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Abstract

In our study we present an investigation of thefaem@s of two technical and one textile
polyacrylonitrile (PAN) fibers on nanoscale by atorforce microscopy (AFM) utilizing a super sharp
tip with a tip radius of about 2 nm. Before anadyshe finish of the fibers was removed. The AFM
analysis of all three PAN fiber surfaces showsalfar structure with fibril orientation along tHeoer
axis. Additionally, the existence of a surface piso on the nanoscale is observed. These
nanostructures are detected on both technical hsagven the textile PAN fibers and are distributed
homogenously over the surface of the fibers. Wtiike nanopores of the two technical PAN fibers
show a size of about 12 nm, the textile fibers hlavger pore size of about 22 nm. In addition, the
three PAN fibers vary in the orientation of the gmralong the fiber axis. The AFM results are
correlated to effective surface areas from the Buen-Emmett-Teller gas adsorption and to
crystalline parameters from X-ray diffraction me@suoents.

1. Introduction

Polyacrylonitrile (PAN) is a semicrystalline therptast, which is used for a variety of products, e.g
membranes, hollow fibers for osmosis, textilesagmprecursor material for carbon fiber production.
[1, 1, 2] PAN fibers are produced using a dry jetvet spinning process [3]; the latter is the commo
production method for manufacturing of tows withaege number of filaments. In the wet spinning
process a PAN solution is spun through a spinneteta coagulation bath. [4—7] After immersion in
the nonsolvent coagulation bath, the solution be&sorthermodynamically unstable and spinodal
decomposition in two phases occurs. [5, 8, 9] Aypdr-rich phase forms the bulk of the fiber, while
a solvent-rich phase forms voids. [5, 10, 8] Thiscture is called gel network. [9] It was showatth
the shell of such fibers is porous and the pore depends on the conditions of the coagulationz,[8,
11] After the coagulation, the fibers undergo repeéateps of washing and stretching. Stretchiranis
important step to orientate the molecules and émibes the properties of the fibers. [12, 13] Fnall
polymeric finish which acts as antistatic and laanit is applied to ease handling and to protect the
fibers in the following steps of the process chpnl13, 14]

PAN fibers are the most important precursor matéoracarbon fiber production. [15, 16] Due to the
increasing field of applications of carbon fibeinferced composite materials, the demand for carbon
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fibers is growing. [17-19] In the last decadesRieN fiber has been developed and optimized for this
technical application because the quality of carlibers is closely linked to the properties of

precursor fibers. Therefore, comprehensive knovdedd the precursor fiber chemistry and

microstructure is important. Investigation of theoleition of the surface microstructure along the
production process is one approach to obtain aadimedtal understanding of process induced
structural changes.

The atomic force microscopy (AFM) technique alladwsnvestigate the surface topography of carbon
fibers as well as non-conducting PAN fibers. [2B{M\ permits a non-destructive characterization of
the surface morphology and allows collection of njitative lateral and height information on a
nanoscale. The lateral resolution sensitively ddpem the geometry and durability of the tip uded.
recent years newly developed technologies enalletbduction of tips with high aspect ratio and
small diameter. Such tips allow precise measuresr@fimanoscale structures.

2. Experimental

In the present work technical PAN fibers (PAN 1 @N 2) and textile PAN fibers (PAN 3) were
analyzed. The fibers are equipped with differepesyof finish of unknown chemical composition. To
analyze the surface of the fibers on nanoscalditighes of the fibers have to be removed. For the
desizing procedure different solvents were usedieha 0.1 M/L solution of Tetrabutylammonium
fluoride trihydrate (TBAF, ACROS organics, 90 %) iretrahydrofuran (THF, Sigma Aldrich,
>99.9%), 2-Butanon (MEK, Carl Roth GmbH + Co. K&99.5 %) and distillated water with curd
soap (ISANA, Rossmann GmbH). The chemical compmsithf the cleaned fiber surfaces was
controlled by X-ray photoelectron spectroscopy (XBSing an Omicron XM 1000 electron analyzer
with a monochromatized X-ray Aldsource.

The AFM measurements on the fibers were perfornsiagua Bruker Dimension ICON in tapping
mode with super sharp EBD-SSS NCHR AFM probes fidanotools with a tip radius of 2 nm. The
scanning area of the images was 500nm x 500nmx %12 pixels). The images were processed using
the software Nanoscope Analysis v1.40. The fibés exmarked in all figures with white arrows. The
Brunauer-Emmett-Teller (BET) gas adsorption ingsdtons were executed using an Autosorb iQ
with Krypton as analysis gas. X-ray diffraction (RRinvestigations were operated at a Seifert 3003
PTS XRD diffractometer with a copper anode. Thestalinity and orientation of the crystallites were
determined according to Ref. [21].

