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Scanning tunneling microscopy (STM) was used to characterize the surface
topography of polyacrylonitrile (PAN)-based carbon fibers before and after
electrochemical treatment, stretch resistance test, and high-temperature treatment.
A new kind of spiral structures was found, which was not only on the surface but
also in the inner layer. The spiral structure of the fibers was caused by the spinning
process. The fiber structure contained the shape of the precursor. There were some
large cracks in the carbon fibers after the stretching resistance test. The large cracks
can result in carbon fiber breaking under certain stress conditions. The difference in
the structures of the carbon fibers before and after the high-temperature treatment
was determined.

. INTRODUCTION chemical treatment, strength resistance test, and high-
Carbon fiber composites have been extensivelyemperature treatment.

used in industry such as aerospace, astronautical,

and sporting goods because of low density, high|. EXPERIMENTAL

strength and modulus, and superior strength-to-weight

properties. PAN-based carbon fibers are produced from

polyacrylonitrile (PAN) which are more resistant to directly observed with STM, the second part was for

the compressive forpes applied in flexure than IIqUIdeIectrochemlcaI treatment, the third part for a strength
crystal-based materials such as carbon fibers frOnr1esistance test, and the last part for high-temperature
pitches or lyotropic polymers. In the past years the ’ ot P 9 per
. . . treatment. The electrochemical treatment of the fibers

PAN-based carbon fibers have received much attention . . o .
was in 2 mofml NaOH solution for 2 min with starting

and have maintained their predominance as a reinforcin . .
material. Many analytical methods have been emloloyegtchmg curren60 wA. In the strength resistance test, the
: orce added to the two ends of the 1K fibers was 30 N.

to investigate the structure of the carbon fibers, such . .
as xray diffraction (XRD) techniqués$ scanning In high-temperature treatment, the fibers were heated at

. - . 1600 °C for 15 min. The fibers after each of the above
electron microscopy (SEM), transmission electron Mi- e atments were observed separately with STM.

croscopy56(TEM)‘E high_—reso_lution felectron-microscopy The STM experiments were carried out with
(HREM)>® and polarized-light microscopy. Except CSPM930a instrument in air at room temperature.

HREM, other ansQuggmethods can investigate thelmmcal-etched tungsten tips with apex radii

structure of carbon fibers only on a micron scale. i
Although HREM can investigate the structure on alOO nm were employed for the STM studies. The
tunneling current was between2.0 nA and —3.0 nA,

submlc_ron scale, the sample preparation Is ge’.‘era” nd the bias voltage was 100—300 mV. All STM images
sophisticated and the obtained images are not in red . .
: . ; Were obtained in constant current mode.

space. However, scanning tunneling microscopy (STM)

can image the surface structure of carbon fibers down

to the nanometer scale and in real spiéeSample !l RESULTS AND DISCUSSION

preparation is easy and the sample can be observed The carbon fiber structures, similar to other carbon

nondestructively in air. materials, depend on both their precursor and production.
In this paper, STM was used to analyze the fiber surA schematic diagram of PAN-based carbon fibers is

face structures and morphology before and after electrsshown in Fig. 12

To prepare the samples, one bundle of 1K fibers was
cut into four parts. The first part without treatment was
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POLYACRYLONITRILE PROCESS We zoomed in Fig. 2; the images are shown in
R T Fig. 3. It is seen that the fiber surface is rough, and
() \_,C? \cH/C\cH/°\ch—izi ?/C /\?/C\FT/ the ribbons are composed of small crystallized grains.
|| & N C\N/c'\N/c\N/c\N/ The scale in Fig. 3(a) is 500 ned 500 nm; the scale in
A Fig. 3(b) is 200 nmx 200 nm.

coreonzE A new kind of interesting fiber structure without
treatment is shown in Fig. 4. The scanning area of
Fig. 4(a) is 500 nmx 500 nm. It can be observed that

FIG. 1. Polyacrylonitrile precursor of carbon fibers. Remnants of th
preferred orientation of the ladder polymer are retained in the carbo
fibers.

The fibers are kept under tension to maintain th
alignment of the PAN polymer during oxidation. The
precursor has an oriented cyclic or ladder structure aft
the stabilization stage. The hexagonal ribbons of carbo
atoms tend toward aligning with the fiber axial during
the carbonized stage. In the last heat treatment of carb
fibers, the heated temperature depends on the properti
that are desire8l.The PAN-based fibers are high tensile
strength fibers with lower modulus. The last carbonize
temperature is about 100C.

Figure 2 shows a typical STM image obtained from
untreated fibers on a large scale. The scanning regi
of Fig. 2 is 1200 nmx 1200 nm. From the image, it
is found that the carbon fiber surface is composed o
different wide ribbons that are almost along the fiber|
axis. These ribbons have longitudinal ridges.

