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Abstract. The exfoliation of bulk graphite produces volume increases of
factors of >300. Previous attempts to exfoliate graphite fibers have met
with limited success. Utilizing the unique microstructure of benzene—
derived fibers, we have achieved volume increases of factors ~150 upon
exfoliation. These results and the underlying physics are reported.

Introduction

The application of a rapid heat pulse to graphite inter-
calation compounds above some critical temperature causes
expansions by as much as two orders of magnitude along
the c-axis direction. This phenomenon is called ezfoliation
and has been reported to occur in HOPG intercalated with
many intercalants, such as Br,, HNO;s-H,SO,, FeCly-NH,
and SbCls. However, attempts to exfoliate graphite fibers
have had only limited success.! Only one report of fiber ex-
foliation is available in which a diameter increase by a factor
of ~3 was attained, in this case using a pitch-based Unjon
Carbide Thornel fiber.? Pitch-based fibers have a structure
in which the basal planes are stacked such that the a-axis
perpendicular to the fiber axis is oriented in the radial di-
rection. This arrangement is not particularly convenient
for expansion along the c-axis; in the case of pitch fibers,
expansion could be expected to result in a “fanning-out”
of the planes.

A more favorable geometry for exfoliation is found in
the structure of BDF (benzene-derived fibers)® where the
basal planes are stacked like “rings of a tree”, forming poly-
gons centered around the fiber axis with the c-axis pointing
in the radial direction (see Fig. 1). For this geometry the
expansion can occur ridia.lly, thus maintaining the basic
morphology of the fiber. In the present work the feasibil-
ity of significant exfoliation in fibers is demonstrated and
new factors involved in the mechanism of exfoliation are
discussed.

—Experimental Details

Prior to exfoliation, BDF which were heat treated at
3000°C were intercalated. Intercalation with SbClg was car-
ried out for two weeks at 160°C in a two—zone furnace with
a small temperatuff ,d}ﬂ'erenCe between the zones. The di-
ameter of {hege Ahersiwas accurately determined using the
SEM before and after intercalation.

Figure 1: SEM micrograph of a typical BDF cross section
before intercalation.

Two different batches of fibers were used in these stud-
ies. The stage of the first group was calculated from the
size increase. In the second group the stage was determined
using TEM bright field images. Before measurement of the
diameter in the intercalated fibers, the SbCls on the sur-
face of the samples was removed by washing the fibers with
a dilute solution of HCl. Following characterization of the
batch of intercalated fibers, the fibers were exfoliated irre-
versibly by very rapid heating (~400°C/s) inside an open
quartz tube.

Results and Discussion

Figure 1 shows 2 SEM micrograph of a BDF fiber which
was heat treated at 3000°C. The picture reveals, not only
the expected layered polygonal cross sectional structure of
BDFs but also signs of non-uniformity around the fiber
axis. Among the fibers from the first batch the measured




diameters varied from 7 to 11um. In the second group of
fibers the diameter ranged from 10 to 15um.

Figure 2 shows a fiber after intercalation. The basic
structure of the fiber remains unchanged. For a typical fiber
in the first group, the diameter increased from ~10um be-
fore intercalation to ~31um after intercalation, suggesting
a stage 1 SbCls—GIC for which (L/co) = 2.81. It is inter-
esting to note, that many of the intercalated fibers showed
cracks along the fiber axis, which probably result from the
fiber non-uniformity (see Fig. 1).

In the second group of fibers, the stage was character-
ized using lattice fringe images obtained with a high reso-
lution TEM. Stages 2 and 3 were the predominant species
among these fibers.

The exfoliation process takes place in the first second
of the rapid heating process. An exfoliated fiber is shown
in Figs. 3a and b (note that the c-axis is normal to the
plane of the pictures). In the first batch of fibers the mea-
sured increase in volume amounted to a factor of ~15 in the
case of the larger diameter fibers and a factor of 13-14 in
the smaller (17-31pm) pre—exfoliated fibers. In the second
group of fibers a factor of ~150 was obtained for the vol-
ume increase. The reasons behind this dramatic difference
between the two batches of fibers are not yet understood.
However the ratio of graphitized to disordered carbon is
larger in the thicker fibers, where the disordered region is
associated with the joining of two adjacent polygonal faces.
We suggest that the well staged GIC exfoliated more com-
pletely than the disordered carbon.

Under higher magnification (Fig. 3b), a ridge and furrow—
like structure is revealed, with dimensions in the range of
lum to 15um. This is suggestive of a very fast and explo-
sive process that breaks the layers shown in Fig. 2. The
characteristic dimensions of these structures are about one
order of magnitude larger than the estimated platelet size
(in—plane coherence lengths) for SbClg~GICs, which implies
that the fractures occur at platelet boundaries.

A uniform radial expansion of the fiber is not observed
upon exfoliation for several reasons, including non—uniform-
ity of the fibers along their lengths and cross sections and
spatial variations of the applied heat pulse on the fiber sur-
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Figure:2;..88M micrograph of a BDF after intercalation
with SbCls showing the polygonal cross sectional structure.

(a)The magnification is 90X. The graphite c-axis is nor-
mal to the plane of the picture. (b)Same view magnified
2300X (see text).

face. These observations are consistent with an exfolia-
tion process nucleated at the position of maximum thermal
stress. Work is in progress to examine this phenomenon
more quantitatively.
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