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Direct Observation of Nanocrystallite Buckling in Carbon Fibers under Bending Load
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Single carbon fibers are deformed in bending by forming loops with varying radius. Position-resolved
x-ray diffraction patterns from the bent fibers are collected from the tension to the compression region
with a synchrotron radiation nanobeam of 100 nm size from a waveguide structure. A strain redistribution
with a shift of the neutral axis is observed. A significant increase of the misorientation of the graphene
sheets in the compression region shows that intense buckling of the nanosized carbon crystallites is the
physical origin of different tensile and compressive properties.
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Oriented, fibrous materials such as carbon fibers [1] or
carbon nanotubes [2] are governed to a major extent by the
extreme anisotropy between the in-plane (covalent) and
out-of-plane (van der Waals) bonding forces, which is the
source of many particularities in their mechanical proper-
ties. The basic structural units, or crystallites, of high
performance carbon fibers are planar structures, with a
lateral extension L, of typically some nanometers and a
stacking height L. in the same order of magnitude [3],
whereas they are tubelike for single-wall or multiwall
carbon nanotubes (CNT). Both planar and tubelike struc-
tures provide extraordinary mechanical properties in ten-
sion, such as a Young’s modulus above 1 TPa [4-6].
Therefore, carbon fibers themselves can be seen as a model
system to study the mechanical properties of carbon based
nanocomposite materials. Axial compressive strength
often limits the use of composite materials as a conse-
quence of Euler buckling [7]. For CNT, this was previously
investigated by atomic force microscopy [8], whereas data
on the compressive properties of composites based on CNT
are rare [9]. Though the weak bonding of CNT within a
CNT bundle can be improved by cross-linking them with
electron irradiation [10], widely used technical applica-
tions with CNT as reinforcing elements are still missing.
The situation is completely different for planar carbon
nanostructures such as carbon fibers, where a huge amount
of scientific literature as well as numerous technical im-
plementations exist [11].

The compressive strength of carbon fibers (diameter of
5-10 um) can be determined by the loop test, the bending
beam, the single-fiber composite, the recoil, and the single-
fiber compression test (see [12] for an overview). For the
compressive Young’s modulus, only a few approaches
were reported due to the difficulty in achieving a sufficient
strain resolution, e.g., using the onset of Euler buckling of
short fiber pieces [13] or the correlation of the D-band shift
in Raman spectroscopy to the fiber strain [14].

Related microstructural investigations to study the
mechanisms of compressive deformation in carbon fibers
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are also quite limited and exclusively based on ex situ
studies after deformation or fracture of the specimens,
e.g., by TEM [15], scanning electron microscopy [7,16],
and x-ray diffraction [17]. Different failure mechanisms
were proposed for low and high modulus fibers, such as
buckling on the compression side or shear kink bands
developing across the entire fiber, respectively [16].
Whereas probing structural changes by in sifu microbeam
x-ray diffraction using synchrotron radiation during tensile
loading is quite established [4,18], no direct measurement
of the development of the structure at the nanometer scale
during compressive loading has, to our knowledge, been
performed. In the present Letter, we report the observation
of nanostructural changes during bending deformation of
single carbon fibers. We realized a loading situation in
bending by forming carbon fiber loops and combined it
with position-resolved scanning x-ray diffraction enabled
by a waveguide structure coupled to a synchrotron radia-
tion undulator source [19,20]. By precisely aligning the
elongated x-ray source of 100 nm X 3 um with the axis of
the fiber, successive diffraction patterns of bent fibers could
be collected with a resolution of 100 nm while scanning the
fiber across the beam from the tension to the compression
region.

For the experiments, we used carbon fibers from the
main precursor routes [11,21] based on polyacrylonitrile
(PAN fibers) or mesophase pitch (MPP fibers). The MPP
fibers were chosen to cover a wide range of Young’s
moduli and associated structural parameters; the PAN fi-
bers (HTAS5131) were heat treated at 1800, 2100, and
2400 °C to obtain the same effect (denoted by HT0O for
the as-received fiber and HT18, HT21, and HT24 for the
respective heat treatment). Detailed fiber properties were
described in a previous paper [4].

