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Abstract: The nanopore structures in precursors are crucial to the performance of PAN-based carbon fibers.

Four carbon-fiber precursors are prepared. They are bath-fed filaments (A), water-washing filaments (B),

hot-stretching filaments (C) and drying-densification filaments (D). Synchrotron radiation small angle X-ray

scattering is used to probe and compare the nanopore structures of the four fibers. The nanopore size, discrete

volume distribution, nanopore orientation degree along the fiber axis and the porosity are obtained. The results

demonstrate that the nanopores are mainly formed in the water-washing stage. During the processes of the

subsequent production technologies, the slenderness ratio of nanopores and their orientation degree along the

fiber axis increase further and simultaneously, the porosity decreases. These results are helpful for improving

the performance of the final carbon fibers.
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1 Introduction

Due to the outstanding mechanical property and
smaller specific weight, carbon fibers are widely ap-
plied in industrial production. Pursuing the high-
performance of carbon fibers is always the motivity
for researchers to study them. However, the intrin-
sic representation of carbon fiber performance is the
microstructure, especially the pore structures in car-
bon fibers. Therefore, the characterization of pore
structures in carbon fibers is very important for im-
proving the production technologies and enhancing
the production performance. Usually, the formation
of carbon fibers includes three main stages: prepara-
tion of precursors, pre-oxidation and carbonization.
Each stage is possible to cause the formation and
change of nanopore’s size, distribution and orienta-
tion in final carbon fibers. It has been well known
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that the processes of pre-oxidation and carbonization
are relatively complicated and easy to leave a vesicu-
lar structure in the final carbon fibers.

In fact, high-quality carbon fibers depend also on
high-quality precursors [1]. There have been some
open-door reports about the research of carbon fiber
precursors [1-3]. A great number of papers have re-
ported the importance of using small angle scattering
(SAS) for this purpose [4-11]. Small angle X-ray scat-
tering (SAXS) technique is a powerful tool for charac-
terizing the porosity of materials with pore size rang-
ing from a few A to about 2000 A. Besides the high
statistic property, SAXS technique is also available to
detect the structures of closed pores inside materials,
as well as the size, shape and orientation of scatterers
so that additional information can be obtained [11].
In this paper, synchrotron radiation SAXS technique
is used to probe and compare the nanopore structures
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of four filaments in different stages of forming the
polyacrylonitrile (PAN) carbon fibers. It is expected
that the results are helpful to improve the production
technologies of the resulting carbon fiber.

2 Experiment

Four intermediate filaments in the PAN-based
carbon-fiber forming process were prepared at the In-
stitute of Coal Chemistry, the Chinese Academy of
Sciences and were marked as sample A, B, C and D
respectively. Sample A is bath-fed filaments with the
stretching ratio of 1-2. Sample B is water-washing
filaments with deionized water of 40-70 °C; Sample
C is hot-stretching filaments with the stretching ra-
tio of 1-1.5 under 70-90 °C. Sample D is drying-
densification filaments after sizing finish.

Synchrotron radiation SAXS measurements were
performed at Beamline 1W2A of Beijing Synchrotron
Radiation Facility (BSRF). The electron energy of the
storage ring is 2.5 GeV and the average current in-
tensity is about 200 mA. The sample-to-detector dis-
tance is 1430 mm and the incident X-ray wavelength
is 1.54 A. SAXS patterns of the samples were recorded
with a two-dimensional CCD detector with the pixel
size of 79 um. In the SAXS measurements, the scat-
tering patterns of each sample were alternately mea-
sured two times at least with the fiber axis of sample
parallel to or perpendicular to the horizontal direc-
tion, so that the SAXS pattern along the vertical di-
rection on the CCD detector respectively corresponds
to the contribution of scatterer sizes perpendicular to
the fiber axis or along the fiber axis in the two cases.
Using ¢=4 msinf/ X as the scattering vector, then the
detected g-value is from 0.082 to 2.230 nm™*.

