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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 crack
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.
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I. INTRODUCTION

Carbon fiber composites have been extensiv
used in industry such as aerospace, astronauti
and sporting goods because of low density, hi
strength and modulus, and superior strength-to-wei
properties.1 PAN-based carbon fibers are produced fro
polyacrylonitrile (PAN) which are more resistant t
the compressive forces applied in flexure than liqu
crystal-based materials such as carbon fibers fr
pitches or lyotropic polymers. In the past years t
PAN-based carbon fibers have received much atten
and have maintained their predominance as a reinforc
material. Many analytical methods have been employ
to investigate the structure of the carbon fibers, su
as x-ray diffraction (XRD) techniques,2,3 scanning
electron microscopy (SEM), transmission electron m
croscopy (TEM),4 high-resolution electron-microscopy
(HREM),5,6 and polarized-light microscopy.3,7 Except
HREM, other analytical methods can investigate t
structure of carbon fibers only on a micron sca
Although HREM can investigate the structure on
submicron scale, the sample preparation is gener
sophisticated and the obtained images are not in r
space. However, scanning tunneling microscopy (ST
can image the surface structure of carbon fibers do
to the nanometer scale and in real space.8–11 Sample
preparation is easy and the sample can be obser
nondestructively in air.

In this paper, STM was used to analyze the fiber s
face structures and morphology before and after elec
J. Mater. Res., Vol. 12, No. 10, Oct 1997
m.c
ly
al,
h
ht

d
m
e
on
ng
d
h

i-

e
.

a
lly
al
)
n

ed

r-
o-

chemical treatment, strength resistance test, and h
temperature treatment.

II. EXPERIMENTAL

To prepare the samples, one bundle of 1K fibers w
cut into four parts. The first part without treatment wa
directly observed with STM, the second part was f
electrochemical treatment, the third part for a streng
resistance test, and the last part for high-temperat
treatment. The electrochemical treatment of the fib
was in 2 molyml NaOH solution for 2 min with starting
etching current60 mA. In the strength resistance test, th
force added to the two ends of the 1K fibers was 30
In high-temperature treatment, the fibers were heated
1600 ±C for 15 min. The fibers after each of the abov
treatments were observed separately with STM.

The STM experiments were carried out wit
CSPM930a instrument in air at room temperatu
Electrochemical-etched tungsten tips with apex radii,

100 nm were employed for the STM studies. Th
tunneling current was between22.0 nA and 23.0 nA,
and the bias voltage was 100–300 mV. All STM imag
were obtained in constant current mode.

III. RESULTS AND DISCUSSION

The carbon fiber structures, similar to other carb
materials, depend on both their precursor and product
A schematic diagram of PAN-based carbon fibers
shown in Fig. 1.12
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FIG. 1. Polyacrylonitrile precursor of carbon fibers. Remnants of t
preferred orientation of the ladder polymer are retained in the carb
fibers.

The fibers are kept under tension to maintain t
alignment of the PAN polymer during oxidation. Th
precursor has an oriented cyclic or ladder structure af
the stabilization stage. The hexagonal ribbons of carb
atoms tend toward aligning with the fiber axial durin
the carbonized stage. In the last heat treatment of car
fibers, the heated temperature depends on the prope
that are desired.8 The PAN-based fibers are high tensil
strength fibers with lower modulus. The last carboniz
temperature is about 1000±C.

Figure 2 shows a typical STM image obtained fro
untreated fibers on a large scale. The scanning reg
of Fig. 2 is 1200 nm3 1200 nm. From the image, it
is found that the carbon fiber surface is composed
different wide ribbons that are almost along the fib
axis. These ribbons have longitudinal ridges.

FIG. 2. STM image of PAN-based carbon fibers without treatment
submicron scale. (1200 nm3 1200 nm)
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We zoomed in Fig. 2; the images are shown
Fig. 3. It is seen that the fiber surface is rough, an
the ribbons are composed of small crystallized grain
The scale in Fig. 3(a) is 500 nm3 500 nm; the scale in
Fig. 3(b) is 200 nm3 200 nm.

A new kind of interesting fiber structure withou
treatment is shown in Fig. 4. The scanning area
Fig. 4(a) is 500 nm3 500 nm. It can be observed tha

(a)

(b)

FIG. 3. STM images of PAN-based carbon fibers without treatment
nanometer scale. (a) 500 nm3 500 nm and (b) 200 nm3 200 nm.
, No. 10, Oct 1997
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(a)

(b)

FIG. 4. STM images of a new kind of fiber structures withou
treatment. (a) 500 nm3 500 nm and (b) 200 nm3 200 nm.

these ribbons have a spiral trending structure along
axial. To understand the details clearly, we zoomed
the ribbons in Fig. 4(a). The image is shown in Fig. 4(
with the scale of 200 nm3 200 nm. It is clearly seen
that each of the three ribbons has a right-spiral structu

Figure 5 shows a typical STM image of the carbo
fibers after electrochemical treatment. The etching lay
thickness of one fiber was about 10 nm. Electrochemi
J. Mater. Res., Vol. 1
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FIG. 5. STM image of PAN-based carbon fibers after electrochem
treatment. (225 nm3 225 nm)

treatment stripped the outer layer, exposing the layers
the core of the fibers. The scanning area of Fig. 5
225 nm3 225 nm. It is found that the right-spiral rib
bon structures also exist after electrochemical treatme
So this kind of spiral structures is not only on the surfa
but also in the inner layer.