The experimental setup is depicted in Fig. 1: A carbon
fiber loop is formed by threading the ends of the fiber
through a hollow needle, where the bending radius R,
determined in an on-line light microscope is simply varied
by pulling down the ends of the fiber. The experiment was

© 2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.95.225501

PRL 95, 225501 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 NOVEMBER 2005

fiber diameter

adjusting 2R ~7-10 um
bending radius
R ~ 0.2-2 mm

FIG. 1. Sketch of the experimental setup for scanning single

bent fibers. The distance between the waveguide exit and the
fiber was less than 10 microns.

performed at the microfocus beam line (ID13) of the
European Synchrotron Radiation Facility with the scan-
ning setup [22], a wavelength of 0.976 A, and an area
detector (MarCCD). Each bent fiber was scanned with
200 nm steps from the tension to the compression region.
Corresponding scanning of unbent fibers gave the un-
strained reference values. Two main parameters were eval-
uated from the 2D diffraction patterns (see Fig. 1): The
position of the 10 reflection gives the in-plane distance
dyg of the carbon atoms in loading direction, and the
microstrain of the fiber is obtained by £,0(z) = [d}((z) —
d,0(0)]/d,0(0), the parameter z being the position within
the fiber and O denoting the reference value, obtained
from the average value of the scan across the unstrained
fiber. The second parameter is the azimuthal width (half
width at half maximum) y, of the 002 reflection, describ-
ing the deviation of the orientation of the graphene planes
with respect to the fiber axis. Figure 2 shows the in-plane
strain within the graphene sheets, £,0(z), exemplarily for
the PAN fiber HT21 and the MPP fiber E35 for two dif-
ferent bending radii. The in-plane strain varies roughly
linear with position; however, the neutral zone is not
located in the center of the fiber but is shifted towards
the tension region. This shift is nearly independent of
the bending radius but differs between the individual fibers
and is much larger for E35 [Fig. 2(b)] in comparison to
HT21 [Fig. 2(a)]. Generally, a considerably higher shift
was observed for all MPP fibers in comparison to PAN
fibers.
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FIG. 2. In-plane strain distribution across (a) the PAN fiber
HT21 and (b) the MPP fiber E35 for two different bending radii.
The values for the unbent fibers with standard errors are inserted
as solid and dashed lines, respectively. The shift of the neutral
axis is indicated by the arrows.

The azimuthal width yqq, of the unbent PAN fiber HT21
[Fig. 3(a)] shows a constant value except a remarkable
decrease at the fiber boundaries, which is related to a
skin-core morphology. A higher orientation of the skin
of PAN fibers was previously deduced from TEM images
[23] and microbeam diffraction [24]. The bent fiber
shows a linear increase of (g, from the tension into the
compression region apart from the fiber boundary, indicat-
ing an increase of the fiber orientation upon tension and a
corresponding decrease upon compression, with a similar
shift of the neutral zone as observed for the strain in
Fig. 2(a). Different to the nearly linear increase of ygp
within the fiber core of the PAN fibers [Fig. 3(a)l, xoo2
of the MPP fiber E35 tends to a constant value towards
the fiber boundary in the tension region, but in the com-
pression region an enormous increase of the azimuthal
width up to almost a factor 2 is observed [Fig. 3(b)]. This
is clear evidence for extensive buckling on the nano-
scale and was found for all MPP fibers to a similar
amount. Buckling can happen on the scale of single crys-
tallites with a stacking height of 2—10 nm (depending on
the respective type of fiber) or on the level of single
graphene sheets with an interplanar distance of approxi-
mately 0.34 nm. There are two clear indications that buck-
ling takes place on the crystallite level: (i) The layer
distance dj, of the lattice planes is nearly unchanged
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FIG. 3. Azimuthal width of graphene planes ), across (a) the
PAN fiber HT21 and (b) the MPP fiber E35 for the unbent fiber
(open circles) and for two different bending radii (symbols are
the same as in Fig. 2). The solid line is the mean value of the
unbent fiber (for HT21 taken only from the core region). The
scheme visualizes the different compression behavior of PAN
and MPP fibers.

during loading (changes less than 0.1%), and (ii) the
stacking height of the crystallites, L., does not show any
differences between the tension and the compression part
of the bent fiber.

The apparent shift of the neutral axis was, to the best of
our knowledge, never considered in the literature on testing
compressive properties of carbon fibers. From the shift of
the neutral axis, integration over the respective areas di-
rectly gives the Young’s moduli in tension and compres-
sion (E, and E,.), if regions with constant elastic properties
are assumed [25]:

Et[dAz—i-chdAz:O, (1)
1 2

the labels 1 and 2 denoting the integration range over the
tension and compression area, respectively. Equation (1)
can be analytically solved for a circular cross section:

E. 4J1—a*+2a*J1 — a® + 3am + 6a arcsina

E 41— a2 +2a2V1 — a* — 3am + 6aarcsina
2)

with a = z,/R being the ratio of the shift of the neutral
zone Z, to the fiber radius R. The sign convention is chosen
that a is negative (located in the tension region) as depicted
in Fig. 2. The larger the shift of the neutral zone, the higher
the ratio of the Young’s modulus in tension to the one in
compression. The maximum stress occurs at the fiber
boundary [25]

9k,
Oc ZcEc

, 3

with z, and z. denoting the distances from the neutral axis
to the respective boundary of the fiber. An additional strain
dependence of both the compression and the tensile modu-
lus is probable, because nonlinearity was frequently re-
ported for carbon fibers in tension [26] as well as in
compression [27]. As the results for different bending radii
and, thus, different strains showed no pronounced differ-
ence in the position of the neutral axis (see Fig. 2), we
suggest that this effect is small in comparison to the
differences from varying processing parameters.