3. Resultsand discussions
3.1 Desizing of PAN fibers

Figure 2 (a, b) shows the AFM height and phase @sayf a technical PAN fiber (PAN 1). This fiber
surface is covered with a technical finish. Bothagas height (a) and phase (b) show a fibrillar
structure of the fiber along the fiber axis. In gidd, a nanoscale fine structure is faintly visibl
similar to that observed on carbon fiber surfa¢22] In order to expose the nanostructured surface,
the finish of the fibers was removed.
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\ Height 500x500 nm a Phase 500x500 nm

Figure 1. AFM height (a) and phase (b) image of the surfdce o
a technical PAN fiber with textile finish.

Different commercial solvents were used to dissahe finishes of unknown chemical composition
from the PAN fibers. The desizing was controlledX®S measurements monitoring oxygen and/or
silicon concentration. The cleaning procedure wagtinued until the elemental composition of the
fiber surface remained unchanged and AFM measursnsflowed a pronounced surface structure.
The parameters of the most successful dissolvieggsses, i.e. the used solvent, temperature and
time, for the different PAN fibers are listed inbl@a 1. The finish of all three fiber types can be
removed in polar solvents. The silicon containimish of the technical fiber PAN 1 can be effeciyve
removed by a TBAF-THF solution. The best resuldesizing the technical fiber PAN 2, which is
equipped with a non-silicon containing finish, wahieved using MEK. In contrast, the non-silicon
containing sizing of typical textile fibers like A3 is dissolved in hot soap-water. All types diefis
were washed with 2-Propanol and water after theesbltreatment and dried at 40 °C for 8h before
they were prepared for AFM analysis.

Table 1. Parameters of desizing treatment of PAN fibers.

Specimen Type Solvent (mtin) (°I:)
PAN 1 THF + TBAF 1080 20
PAN 2 MEK 300 20
PAN 3 HO + RCOONa 300 98

3.2 AFM investigation on nanoscale of PAN fiber surfaces
3.21 Nanostructureson technical PAN 1 fiber surface

Figure 2 (a) shows an AFM height image of size 5uBum of the technical fiber PAN 1 after the
desizing procedure. The surface of the fibers st@f fibrils which are oriented parallel to thieer
axis and have an average width (perpendicularter faxis) of 180 + 48 nm. In addition, a hanoscale
structure is detected on the whole fiber surfacealBnanopores with an average width (perpendicular
to fiber axis) of 11.7 + 3.0 nm and an average tleifparallel to fiber axis) of 15.7 £ 7.7 nm areifiol,
which form chain like structure oriented along fiber axis. Their depth amounts to 2.4 + 1.1 nm and
they are separated by thin intersections with agrage width of 3.3 £ 2.1 nm. Often pores are
observed which appear to result from a coalescenoeess of neighboring pores. The coalescing
occurs between neighboring pores of a chain. Tog faat the pores are extended in fiber direction
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and also coalescing occurs can be explained bgttheching treatment of the fibers during the PAN
fiber production process described in literatugd, 4]

Height 5x5 pm s0m Height 500x500 nm o Phase 500x500 nm

Figure 2. AFM height image (a) of size 5x5 pum and heightail phase (c) images of size
500x500 nm of the surface of a technical PAN fig&N 1) after dissolving the finish.

For comparison, the surface of the correspondimigocafiber (CF) is shown in Figure 3. This CF is
produced from the PAN 1 fiber (equipped with siticcontaining finish), and was taken out of the
carbon fiber production process directly after carbation i.e. before surface treatment by anodic
oxidation and sizing. It was shown by XPS that siiezon-containing finish of PAN 1 is removed
completely by the thermal treatment of the carbation steps in the high temperature furnace. The
CF shows a similar nanoporous surface structwepares with an average width of 12.8 £3.1 nm and
an average length of 19.3 + 8.5 nm. The compafistween PAN and carbon fiber suggests strongly
that the nanostructures observed on the PAN filmicharacteristic for both fibers and, in particula
are no artifact created by removing the PAN fitheish.

|
Height 5x5 pm ahm

Height 500x500 nm .,s,m Phase 500x500 nm

28"

Figure 3. AFM height image (a) of size 5um x 5um and heightafd phase (c) images of size
500x500 nm of carbon fiber CF surface.

