 3–5 graphite sheets were folded together. Folding was

observed at both inner and outer surface of the wall, and

the diameter of the fold is about one nanometer. Some of

the graphite layers were folded several times. The folding

morphology of the graphite sheet may affect the mechan-

ical properties of the CNFs. The length between the two

folds was about 60 nm. The nano fiber morphologies are

schematically shown in Fig. 4.

The TEM of the double layer CNF with inner and outer

radii of 10 and 41.5 nm, respectively, is given in Fig. 5. In

the double layer CNF, the angle of the inner graphite sheets

was not constant, and varied between 4 and 36� (Fig. 6). In

addition, some closed graphite sheets were also observed in

the hollow core region (see arrow in Figs. 5 and 6). The

outer layer in the double layer CNF was oriented along the

nano fiber axis as shown schematically in Fig. 4b. The

double-layer structure was also reported by Endo et al.

[26]. However, in their case amorphous carbon appears to

cover the truncated inner layer structure, while the clear

graphitic layers can be seen in Fig. 6. Amorphous carbon

was also occasionally observed on the CNF surface in this

study.

Carbon nano fiber modulus was calculated using con-

tinuum mechanics. If hgraphite is the angle between graphite

sheets and the fiber axis, then the modulus along the fiber

axis, ÆEæ, is given by the following equation [29].
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where, E1, E2, and G12 and are longitudinal, transverse, and

in-plane shear moduli, respectively, and m12 is the Poisson’s

ratio (Table 2). Carbon nano fibers have hollow cores, and

based on the geometric considerations, the effective mod-

ulus (Eeff) of the single and double layer CNFs is calculated

using Eqs. 3 and 4, respectively:

Fig. 1 Transmission electron

micrographs of the single-layer

carbon nano fibers

Fig. 2 High resolution transmission electron micrograph of the

single-layer carbon nano fiber

Fig. 3 Azimuthal scan of the graphitic (002) X-ray diffraction for

CNF (PR-24-PS) in PMMA/CNF composite fiber and a flat plate

photograph (inset)
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1
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3
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ð3Þ
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1
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3 � r2

2

r2
3

� �
ð4Þ

where r1, r2, and r3 have been defined in Fig. 4. E is the

single layer CNF modulus calculated from Eq. 2, based on

the graphite plane misorientation. For the double layer

CNF, this modulus calculated from Eq. 2 for the inner layer

has been termed as Einner. The modulus of the outer layer of

the double layer CNF is Eouter. The misorientation angle for

the outer layer is less than 10�. Based on Eq. 2, the outer

layer modulus can range between 120 and 1060 GPa for

the orientation range of 0–10� [28].

Using Eqs. 2 and 3, the effective axial modulus of the

single layer CNF (PR-24-HT) was calculated to be 50 GPa

for a 15� graphite plane misorientation. Similarly moduli

values of 63 and 76 GPa were calculated for PR-24-PS and

PR-21-PS nano fibers based on their respective graphite

plane misorientation angles of 13.1 and 11.8�. For com-

parison, CNF moduli were estimated to be in the 22–

100 GPa range based on the experimental data from PEEK/

CNF, PP/CNF and PMMA/CNF composite fibers [10, 12,

14]. The upper and lower limits of the effective axial

modulus for the double layer CNF were calculated to be

775 and 100 GPa based on the outer layer misorientation

of 0 and 10�, respectively, where the average misorienta-

tion angle for the inner layer was fixed at 15�. Figure 7

Table 1 X-ray diffraction

orientation results
Sample FWHM Peak

separation

half-angle

(90-b) (�)

Average graphite

plane angle with

respect to the fiber

axis (90-/) (�)

Effective modulus

(Calculated using

Eqs. 2 and 3) (GPa)

PMMA/PR-21-PS

fiber

19.2 12.1 11.8 76

PMMA/PR-24-PS

fiber

19.0 13.5 13.1 63

Fig. 4 Schematic illustrations of (a) single-layer carbon nano fiber,

(b) double-layer carbon nano fiber

Fig. 5 Transmission electron micrograph of the double-layer carbon

nano fiber

Fig. 6 High resolution transmission electron micrograph of the

double-layer carbon nano fiber
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shows the effective modulus for the double layer CNF as a

function of the outer layer misorientation. CNF modulus

estimated from the composites data should account for

morphological changes in the polymer resulting from the

presence of CNFs. If the presence of CNFs results in

changes in polymer crystallinity and/or orientation, and if

these changes are not accounted for, then the CNF modulus

determined from such experimental data will be in error.

The CNF modulus of 22 GPa is an underestimate for these

reasons [14]. Due to graphite sheet folding (Figs. 2, 4), the

in-plane shear modulus is likely to be higher than the value

used (4 GPa) for the individual unconnected graphite layer

stackings. The calculated value of 50 GPa is thus the lower

limit for the modulus of PR-24-HT CNF. The calculated

values were based on the graphite elastic constants. Due to

the high temperature (above 2800�C in inert environment)

heat-treatment, the structure of PR-24-HT is highly gra-

phitic. On the other hand the structure of PR-24-PS and

PR-21-PS is likely to be less graphitic, and may contain

significant turbostratic graphite. For example, if the outer

layer of the double layer CNF is turbostratic graphite with

an axial modulus (Eouter) of 237 GPa [4], then the modulus

of the double layer CNF using Eq. 4 is calculated to be

180 GPa. These calculations explain the wide ranging CNF

moduli values reported in the literature [4, 10, 14, 30–32].

Conclusions

Single and double layer morphologies have been observed

in the vapor grown CNFs. In the single-layer CNFs,

graphite sheets are oriented at ~15� to the fiber axis. A lower

limit for the axial modulus of this fiber was calculated to be

50 GPa. On the other hand, in the double-layer CNF, the

graphite sheets in the outer layer exhibit an orientation of

less than 10�. The calculated axial moduli based on the

graphite elastic constants are 775 and 110 GPa for the outer

layer orientation of 0 and 10�, respectively. If the outer

layer is turbostratic graphite, then the modulus of the double

layer fiber is calculated to be 180 GPa. The CNF modulus

has a strong dependence on the graphite plane misorienta-

tion. The CNF morphological observations reported here

along with the modulus calculations explain the wide

ranging CNF modulus values reported in the literature.
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