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Abstract

The present work addresses the nanoscale structure of technical Polyacrylonitrile fibers, which are
precursor fibers for the production of high tensile strength carbon fibers. Surface and volume structure
of the fibers were analyzed by atomic force microscopy. Use of an extra sharp tip guarantees a lateral
resolution of about 2 nm. The analysis demonstrates the existence of nanoscale pores, both on the fiber
surface and in the fiber volume. The size of the pores in the volume is slightly smaller compared to
that on the surface. While the nanoporous surface structures show a preferred orientation along the
fiber axis, the nanopores in the fiber bulk are distributed isotropically within the fiber cross section.

1. Introduction

Polyacrylonitrile (PAN) is the most widely used precursor material for carbon fiber production [1, 2].
The PAN fiber tow, composed out of several thousand single fibers, is produced using a wet spinning
process [3]. PAN solution is pumped through a spinneret into a liquid coagulation bath, where it
becomes thermodynamically unstable and decomposes in two phases [4, 5]. The polymer-rich phase
forms the bulk of the fibers, while the solvent-rich phase develops into voids [6, 7]. The two-phase
arrangement is called gel network structure [7]. During the subsequent stretching and washing steps,
the polymer-rich phase of this network is oriented along the stretching direction (fiber axis) and forms
the typical fibrils [8]. It was shown, that the parameters of the coagulation bath, e.g. temperature and
concentration, have a significant influence on the structure of the PAN fibers [5, 9, 10]. To allow
textile processing of the PAN fibers during the subsequent processing steps, a polymeric textile finish
is applied on the fiber surface.

The properties of the PAN precursor fiber, e.g. its micro- and nanostructure, are closely linked to the
performance of the corresponding carbon fiber [3, 11]. Investigation of the nanostructure of fibers
along the complete process chain is one important approach to obtain a fundamental understanding of
process induced structural changes and their influence on fiber properties. Atomic force microscopy
(AFM) allows a non-destructive nanoscale characterization of the surface of carbon fibers as well as of
non-conducting PAN fibers [12-15]. The lateral resolution sensitively depends on the geometry and
durability of the tip used [16-18]. In recent years newly developed technologies enable the production
of tips with high aspect ratio and small diameter. Such tips allow precise measurements of nanoscale
structures [19].

Using such super sharp AFM probes we demonstrated in earlier work that wet-spun PAN fibers are
characterized by a nanoporous surface structure [19, 20]. We showed that this surface structure is
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conserved along the whole process chain and also exists on the surface of the corresponding carbon
fibers [19, 21, 22]. In order to investigate if these nanopores are only characteristic for the fiber
surface or also a property of the bulk fiber, in the actual work we analyze the volume structure of
technical PAN fibers by nanoscale AFM investigation of fiber cross sections.

2. Experimental

To remove the textile finish, technical PAN fibers were cleaned in a 0.1 M/L solution of
Tetrabutylammonium fluoride trihydrate (TBAF, ACROS organics, 90 %) in Tetrahydrofuran (THF,
Sigma Aldrich, > 99.9 %) for 18 h at room temperature. Afterwards, the fibers were stirred for 2 h at
room temperature in Methanol, rinsed in 2-Propanol and dried at room temperature.

Cross sections of the PAN fibers were prepared by embedding the fibers in resin and cutting it at room
temperature perpendicular to the fiber axis by an ultramicrotome using a diamond knife.

The AFM measurements were performed using a Bruker Dimension ICON in tapping mode with two
different probes. TESPA probes from Bruker with a tip radius of 8 nm were used for fiber surface
images with a scan size of 5 um x 5 um and a resolution of 512 pixels x 512 pixels. The evaluation of
the nanoroughness was based on nine AFM images and calculated using the method of Jéager et al.
with a symmetric baseline and a cut-off 0.7 [23].

Super sharp EBD-SSS NCHR AFM probes from Nanotools with a tip radius of 2 nm were used for
scan sizes of 500 nm x 500 nm on the surface and for all images of the cross sections. The scanning
resolution of these images was 512 pixels x 512 pixels.

The images were processed using the software Nanoscope Analysis v1.40.

3. Results and discussions
3.1 Nanoscale AFM investigation of PAN fiber surface

In order to analyze the nanoscale surface structure of technical PAN fibers the textile finish was
removed from the fiber surface. The cleaning process was controlled by investigation of the
nanoroughness R, using TESPA probes. While the nanoroughness of the original surface coated by the
finish is typically below 1 nm — here (0.8 + 0.3) nm — the values of the nanoroughness of the cleaned
PAN fiber surface is (1.3 £ 0.3) nm. The coverage of the nanoscale surface structure of the PAN fibers
by the finish is removed, resulting in the increased nanoroughness of the cleaned fibers.

