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ABSTRACT

In our study, we present atomic force microscopy (AFM) investigations of the

surface of Polyacrylonitrile-based carbon fibers utilizing two different AFM

probes, a standard tip as used in literature up to now and a recently made

available super sharp tip. Using the super sharp tip, we identified so far not

reported pore-like nanostructures distributed homogeneously over the surface

of the fibers. We show that such nanopores are already present on the surface of

the corresponding precursor fiber, indicating that these structures are charac-

teristic for the fiber along the production process. To investigate a possible

correlation between the surface structures and the mechanical properties of

carbon fibers, we further analyzed the surface of various carbon fibers showing

different tensile strengths. All investigated fibers show characteristic nanopor-

ous surface structures and a correlation was found between the Nanopore size

and shape and the mechanical properties. The effective nanopore area and the

aspect ratio of the nanopores decrease with increasing tensile strength of the

fibers. In addition, the nanoroughness of the fiber surface is correlated to the

nanopore size and also decreases with increasing tensile strength.

Introduction

Due to the increasing spread of carbon fiber-reinforced

composite materials in aerospace, automotive and,

more recently, manufacturing systems engineering,

the demand for carbon fibers is continuously growing

[1–4]. The need to improve the production process and

the properties of the carbon fibers has promoted

increasing research efforts over the last decades. As a

result, commercial carbon fibers are available with

different tensile strengths, moduli, or strains [5]. The

most important precursor material for carbon fiber

production is polyacrylonitrile (PAN), which is

prevalently used due to the high tensile strength of the

resulting carbon fibers and the acceptable cost of pro-

duction [6, 7]. PAN fibers are produced by a wet

spinning process, in which a PAN/solvent solution is

spun into a liquid coagulation bath [7–13]. After

immersion in the nonsolvent coagulation bath, the

solution becomes thermodynamically unstable and

spinodal decomposition in two phases occurs—a

process generally typical for polymer solutions
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[9–11, 14]. A polymer-rich phase forms the bulk of the

fiber, while a solvent-rich phase forms voids [9–11].

This structure is called gel network [14]. It was shown

that the shell of such fibers is porous and the pore size

depends on the conditions of the coagulation

[11, 13, 15]. After coagulation, the fibers undergo

repeated steps of washing and stretching. Here, the

polymer molecules become orientated, which deter-

mines the properties of the PAN fiber [16]. Finally, a

textile finish is applied to protect the fibers and to ease

their handling in the following steps of stabilization

and carbonization [8]. The quality of the carbon fibers

is closely linked to the properties of the PANprecursor

and it takes comprehensive knowledge of the precur-

sor fiber chemistry and microstructure to improve the

properties of the carbon fibers [17–19]. In particular,

the surface structure of the fiber is in focus of research,

since it is assumed to be correlated to fiber properties

and the fiber–matrix interaction, e.g., by mechanical

interlocking [20, 21].

The microstructure of PAN and PAN-based carbon

fibers has been studied by X-ray diffraction (XRD)

[22, 23], scanning electron, and transmission electron

microscopy (SEM and TEM) [24–28]. Scanning tun-

neling and atomic force microscopy (STM and AFM)

have been used to investigate the fiber surface

[20, 29–37]. Magonov et al. [37] and Li et al. [36], using

SEMandSTM, foundgrain-type features on the carbon

fiber surface and presented a structural model of high

modulus and high-strength carbon fibers based on

these granules [36]. It should be noted, however, that

STM images present a superposition of topographic

and electronic information. Further, the STM tech-

nique cannot be applied to nonconducting polymer

precursor fibers and fibers after the intermediate sta-

bilization steps. In contrast, the AFM technique allows

to investigate directly the surface topography of car-

bon fibers as well as nonconducting fibers [35, 38].

AFM permits a nondestructive characterization of the

surface morphology and allows collection of

Figure 1 AFM height and

phase images of a carbon fiber

surface (CF HS) scanned with

TESPA probe (a, b) and with

EBD-SSS probe (c, d).

J Mater Sci (2016) 51:9638–9648 9639



quantitative lateral and height information on nanos-

cale [39, 40]. The lateral resolution depends sensitively

on the geometry and durability of the tip used [41–43].

In recent years, newly developed technologies allow

the production of tips with high aspect ratio and small

diameter [44]. Such tips allowprecisemeasurements of

nanoscale structures.

Here, we present an investigation of the surface

structures of PAN-based carbon fibers using the AFM

in tapping mode with both, a standard tip and a

recently made available super sharp tip. Using such a

super sharp tip, we find a nanoporous structure on

all fibers investigated, in particular on both carbon as

well as PAN precursor fibers. A possible correlation

between the nanoscale surface structure of carbon

fibers and their mechanical properties is proposed.

