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Introduction
Poly(p-phenylene benzobisoxazole) (PBO) is a rigid-rod
polymer with outstanding mechanical and thermal properties,
having the highest tensile modulus, tensile strength, and
thermal stability among commercial polymeric fibres [1].
Pyrolysis of PBO fibres at 700-1000 ºC yields chars with
limited ultramicroporosity [2]. PBO, like many conventional
non-melting polymers, yields chars that contain a limited
amount of ultramicropores and are easy to activate physically
[3]. PBO-derived carbon fibres (CFs) heat-treated at
temperatures up to 2400 ºC do not display the interlayer
spacing of graphite, but the CFs are more ordered than those
prepared from conventional feedstock polymers [4]. PBOderived fibres heat-treated up to 3000 ºC, however, transform
into graphitized carbon [5]. Here we investigate the structural
and microtextural changes in PBO-derived carbon fibres that
occur as a function of heat treatment temperature T
(900°C≤T≤ 2700°C), using small- and wide-angle X-ray
scattering (SAXS and WAXS, respectively) as well as highresolution transmission electron microscopy (HRTEM).
Experimental
PBO (Zylon®, Toyobo, Japan) fibres were pyrolyzed for
1 h at 900 ºC in a tubular quartz reactor under argon flow.
Portions of the carbonized material were taken for further
treatment at higher temperatures in a graphite furnace, also
under argon flow for 1 h. The samples are denoted T900,
T1600, T2000, T2400 and T2700. X-ray scattering
measurements were made on the fibres at the BM2 beam line
at the ESRF, Grenoble, France, in the wave vector range
2.5×10-2≤q≤50 nm-1. TEM observations were made on a Jeol
2011 microscope equipped with a LaB6 gun working at 200
kV. The samples were finely ground and dispersed in ethanol,
and a drop of the solution was deposited on a standard TEM
copper grid, covered by a lacey amorphous carbon film.
Bright-field (BF) techniques were employed. In some cases,
the images were coupled to selected area electron diffraction
(SAED) for structural analyses of a volume smaller than 1 µm
in diameter and 0.1 µm in thickness. The 002 lattice fringe
(“high-resolution”) mode, with magnifications up to 500,000×,
was used to image the profile of the aromatic layers and hence
the structure and the microtexture.

Fig. 1 : X-ray scattering responses in perpendicular and
parallel directions. a: T900, b: T2400

Fig. 2 : T900. BF image. Scale bar 20 nm. Elongated pores
(black ellipses) oriented along (horizontal) fibre axis.

Fig. 3 T2000. Scale bar 5 nm. 002 lattice fringe image
showing coherent domain growth. The layers forming a pore
wall are larger and more planar and the microtexture tends to
be lamellar. Some fringes remain normal to the orientation.
Figs. 1 a,b show the projections of the X-ray scattering
intensity I(q) along the directions parallel and perpendicular to
the fibre axis for two values of preparation temperature T. I(q)
evolves with increasing T, both in the SAXS (q < 10 nm-1) and
in the WAXS regions (10 nm-1 < q < 50 nm-1). In the direction
parallel to the fibre axis, the SAXS intensity is lower than in
the perpendicular direction, as expected from long rods. The

anisotropy in T900 implies that this property is inherited from
the parent PBO fibre [1]. The SAXS response reflects the
mutual arrangement of the component fibrils, but the overall
radius of the fibres is much larger than the largest value of
2π/q explored here. In the lowest q-region of Fig. 1, the
scattering response perpendicular to the fibre axis displays a
power law, the slope of which is intermediate between -3 and 4, which is the signature of rough interfaces within the fibres.
This feature is absent in the parallel direction, which means
that the interfaces lie parallel to the fibre axis, i.e., the fibril
stacks are oriented approximately parallel to the draw axis of
the fibre. In the parallel direction at low q a resolved peak
appears, corresponding to weakly correlated features with a
characteristic spacing 2π/q ≈ 35 nm. This scattering is due to
pores, detected by bright field TEM (black ellipses in Fig. 2).
The HRTEM micrographs in Figs 2 - 4 show a high degree of
order (preferential orientation of the layers parallel to the fibre
axis), with local structural defects progressively removed
during the thermal treatment. Fig. 2 exhibits graphitic layer
stacks with thickness (2-3 nm) that are consistent with the
shoulder feature in Fig. 1. At high T (> 2000°C), the HRTEM
images show the transition from fibrous to lamellar
microtexture. Such a transition is required for the development
of the AB stacking of graphene layers, characteristic of the
graphite order; such structural evolution was confirmed by
SAED. Fig. 5 shows how, w ith increasing T, the (002, 100,

Fig. 4. T2700. 002 lattice fringe image showing graphite
lamellae: perfect stacking of very large layers. Scale bar 5 nm.

Fig. 5: Evolution with T of the scattering spectra in the WAXS
region; a: T900, b: T2700. Vertical lines denote positions of
the Bragg peaks of graphite, with their corresponding indices.

101, 004, 103) reflections sharpen and approach the values
corresponding to graphite.
Conclusions
Graphitisation of carbon fibres derived from PBO under
different temperatures of heat-treatment follows a mechanism
that differs from the standard route of graphitisable carbons as
found in anthracene-based cokes [6]. A similar mode of
graphitization has been reported by Oberlin and coworkers in
polyimide films [7,8]. The deformation introduced by drawing
the fibre preferentially aligns the polymer crystallites, thereby
determining a preferential orientation of the graphene sheets
parallely to the draw fibre axis. This microtextural feature
governs both the internal fibril structure (i.e., the polyaromatic
Basic Structural Units) in the carbonised fibre and then, with
increasing T, the subsequent formation of the graphite
crystallites. The HRTEM images of the graphene sheets
profile reveal defects of orientation that are consistent with the
angular spread of the SAXS intensity around its maximum,
perpendicular to the fibre axis. Heat treatment causes
disappearance of pores and, consequently, the occurrence of a
lamellar microtexture. This allows the subsequent
graphitization, but does not reduce the larger-scale
misorientation of the crystallites.
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