The spiral structures can be explained by t
Diefendorf model. According to Diefendorf, the ripple
ribbon can describe the PAN-based carbon fibers
lower modulus.12 Figure 6 is a sectional, schemati
diagram of the Diefendorf model. All ribbons are spir
in the diagram. Some are right spiral and others a
left spiral. The precursor of PAN-based carbon fibers
spun from polyacrylonitrile polymer, with the spinnin
process influencing its shape. The precursor arrange
a sine wave. The wavelength of the sine wave increa
and amplitude decreases in the carbonization proc
Finally the rippled ribbon can be formed. These ribbo
wind around each other, becoming more compact. T
wound ribbon structures greatly increase the tens
strength of the carbon fibers. All ribbons in the STM
images are right spiral, but not all ribbons wind aroun
each other, which is different from the diagram of th
Diefendorf model. This is probably because these ST
images are of the fiber surface, and not of the fib
section. It can be said that the observed surface struct
of the spiral ribbons coincide with the Diefendorf mode
This kind of spiral structures was not observed in
the cases. It appeared only if the carbon fibers w
observed in a suitable direction.
2, No. 10, Oct 1997 2545
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FIG. 6. Schematic diagram of ribbon structure model for carb
fibers.

STM images of the fibers after the strength r
sistance test are shown in Fig. 7. The scanning a
is 200 nm3 200 nm. It can be observed that fibe
after the strength resistance test contain some la
cracks, which are not observed in fibers before the
[Fig. 3(b)] on the same scale.

From the images of Fig. 7, it can be seen that t
crack in Fig. 7(a) is different from the crack in Fig. 7(b
The crack in Fig. 7(a) is wedge-shaped, the explanat
being that the small crack on the fiber surface expan
along the direction perpendicular to the surface wh
the fiber was under stress, thus generating a wedge cr
Otherwise, the crack in Fig. 7(b) is circular, and the ed
around the crack is rougher than that shown in Fig. 7(
All these large cracks were the result of the small crac
expanding under a stress in the fibers.

The major limitation of tensile strength is gross flaw
or defects.13 Defects are small cracks in fibers, which a
as stress concentrators. They expand or enlarge u
stress. When the grown cracks are large enough and h
an excess of stress over a specified range, the ca
fibers will break.

The structure change of the carbon fibers was a
observed after high-temperature treatment. Figure 8
an STM image, scanning area, 500 nm3 500 nm. Com-
pared with fibers before treatment [Fig. 3(a)], it is clear
observed that the surface of the fibers is smoother a
high-temperature treatment. It can also be seen that
2546 J. Mater. Res., Vol. 1
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(a)

(b)

FIG. 7. STM images of PAN-based carbon fibers after strength
sistance test. (a) 200 nm3 200 nm, wedge crack, and (b) 200 nm3
200 nm, circular crack.

grains grow large after high-temperature treatment, a
the grains arrange more regularly in a certain directio

In this study, the low modulus PAN-based carbo
fibers without the graphitization have no regular thre
dimensional arrangement. The structures are turbostr
in organization. The carbonized temperature of PA
2, No. 10, Oct 1997
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FIG. 8. STM image of carbon fibers after high-temperature treatme
(500 nm3 500 nm)

based carbon fibers is about 1000±C. When the high
temperature of treatment is 1600±C, the grain will
grow and the structure will become more regular th
before the treatment. Otherwise the tensile strength w
decrease.

IV. CONCLUSIONS

Investigation of the high-strength PAN-based carb
fibers on both submicron scale and nanometer scale
been carried out before and after electrochemical etchi
stretch resistance test, and high-temperature treatm
The following conclusion can be drawn. On the micro
www.
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scale, the surface of the carbon fibers was composed
ribbons along the fiber axis; on the nanometer scale,
surface became rough. There was a new kind of sp
structure, and the spiral structure was also observed a
electrochemical treatment. The results indicate that
nanotopography of carbon fibers depends on the spinn
procedure. There were some larger cracks on the fi
surface after the strength resistance test. This was
result of expansion of the small cracks in the fiber
The small cracks and the rough edge would allow t
fibers to break. The fiber surface became smoother. T
crystalline grain grew larger and arranged regularly in
fixed direction after high-temperature treatment.
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