In Table I, all results are listed for the different types of
fibers. The position of the neutral axis was derived by a
linear fit of the strain data (see Fig. 2), and the ratio of the
compressive and tensile Young’s moduli and stresses
(E./E,, E. and o./0,, respectively) were evaluated from
Egs. (2) and (3). The error was obtained from the uncer-
tainty of the shift of the neutral axis with respect to the
standard error of the unbent reference fiber. The Young’s
modulus in tension E,; was obtained from single-fiber
tensile tests, and the in-plane coherence length L, and
the stacking height L. of the crystallites were derived by
applying the Scherrer equation to the 10 and 002 reflec-
tions, respectively [28]. It is obvious from Table I that the
PAN fibers exhibit superior compressive properties in
comparison to MPP fibers even for comparable lateral
crystallite size L,. L, is not the decisive parameter, which
would be the case for buckling from gliding of single
adjacent planes. PAN and MPP fibers exhibit a different
deformation behavior, i.e., PAN fibers a continuous defor-
mation with modulus softening in compression and hard-
ening in tension as suggested by the continuous D-band
shift in Raman spectroscopy [14] and MPP fibers buckling
in the compression range. This difference is attributed to
the existence of covalent cross-links connecting the crys-
tallites and their graphene layers. These cross-links were
modeled by first-principles calculations [29] and experi-
mentally reported for CNT in bundles induced by high-
energy particle radiation [10]. An experimental verification
for carbon fibers is difficult as only few cross-links are
expected. The existence of cross-links may be deduced
from the higher shear modulus of PAN fibers in compari-
son to MPP fibers, obtained from the smaller decrease of
Xooz in single-fiber tension tests [4]. Further evidence for
the existence of cross-links is provided by the lower elec-
trical conductivity of PAN fibers compared to MPP fibers
with similar in-plane coherence lengths (derived from
x-ray scattering) and phonon mean free path for boundary
scattering (from modeling thermal conductivity measure-
ments) [30,31]. Such cross-links could be formed during
processing of PAN fibers, as incomplete ladder polymer
structures are formed with high defect concentrations eas-
ing the formation of cross-links. The situation is different
for MPP fibers, where the mesophase-pitch precursor pro-
vides perfect liquid crystalline structures being assembled
during the spinning process. No cross-linking and, conse-
quently, very limited resistance against buckling on the

225501-3



PRL 95, 225501 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 NOVEMBER 2005

TABLE I. Summary of results for the investigated fibers. The low Young’s modulus for the MPP fibers is the postbuckling modulus.
Fiber Precursor Producer L, (nm) L. (nm) E, (GPa) E./E, E. (GPa) o /o,
HTO00 PAN Tenax 25 1.5 214 0.72 = 0.09 155 £ 18 0.89
HT18 PAN Tenax 4.0 2.5 256 0.47 = 0.06 121 = 14 0.65
HT21 PAN Tenax 5.2 3.8 320 0.31 = 0.04 100 = 12 0.51
HT24 PAN Tenax 5.8 53 378 0.33 = 0.04 123 £ 15 0.52
K321 MPP Mitsubishi 33 1.6 140 0.12+0.03 17x5 0.29
E35 MPP DuPont 5.5 3.6 203 0.10 = 0.03 206 0.31
F500 MPP Tonen 8.0 9.8 373 0.074 £ 0.02 28*+9 0.22
K137 MPP Mitsubishi 9.4 12.5 509 0.075 £ 0.02 38+ 12 0.22

crystallite level may, therefore, be expected for MPP fibers,
in accordance with our experimental results.

In conclusion, position-resolved in situ scanning diffrac-
tion of bent carbon fibers shows the formation of a strain
redistribution within the fibers and the neutral axis shifts
considerably with respect to the fiber center. The physical
origin of this shift is the extensive buckling of nanocrys-
tallites in the compression region of MPP fibers. The
results of the present work are believed to be of consid-
erable technological interest, because carbon fiber rein-
forced composites are frequently produced from 2D or
3D woven prepregs with an inevitable strong curvature of
the fibers. It also enlights the problem, which has to be
faced in composites made from CNT, as the alignment of
the CNT is very challenging.
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