3.2.2 Nanostructureson technical PAN 2 fiber surface

We additionally analyzed the desized surface ofsgmnd type of technical PAN fibers (PAN 2) on
nanoscale. PAN 2 is precursor for carbon fibershwidwer tensile strength than carbon fibers
produced from PAN 1. These PAN 2 fibers also shdiibrlar structure (see Fig. 4a), with a fibril

width of 589 + 275 nm. The surface reveals alsar@oporous structure, as shown in the AFM height
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and phase images in Fig. 4b and c. The pores hawsilar size compared to that of PAN 1, with an
average width of 11.1 + 2.4 nm and a length of #91D.2 nm. The pores have a depth of about
2.3+ 1.2 nm and are separated by intersectiodsdof 1.7 nm width. In contrast to PAN 1 the pores
of PAN 2 are less orientated along the fiber a&igain, coalesced pores are detected, but in cantras
to PAN 1, the resulting structures are not striatigned along the fiber axis.

uF

Height 5x5 pm . Height 500x500 nm P Phase 500x500 nm

Figure 4. AFM height image (a) of 5x5 pum and height (b) ahdge (c) images of the surface of
PAN 2 after dissolving the finish.

3.2.3 Nanostructureson textile PAN 3 fiber surface

In Figure 5 the AFM images of the surface of dike¥AN fiber are shown. Again the surface reveals
a fibrillar structure with a fibril width of 591 261 nm (see Fig. 5 a). The image section of
500x500 surface of PAN 3 also shows the nanoscalectsre already described above. These
nanopores have an average depth of 2.1 + 1.1 nnaraimatersection width of 4.3 + 2.7 nm, similar to
those of the technical fibers. However, the avesaigith of the pores is 22.2 + 5.5 nm and the length
is 23.0 £ 11.0 nm, which is clearly higher than tladues of the technical PAN fibers. In contrast to
the technical fibers, the majority of pores is aotinged in chains orientated along the fiber aiso
pores, which are coalesced, have not a preferiedtation.

Height 5x5 pm - Height 500x500 nm i Phase 500x500 nm |

Figure 5. AFM height image (a) of 5x5 um and height (b) ahdge (c) image of 500x500 nm of
PAN 3 after dissolving the finish.
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3.3 BET investigations of the PAN fibers

To obtain information about the fiber surface agerh over a fiber tow, BET gas adsorption
measurements were conducted. Based on literatugeexpect surface values of < /g [25]
Therefore, to increase the sensitivity, Krypton gas chosen for the adsorption experiments. [26]
The error of the BET measurements is = 0.08@nTable 2 shows the values of the BET specific
surface area of the PAN fibers after desizing tneat. The technical fiber PAN 1 shows a larger
specific surface area than PAN 2. The textile fiB&N 3 shows the largest specific surface area.
According to the investigation of the nanoroughnas#\FM the specific surface area of PAN 1 and
PAN 2 are expected to be similar. The differencehénBET specific surface area could be attributed
to dominating influence of the fibril roughness.efact, that the textile fiber PAN 3 shows the &ty
BET surface, is in agreement with AFM measurements.

Table 2. BET specific surface area.

Specimen Type BET surface

(m’/g)
PAN 1 0.41
PAN 2 0.36
PAN 3 0.45

3.4 Crystal parameters of thethreetypes of PAN fibers

Investigation of the fiber surface by AFM reveakedifferent degree of alignment of the pores along
the fiber axis for the three PAN fiber types. Weuase that these observation results from different
degree of stretching during the fiber productiongesss. Different degrees of stretching should be
reflected in the PAN crystallite orientation. Thiere, the fibers were characterized by XRD,
analyzing their crystallinity and crystallite ortation. The qualitative results of the XRD analyasie
shown in Table 3.

Table 3. Relative degree of crystallinity and crystallitéemtation of the three PAN fiber types

Specimen Type Crystallinity Crystal Orientation
PAN 1 high high
PAN 2 intermediate intermediate
PAN 3 low low

The three PAN fiber types show different crystatjinand different crystallite orientation. The
crystallinity decreases in the following order: PAN PAN 2 > PAN 3. This result corresponds to the
tensile strength of the resulting carbon fibersjclwidecreases in the same order. The orientation of
the PAN crystallites also decreases in the sameroRAN 1 > PAN 2 > PAN 3. The result of this
evaluation shows a correlation between the degreeientation of pores obtained by AFM analysis
and crystalline orientation. This suggests a cati@h between the surface nanostructure and the
crystalline order of the bulk material.

4, Conclusons

We have investigated the surface of three diffetgpes of PAN fibers on nanoscale by AFM. We
used two technical fibers, which are precursorsanibon fibers, and a textile PAN fiber. The fibifs
all PAN fibers are oriented parallel to the fibeisa A structure on nanoscale is detected for ANP
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fiber surfaces nanoporous in character. The naespeary in size and shape dependent on the fiber
type. The two technical PAN fibers show similaresif the nanopores. However, the orientation of
the pores along the fiber axis differes and in@esasith increasing tensile strength of the resgitin
carbon fiber. In contrast, the average pores dizieectextile PAN fiber is larger and the orienbatiof

the pores is less pronounced compared to the talhitiers. XRD measurements of the crystallinity
and crystallite orientation correlate well with tearface nanostructure. The results show that the
surface structure contains information about butipprties of PAN fibers.
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