Experimental

In this study, we analyzed untreated (surface not

activated, unsized) high-tensile strength PAN-based

carbonfibers (CFHS) and the correspondingprecursor

fibers (PAN), equippedwith a textile finish.We further

investigated the surface of high tensile strength (T700S,

T300) and high modulus/low tensile strength (M40)

Toray carbon fibers, originally equipped with an

epoxy-based sizing [45–47]. To analyze the surface of

the respective fibers on a nanoscale finish and sizing of

the fibers were removed. To this end, the finish of the

PAN fibers was solved in 0.1 M/L solution of Tetra-

butylammonium fluoride trihydrate (TBAF, ACROS

Organics, 90 %) in Tetrahydrofuran (THF, Sigma

Aldrich, C99.9 %), while the carbon fibers were

desized by a thermal treatment at 800 �C under Argon

atmosphere.

The AFM measurements of the fibers were per-

formed using a Bruker Dimension ICON in tapping

mode both with standard TESPA probes from Bruker

(tip radius 8 nm) and super sharp EBD-SSS NCHR

AFM probes from Nanotools (tip radius 2–3 nm)

showing a higher aspect ratio compared to standard

tips. Both AFM height and phase images were

recorded. The scanning area of the images was

500 nm 9 500 nm (512 9 512 pixels); the scanning

area of high magnification images was reduced to a

Figure 2 High-magnification AFM images of a carbon fiber surface (CF HS) scanned with TESPA probe (a, b, c) and with EBD-SSS

probe (d, e, f): height images (a, d), phase images (b, e) and height profile (c, f).
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size of 150 nm 9 150 nm (512 9 512 pixels). The

images were processed using the software Nano-

scope Analysis v1.40.

Results and discussion

In the following, we describe the AFM investigations

on PAN-based carbon fibers and the corresponding

PAN precursor fiber. The correlation between the

nanoscale surface structure of carbon fibers and their

mechanical properties is also addressed.

Tip radius and resolution of AFM
investigations

Figure 1a, b shows the AFM height and phase images

of scan size 500 nm 9 500 nm of the untreated high-

tensile strength carbon fiber (CF HS) measured using

a standard TESPA AFM probe. The orientation of the

images parallel (jj) and perpendicular (?) with

respect to the fiber axis in this and the following

figures is marked with white arrows. The AFM

images show a surface morphology of untreated

carbon fibers as described in literature [37]. The fibrils

are oriented parallel to the fiber axis and their widths

range between 85 and 110 nm. The whole surface of

the fiber shows a grain-like structure, which was

demonstrated on 3 CF HS fibers and at least 4 loca-

tions on each fiber. Figure 2 shows a highly resolved

image of the analyzed area of Fig. 1, as marked by a

white rectangle in the image. Both, height and phase

images (Fig. 2a, b) as well as a height profile (Fig. 2c)

are shown. Images and height profile emphasize the

grain-like morphology of the surface. Exemplary one

grain is marked with an white ellipsoid in Fig. 2a, b.

Figure 3 Histograms of the

width (a) and length

(b) distribution of the

nanopores on carbon fiber

surface (CF HS) scanned with

EBD-SSS probe.

Figure 4 AFM height (a) and

phase (b) image of the surface

of a PAN fiber scanned with

EBD-SSS probe.
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Investigation of the carbon fibers with the extra

sharp AFM tip EBD-SSS NCHR reveals new features

of the surface structure. These new features are an

intrinsic property of the carbon fiber, which was

demonstrated by investigation of 6 fibers and more

than 5 locations on each fiber. In particular, we

investigated the same fiber surface region discussed

above also with the sharp tip. The corresponding

images are shown in Fig. 1c, d and with higher

magnification in Fig. 2d, e. Instead of the grain-like

structure, these new features, revealed in both height

and phase images, suggest the presence of nano-

pores. The pores are densely arranged and homoge-

neously distributed over the fiber surface. In between

the pores thin intersections exist, as marked in

Fig. 2d, e. The pores are arranged in a chain-like

structure, predominantly oriented parallel to the fiber

axis. To the best of our knowledge, it is the first time

that such nanopores are detected on carbon fiber

surface. They seem to be the characteristic surface

structure of a PAN-based carbon fiber and can only

be detected by use of very sharp AFM tips.

We attribute the differences in the images taken by

the two different tips to the effect, that the smaller

radius of the EBD-SSS tip allows a better lateral res-

olution, and consequently the nanoporous structure

is revealed. The dimensions of the nanopores were

determined perpendicular (width) and parallel

(length) to the fiber axis by measuring the distance

between two maxima in the respective direction.