A: bath-fed filaments

* B: water-washing filaments

C: hot-stretching filaments

D: drying-densification filaments

In(q)

3 Data analysis

In the SAXS data analysis, Fit2D software was
first used to convert the two dimensional SAXS pat-
tern to one dimensional SAXS curve. In order to
distinguish the contribution from the fiber axial di-
rection and the radial direction, the SAXS curve was
taken from a strip area across the beam center in
vertical direction. By integrating the scattering in-
tensities along the horizontal direction in the strip
area, the one dimensional SAXS curve along the ver-
tical direction can be obtained. Because the SAXS
intensity around ¢=0 was commonly absorbed by the
beamstop, the smallest and available g-value can not
reach ¢=0. In the following data analysis, the low-q
data were complemented by extrapolating the SAXS
intensity to ¢g=0 with Guinier plot. Fig. 1 shows the
corrected Inl ~ g2 curves, which respectively corre-
spond to the contribution of scatterer sizes along (the
left panel) and perpendicular to (the right panel) the
fiber axis. From the SAXS curves, the scatterer sizes
and distribution can be obtained. Here, the tangent-
by-tangent (TBT) method was used to get the dis-
crete size distribution from Inf ~ ¢® curve [12]. The
results are shown in Figs. 2 and 3, respectively, for
the pore sizes along the fiber axis or perpendicular to
the fiber axis.

Obviously, the average pore size along the fiber
axis is larger than that perpendicular to the fiber
axis. On the basis of the obtained pore sizes, we
assume that the pores in the fibers take an ellipsoidal
shape. Therefore, the slenderness ratio (L/D) of an
average ellipsoid can be calculated and listed in Ta-
ble 1. Here, L is the average length and D is the
average diameter of such an ellipsoid.

= A: bath-fed filaments
B B: water-washing filaments
= C: hot-stretching filaments
D: drying-densification filaments

¢*nm™?

Fig. 1.

g*nm~?

Guinier plots of small angle X-ray scattering intensities for the four carbon-fiber precursors with the

integral strip along the fiber axis (left panel) and perpendicular to the fiber axis (right panel).
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Fig. 2. Discrete distribution of nanopore volumes along the fiber axis direction for the four carbon-fiber precursors.
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Fig. 3. Discrete distribution of nanopore volumes perpendicular to the fiber axis direction for the four carbon-

fiber precursors.

Table 1. Comparison of pore parameters obtained from SAXS for four fibers.
average average ratio upper limit of
fibers length (L)/nm diameter (D)/nm (L/D) Qo/Q0 porosity (%)
bath-fed filaments 23 16 1.50 0.70 11.7
water-washing filaments 45 20 2.25 0.37 29.4
hot-stretching filaments 48 17 2.84 0.17 21.4
drying-densification filaments 51 15 3.37 0.10 16.9
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In order to explore the orientation degree of
the ellipsoid pores in the fibers, the Porod’s in-
variant is used to analyze the results acquired with
TBT method. For an orientational system with
anisotropic scattering elements, the one-dimensional
pseudo-invariant @, can be defined as [13],

Q. =rq21a<q>dq (1)

where « is the angle between the fiber radial direction
and the integral-strip direction. With the increase of
the orientational degree of the nanopores along the
fiber-axis direction, the ratio of Qo/Qoo decreases.
By comparing the ratio of Qo/Qgo, the change of ori-
entational degree can be obtained. Here, Qy (o =
0) is the pseudo-invariant perpendicular to the fiber
axis and Qg (=90) is the pseudo-invariant along the
fiber axis. For the four fiber filaments, the acquired
orientation degrees are also shown in Table 1.

Another important aspect of the fiber filaments
concerning pores is the porosity measurement. Based
on the hypothesis of rotation ellipsoidal pores, the
porosity of the fiber filaments can be evaluated with
the following method.

First, the Porod’s length at the a direction can
be obtained by using Eq. (2) [14] from the corrected
scattering curves taken from « direction.

4| ¢°1.(q)dq
l :J?i. (2)

" mlim ¢*l.(q)

q— oo

Such a Porod’s length is related to the average pore
size (lyore) O the average wall size (I,.n) by the fol-
lowing formula [15],

1 1 1

lp_a B ¢a <lwa11> - (1 _d)a) <lpore> ' (3)

where @,, is the porosity along the a direction. (Ipore)
takes the average value over all possible distances in
a direction between pore walls within pores. (l,an)
describes an average over all the possible line-lengths

connecting two pores in « direction inside the walls
of pore [15]. As we know, a particle characteristic
length (L) can be calculated from the SAXS intensity.
For the fiber filaments studied here, the characteris-
tic length (L) is taken as the average pore size (I o)
in « direction. Therefore, the pore size (I,oe) can be
calculated from Eq. (4) [16],