The technical PAN fibers offer a fibrillar surface structure (see height and phase images of size
5 um x 5um in Figure la and 1b), which is well orientated along the fiber axis. Thin fibrils form
groups and result in thicker fibrils. The thin fibrils have an average width of (52 = 17) nm, the fibril
groups have a mean width of (180 * 48) nm.
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Height 5x5 um -

Phase 5x5 um

Figure 1. AFM height (a) and phase (b) image of the fibrillar surface structure of technical PAN

fibers.

A higher resolution image of the fiber surface structure of size 500 nm x 500 nm is shown in Figure 2
a and b (use of EBD-SSS NCHR probes). The height and phase images reveal an additional structure
on top of the fibrils, which is formed by open, almost circular nanoscale pores. These pores exist on
the complete fiber surface. The pores have a mean width of (11.7 £ 2.9) nm. They are separated by
thin intersections of (3.3 +2.1) nm width. The histogram in Figure 3 shows an unimodal, almost
symmetric distribution of the pore width. At several positions the pores arrange anisotropically along
the fiber axis and sometimes are connected to chain-like structures. We assume that these chains are
formed by merging of nanopores during the stretching of the PAN fibers during the production
process. As the nanoporous surface structure is found for all investigated regions, it is assumed to be

an intrinsic property of the PAN fiber surface.

Height 500x500 nm -

Phase 500x500 nm

Figure 2. AFM height (a) and phase (b) images of the surface of a technical PAN fiber scanned with

super sharp probe.
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Figure 3. Histogram of width distribution of the nanopores of the surface of a technical PAN fiber.

3.2 Nanoscale AFM investigation of PAN fiber volume

Figure 4 (a, b) shows AFM height and phase images of size 10um x 10um including the cross section
of the technical PAN fiber, scanned using an EBD-SSS probe. The embedded fiber is clearly visible
and can be distinguished from the surrounding resin. In order to analyze the nanoscale bulk structure
of the fiber, AFM height and phase images of size 500nm x 500nm were measured. Figure 5 (a, b)
represent a zoom into the skin area of the fiber, i.e. in a region of the fiber cross section close to the
fiber-resin border. Again, a nanoporous structure is found. The almost circular nanopores have an
average width of (9.4 £ 2.9) nm, which is slightly smaller than the size of the nanopores on the
surface. The histogram in Figure 5a shows an unimodal, almost symmetrical width distribution of the
pores. A homogeneous distribution is observed. In contrast to the surface structure no preferred
orientation is found. Each pore is surrounded by polymeric material, so that a closed porosity in the
original fiber can be assumed.

A pore structure on nanoscale is also found in the center of the fiber cross section (see Figure 5c, d).
The pores in the fiber center have the same isotropic arrangement as in the skin region. Evaluation of
the pore size results in an average width of (8.6 £ 2.7) nm, which is slightly smaller than the pore
width in the skin region and clearly smaller than that on the fiber surface (see Table 2). Thus, a slight
trend to smaller pore size exists comparing the skin of the fiber to the center, reflecting a radial
gradient. However, as the variation of the pore width is high, the pore widths of all three investigated
regions of the PAN fiber (surface, skin region of bulk, central region of bulk) coincide within the
margins of error.

In contrast to the surface structure, no clear fibrillar structures can be identified on the cross sections
of fiber skin and center. The isotropically distributed nanopores do not indicate an arrangement to
fibrils or the existence of fibril boundaries and of inter-fibrillar regions.

Based on the presented results the nanoporous structure, found for all investigated regions of the fiber
cross sections, is assumed to be an intrinsic property of the PAN fiber.
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Figure 4. AFM height (a) and phase (b) images of the cross section of a technical PAN fiber.

Skin region

Height 500x500 nm Phase 500x500 nm

Center region

Height 500x500 nm Phase 500x500 nm

Figure 5. AFM height (a, c¢) and phase (b, d) images of the cross section of a technical PAN fiber
scanned with super sharp probe. The images (a, b) are from the skin region and (c, d) from the center
of a PAN fiber.
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Figure 6. Width distribution of the nanopores of a technical PAN fiber (a) from the skin region and (b)
from the center of the fiber cross section.

Table 2. Nanopore width of a technical PAN fiber on the surface and in the volume.

fiber surface fiber volume: fiber volume:
skin area central area
pore width (nm) 11.67 +£2.98 9.35+2.98 8.55 +2.67

4. Conclusions

We have investigated the surface and bulk nanostructure of technical PAN fibers by AFM. A
nanoporous structure is detected, both on the surface and in the bulk of the fibers. The open pores on
the surface are arranged along the fiber axis and are partially merged to chain-like structures. In
contrast, the closed pores in the volume are arranged isotropically and with no obvious preferred
orientation. A slight trend of decreasing pore size from the skin region to the center region of the fibers

is observed. In contrast to the fiber surface, no clear fibrillar structures can be identified in the fiber
volume.
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