Evaluation of hundreds of nanopores results in a

mean width of 12.8 ± 3.1 nm and a mean length of

19.3 ± 8.5 nm. The pores are separated by a thin

intersection of 2–5 nm and have an average depth of

2–5 nm.

To interpret the images taken with the TESPA tip, a

direct comparison of the nanostructures located at the

same position (marked in Fig. 2a, b, d, and e by a

white ellipsoid) is performed. The high-resolution

images taken with the EBD-SSS tip (Fig. 2d, e) have to

be convoluted with the tip radius of about 8 nm. This

results in a broadening of the intersection, and a

corresponding size reduction of the nanopores in

between, and, thereby, explains the granular surface

structure observed with the TESPA tip. The mean

distance between the grains perpendicular to the

fiber axis, as measured by the TESPA probes, is

11.5 ± 2.3 nm. The average length is 21.8 ± 6.6 nm.

Both values are consistent with the nanoporous

structure observed by the EBD-SSS tip. The height of

the granules is 1–4 nm, which corresponds to the

depth of the pores.

The resolution-dependent differences in our AFM

images are demonstrated by comparison of the height

profiles taken by the two different tips (see Fig. 2c, f).

The ellipsoids mark one of the positions where the

Table 1 Nanopore size of

PAN fiber and carbon fiber CF

HS

Fiber type Mean width �X � rðnm) Mean length �Y � r ðnm)

PAN 11.7 ± 3.0 15.7 ± 7.7

CF HS 12.8 ± 3.1 19.3 ± 8.5

Figure 5 Histograms of the

size distribution of

(a) nanopore width and

(b) nanopore length on PAN

fiber surface measured with

EBD-SSS probe.
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Table 2 Carbon fiber types

and their mechanical

properties

Manufacturer Fiber type Tensile strength (GPa) Tensile moduli (GPa)

Toray T700 4.9 230

Toray T300 3.5 230

Toray M40 2.7 392

Figure 6 AFM images of

topography and phase of the

surfaces of T700 (a, b), T300

(c, d), and M40 (e, f).
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profile of a thin wall is broadened to a grain-like

structure.

The histograms in Fig. 3 illustrate the frequency

distributions of width and length of nanopores as

measured by EBD-SSS probes. Both distributions are

unimodal with the mean length approximately twice

than the mean width. The fact that the lengths of the

pores are larger than their widths probably results

from a stretching of the initially round pores due to

the stretching of the fiber during processing. The

histogram of the width of the nanopores shows an

almost symmetric frequency distribution. In contrast

to that, the histogram of the length of the nanos-

tructures is asymmetric with a Pearson Mode Skew-

ness of 0.6. We also detect structures which suggest

that nanopores coalesce during processing. This

might explain the relatively broad length distribu-

tions of pores shown in Fig. 3b. The asymmetry

results from a small number of pores with large

widths. This is consistent with the observation that a

minority of pores coalesce during processing.

Nanostructures on PAN fiber surface

To shed light on the origin of the observed nanoscale

surface features of the carbon fiber CF HS, we turned

to an early stage of the process chain, i.e., we inves-

tigated the surface of the corresponding PAN pre-

cursor fiber in an analogous manner by AFM using

the sharp EBD-SSS tip. Figure 4a, b shows the height

and phase images taken from the PAN fiber with

scan ranges corresponding to Fig. 1. Both images

show a nanoporous surface structure similar to that

of the carbon fibers. In addition to the nanoporous

structure, some regions of the PAN fiber surface

exhibit bridge-like structures across the fibrils, ori-

ented perpendicular to the fibril axes.

The average width and length of the pores is

determined as 11.7 ± 3.0 and 15.7 ± 7.7 nm, respec-

tively. This is in good agreement with the nanopore

size on the carbon fiber surface, as summarized in

Table 1. The higher values of the pore length com-

pared to their width again can be explained by the

elongation of pores during the stretching steps of the

PAN fiber and a coalescing of pores, as discussed in

Chap. 3.1. The latter fact is confirmed by the similar

asymmetry of the length distribution curves with a

Pearson Mode Skewness of 0.5 compared to the car-

bon fiber (see histogram in Fig. 5b). Within the mar-

gins of error, the pore width and length of PAN fibers

and carbon fibers coincide. However, a small trend to

higher pore length of the carbon fiber may exist,

which could be caused by the further stretching of the

fibers during processing.

The presence of the porous nanostructure of the

PAN fiber surface suggests that the nanopores

already develop during the very beginning of the

spinning process and have their origin in the fiber

formation during the coagulation process of the wet

spinning.

Apparently, the nanoporous structure is largely

conserved along the process chain of carbon fiber

production.