FIG. 2. STM image of PAN-based carbon fibers without treatment onFIG. 3. STM images of PAN-based carbon fibers without treatment on
submicron scale. (1200 ntd 1200 nm) nanometer scale. (a) 500 nm 500 nm and (b) 200 nnx 200 nm.
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FIG. 5. STM image of PAN-based carbon fibers after electrochemical
treatment. (225 nnx 225 nm)

treatment stripped the outer layer, exposing the layers in
the core of the fibers. The scanning area of Fig. 5 is
225 nmXx 225 nm. It is found that the right-spiral rib-
bon structures also exist after electrochemical treatment.
So this kind of spiral structures is not only on the surface
but also in the inner layer.

The spiral structures can be explained by the
Diefendorf model. According to Diefendorf, the rippled
ribbon can describe the PAN-based carbon fibers of
lower modulust? Figure 6 is a sectional, schematic
diagram of the Diefendorf model. All ribbons are spiral
in the diagram. Some are right spiral and others are
left spiral. The precursor of PAN-based carbon fibers is
spun from polyacrylonitrile polymer, with the spinning
process influencing its shape. The precursor arranges as
a sine wave. The wavelength of the sine wave increases
and amplitude decreases in the carbonization process.
Finally the rippled ribbon can be formed. These ribbons

(b) wind around each other, becoming more compact. The
FIG. 4. STM images of a new kind of fiber structures without wound ribbon structures greatly increase the tensile
treatment. (a) 500 nnx 500 nm and (b) 200 nnx 200 nm. strength of the carbon fibers. All ribbons in the STM

images are right spiral, but not all ribbons wind around

these ribbons have a spiral trending structure along theach other, which is different from the diagram of the
axial. To understand the details clearly, we zoomed irDiefendorf model. This is probably because these STM
the ribbons in Fig. 4(a). The image is shown in Fig. 4(b)images are of the fiber surface, and not of the fiber
with the scale of 200 nnx 200 nm. It is clearly seen section. It can be said that the observed surface structures
that each of the three ribbons has a right-spiral structuref the spiral ribbons coincide with the Diefendorf model.

Figure 5 shows a typical STM image of the carbonThis kind of spiral structures was not observed in all
fibers after electrochemical treatment. The etching layethe cases. It appeared only if the carbon fibers were
thickness of one fiber was about 10 nm. Electrochemicabbserved in a suitable direction.
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FIG. 6. Schematic diagram of ribbon structure model for carbon
fibers.

STM images of the fibers after the strength re-,
sistance test are shown in Fig. 7. The scanning are:
is 200 nmXx 200 nm. It can be observed that fibers
after the strength resistance test contain’ some larg
cracks, which are not observed in fibers before the teg
[Fig. 3(b)] on the same scale. i

From the images of Fig. 7, it can be seen that thcs
crack in Fig. 7(a) is different from the crack in Fig. 7(b).
The crack in Fig. 7(a) is wedge-shaped, the explanatio
being that the small crack on the fiber surface expande
along the direction perpendicular to the surface whe
the fiber was under stress, thus generating a wedge crad
Otherwise, the crack in Fig. 7(b) is circular, and the edge
around the crack is rougher than that shown in Fig. 7(a)
All these large cracks were the result of the small cracks
expanding under a stress in the fibers. _

The major limitation of tensile strength is gross flaws (b)
or defectd® Defects are small cracks in fibers, which act
as stress concentrators. They expand or enlarge undeiG. 7. STM images of PAN-based carbon fibers after strength re-
stress. When the grown cracks are large enough and hagistance test. (a) 200 nx 200 nm, wedge crack, and (b) 200 nxn
an excess of stress over a specified range, the carb@R0 M. circular crack.
fibers will break.

The structure change of the carbon fibers was alsgrains grow large after high-temperature treatment, and
observed after high-temperature treatment. Figure 8 ithe grains arrange more regularly in a certain direction.
an STM image, scanning area, 500 m500 nm. Com- In this study, the low modulus PAN-based carbon
pared with fibers before treatment [Fig. 3(a)], itis clearlyfibers without the graphitization have no regular three-
observed that the surface of the fibers is smoother aftafimensional arrangement. The structures are turbostratic
high-temperature treatment. It can also be seen that tha organization. The carbonized temperature of PAN-
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scale, the surface of the carbon fibers was composed of
ribbons along the fiber axis; on the nanometer scale, the
surface became rough. There was a new kind of spiral
structure, and the spiral structure was also observed after
electrochemical treatment. The results indicate that the
nanotopography of carbon fibers depends on the spinning
procedure. There were some larger cracks on the fiber
surface after the strength resistance test. This was the
result of expansion of the small cracks in the fibers.
The small cracks and the rough edge would allow the
fibers to break. The fiber surface became smoother. The
crystalline grain grew larger and arranged regularly in a
fixed direction after high-temperature treatment.
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