ﬂrqfa(Q)dq
-J0 @ (4)
r ¢*1.(q)dq

Combining Eqgs. (2)—(4), the porosity can be calcu-

{Tpore) =

lated with the following formula,

4 Uj qQIa(Q)dq} 2

) (5)
72 lim ¢*1,(q) J? ql.(q)dgq

q— o0

(ba:l_

Evidently, the porosity obtained with Eq. (5) is
not a real porosity because the SAXS intensity along
« direction is only considered. But, it is also inap-
propriate for an anisotropic system to integrate the
SAXS intensity along the concentric circle or arc. In
this case, the porosity obtained with Eq. (5) is only
a projection of global porosity and is defined as the
pseudo-porosity here. A sketch map of the integral
strip area along « direction is shown in Fig. 4.

Fig. 4.
along a-direction.

Sketch map of the integral strip area

As discussed above, the pseudo porosity reflects
only a projection of global porosity of the average
In fact, the global
porosity should be the average over all projective di-
rections (all pseudo porosities). Under the hypothesis
that scatterers are rotation ellipsoids, if we have the
pseudo porosity ¢; along the fiber axis with =90 and
¢, perpendicular to the fiber axis with =0, then the

scatterer with a «-orientation.

global porosity becomes approximately:

P=(¢:63)"" (6)

Equation (6) stands for the porosity of the filaments
where the pores are equivalent to the rotation ellip-
soids with rotation axis along the fiber axis. This
porosity is only the upper limit of the real poros-
ity. On the basis of Eq. (6), the global porosities
are obtained for the four fiber filaments as shown in
Table 1.

4 Results and discussion

The orientation degree of nanopores in the four
fiber filaments has been studied with a SAXS tech-
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nique. From the discrete pore size distribution, the
average pore sizes are obtained. It is found that the
average pore size in the bath-fed filaments is gener-
ally small, but it increases abruptly when the fibers
experience the water-washing process. Then, the av-
erage pore size has a gradual change with the sub-
sequent processing technologies. The pore shape be-
comes more and more elongated. Simultaneously, the
orientation degree of nanopores along the fiber axis
increases further with the subsequent technologies.
This has been confirmed by the ratios of L/D and
Qo/Qqo as listed in Table 1. The changes of orienta-
tion degree of nanopores are, respectively, obtained
with two methods. The orientation tendencies indi-
cated by the ratios of L/D and Q,/Qqo are identical,
which demonstrates that the results are reliable.
The porosities in the fiber filaments have also been
analyzed. The results demonstrate that the porosity
increases suddenly in the water-washing stage. This
is in agreement with the change of slenderness ra-
With the progress of the subse-
quent manufacturing procedure, the porosity is grad-

tio of nanopores.

ually decreased. For example, the porosity in the
hot-stretching filaments has decreased to 21.4%. In
drying densification step, the orientation degree of the
nonspherical nanopores becomes further higher with
L/D ratio of 3.47 and the porosity decreases further
to 16.9%. This is because a stretching force is ap-
plied to the fiber axial direction in these subsequent
technologies, resulting in an increase of the slender-
ness ratio of the nanopores and the decrease of their
average volume. The decrease of porosity is good for

the increase of the fiber strength.

Combining the results of pore sizes, slenderness
ratio and porosity, we think that the water-washing
technology is a crucial process. In the water-washing
stage, both increases of the pore size and the porosity
will result in the decrease of performance of the result-
ing carbon fibers. In our case, the average pore size
reaches up to 45 nm (along the fiber axis) and 20 nm
(perpendicular to the fiber axis) in the water-washing
filaments. The porosity is also up to 29.4%. A pos-
sible reason is that some solvents remained in the
nascent fibers. When the nascent fibers were water-
washed, these solvent residues were washed down and
left the channels, thus forming open pores in the sur-
face of fibers. Therefore, controlling the amount of
residues absorbed in the nascent fibers is helpful for
the performance of carbon fibers.

5 Conclusions

Synchrotron radiation SAXS technique is used to
probe the nanopore structures of PAN-based carbon
fiber precursors. The pore size, pore size distribution,
orientation degree and the porosity are obtained. The
results demonstrate that the nanopores are mainly
formed in the water-washing stage. Controlling the
amount of residues absorbed in the nascent fibers
is helpful to the improvement of carbon fiber per-
formance. The subsequent technologies in the pro-
duction of carbon fibers make the nanopore size de-
crease, the nanopore orientation degree increasie and
the porosity decrease.
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