Carbon fiber nanostructures
and mechanical properties

The mechanical properties of the carbon fibers are

correlated to their structural properties [4, 48–50]. In

the following, we want to investigate a possible cor-

relation between surface structural properties and

mechanical properties. To this end, the surface of

carbon fibers with different tensile elastic moduli and

tensile strengths have been investigated using AFM.

For comparability, carbon fibers of the same manu-

facturer were chosen. Their mechanical properties are

listed in Table 2 [45–47].

Figure 6 shows the AFM height and phase images

of the carbon fibers with high tensile strength/low

modulus T700 (a, b), intermediate tensile strength/

low modulus T300 (d, e), and low tensile strength/

high modulus M40 (g, h). All fibers show the

nanoporous surface structure. The average size of

the nanopores increases in the following order:

T700, T300, and M40. The numerical values of width

and length are given in Table 3. Consequently, the

pore area increases. A measure of the pore area is

the product of width times length which we define

as effective pore area Aeff. The effective pore areas of

the fibers T700, T300, and M40 amount to Aeff = 97,

Aeff = 314, and Aeff = 707, respectively. Also, we

Table 3 Nanopores on the surface of different carbon fibers

Fiber type Mean width �X � rðnm) Mean length �Y� rðnm)

T700 9.7 ± 2.0 10.0 ± 2.7

T300 11.6 ± 2.2 27.1 ± 14.1

M40 14.2 ± 3.1 50.5 ± 25.0

9644 J Mater Sci (2016) 51:9638–9648



observe significant differences in the shape of the

nanopores of the different fibers, in particular in the

aspect ratio (a = length/width). The nanopores of

T700 have an almost round shape with an aspect

ratio of 1.0, and are individually enclosed by the

fiber matrix. In contrast to that, the aspect ratio of

Figure 7 The histograms (a, c, e) show the distribution of the pore width, the histograms (b, d, f) show the distribution of the pore length

of T700, T300, and M40.
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the nanopores of fibers T300 and M40 is significantly

higher with a = 2.3 and a = 3.6, respectively. For the

latter two fibers, the pores apparently have coa-

lesced and formed channels. This observation is

distinct for fiber M40, but only faintly visible for

fiber T300. Again the effect that a certain number of

pores have coalesced is expressed by the asymmetry

of the distribution curve of the pore length (see

Fig. 7b, d, f).

Comparison of the effective pore area with the

mechanical properties of the three different carbon

fibers reveals a clear correlation, as demonstrated in

the correlation plot in Fig. 8. It shows that the tensile

strength of the carbon fibers decreases with

increasing pore widths and pore lengths. This effect

is more distinct for the pore length. This decreasing

tensile strength with increasing effective pore area

might be due to a notch effect caused by the pores

on the fiber surface [51]. Another explanation might

be that the surface defect structure is a measure of

the bulk defect structure, i.e., larger defects on the

surface point to larger defects in the bulk of the

respective fibers, resulting in a decrease of the ten-

sile strength.

It can be expected that the nanopore density of the

fiber surface is reflected by its surface roughness

[52–55]. The surface roughness of the carbon fibers is

calculated from the AFM data using a suitable back-

ground correction. For the evaluation of the nanos-

cale surface roughness (nanoroughness), we use the

method of Jäger et al. with a symmetric baseline and

g ¼ 5 � 102 [56]. The nanoroughness values Ra are

summarized in Table 4. As shown in Fig. 9, the sur-

face roughness increases with increasing pore width.

Consequently, the tensile strength of the carbon fiber

decreases with increasing nanoroughness.

Conclusion

We have investigated the surface of PAN-based car-

bon fibers by AFM utilizing two different AFM

probes, a standard tip and a super sharp tip. Using

the super sharp AFM tip with small tip radius, a so

far not resolved nanoporous surface structure has

been revealed. The nanopores are distributed homo-

geneously over the surface of the carbon fibers.

Nanopores with a similar diameter are also detected

on the surface of corresponding PAN fibers. This

suggests that nanopores are maintained along the

process chain of stabilization and carbonization.

The mechanical properties of the carbon fibers

appear to be correlated to the size and the shape of

the nanopores. The tensile strength decreases with

increasing effective pore area and pore aspect ratio.

Figure 8 Correlation between tensile strength and pore

dimensions.

Table 4 Roughness analysis values

Fiber type Mean nanoroughness �Ra � r ðnmÞ

T700 0.8 ± 0.0

T300 1.4 ± 0.2

M40 1.8 ± 0.2

Figure 9 Pore width as function of roughness Ra.
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The variation of the average pore size is well reflected

by the nanoroughness of the respective fiber.

Further investigations should address the correla-

tion between surface and volume structure on a

nanoscale.
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