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Advantage of the scanning tunnelling
microscope in documenting changes in
carbon fibre surface morphology brought
about by various surface treatments

W. P. HOFFMAN, W. C. HURLEY, T. W. OWENS, H. T. PHAN
Air Force Astronautics Laboratory, Al/RKPB, Edwards, CA 93523, USA

The scanning tunnelling microscope (STM) was used to examine the surfaces of P-55 pitch-
based carbon fibres before and after they had experienced various surface treatments (to <1%
weight loss), which included treatment in an argon plasma, as well as oxidation in air at
elevated temperature, oxygen plasma at room temperature, nitric acid bath, and an
electrochemical bath. The effects of these surface treatments on the filaments could be
differentiated from the micrometre scale down to the nanometre scale. The STM has been
shown to be a valuable tool for viewing the surface morphology of these 10 um filaments
non-destructively in air down to the atomic scale. '

1. Introduction

Carbon fibres are a very useful material in the fab-
rication of structural composites. Because of their high
specific strength and modulus, composites made with
carbon fibres are finding increased use especially in
aerospace, astronautical and sporting goods applica-
tions. For a particular fibre—matrix system, the mech-
anical properties of these composites are determined
to a great extent by the degree of bonding between the
fibre and the matrix material which can be carbon,
phenolic, epoxy, etc. Of course, other factors, such as
fibre volume fraction, fibre orientation, and density
also contribute to the mechanical properties of the
finished composite.

The bond between the fibre and the matrix can have
both a chemical component and a physical compon-
ent. The chemical component is related to the number
of chemical bonds between the matrix material and
the accessible carbon active sites, which are sites where
the valency is not satisfied. On a clean carbon surface,
these active sites would be located on the edges of
exposed layer planes as well as at imperfections in the
structure including vacancies, dislocations, and steps
in the outer basal plane [1]. In general, the physical
component increases with the total surface area. This
includes contributions from the surface roughness as
well as the porosity, which affect the degree of mech-
anical interlocking. In a carbon—carbon composite the
physical component may increase or decrease with
surface roughness depending on the magnitude and
geometry of the roughness and how this affects fibre
wetting by the matrix material [2]. In this paper we
have studied the effects of various surface treatments
which will each affect both components of the
fibre-matrix bond to varying degrees.
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Fibre surface treatment methods have typically
been empirically derived and thus little is known on
the atomic scale about the chemical and structural
changes that these procedures have produced. Obvi-
ously, being able to quantify the effects of various
surface treatments is of great interest because this will
aid in tailoring the mechanical properties of the com-
posite. In the past it has only been possible to charac-
terize the bulk or average changes that resulted from
surface modification and from these bulk changes to
infer changes in microscopic structure. However, with
the invention in 1982 of the scanning tunnelling
microscope (STM) [3] it has become possible to
characterize the localized changes in surface morpho-
logy of carbon fibres down to the nanometre scale. A
previous study [4] with the STM has shown that the
carbon fibre surface can now be viewed non-destruc-
tively in air, vacuum, or under liquid on the atomic
scale.

The scanning tunnelling microscope is a powerful
tool that operates using the principle of quantum
mechanical tunnelling between the metallic tip of the
STM and a conducting surface [5, 6]. It is a useful
instrument for characterizing the carbon fibre surface
and modifications to the fibre surface because no
sample preparation is required. For example, it is not
necessary to coat or thin the sample or to observe it in
vacuum, as is necessary with the scanning electron
microscope (SEM) or the transmission electron micro-
scope (TEM). Thus, the sample can be viewed non-
destructively without disturbing the surface structure
or adsorbed groups. One of the main drawbacks of the
STM is the limited field of view at the atomic scale.
Thus, it is difficult to determine what is characteristic
of a particular surface because one can look at only

4545



one small area at a time. This problem can be over-
come by looking at a large number of areas which, of
course, is very time consuming. As is apparent, this
problem is less severe on the micrometre scale.

For the global surface properties, the total fibre
surface area can be measured by physical adsorption
of krypton at 77 K using the BET equation [7], while
the concentration of chemical bonding (active) sites
per unit area can be determined by chemisorption of
oxygen at 573 K [8], titration techniques [9, 10], and
various spectroscopic techniques [11-14]. Of these
three types of technique, the chemisorption of oxygen
is considered the most useful and is the technique that
is most often employed.

In this preliminary study, the surface of as-received
P-55 carbon fibre without surface treatment, as well as
the surface of P-55 samples treated commercially (elec-
trolytically), and samples treated in our laboratory
using nitric acid, oxygen and argon plasma, and oxi-
dation in air, has been examined using the STM and
gas adsorption techniques.

2. Experimental procedure

2.1. Treatments

The P-55 pitch-based carbon fibre used in this study
was obtained unsized both with and without com-
mercial surface treatment from Amoco Performance
Products. The commercial surface treatment involves
a proprietary process in which the fibre is passed
through an electrolytic bath. In our laboratory, fibre
samples without surface treatment were exposed to
numerous processes. Fibres were oxidized in both 1 M
nitric acid at 323 K and concentrated boiling nitric
acid at 356 K for up to 24 h. A Branson/ITPC S3000
Plasma system was used to treat fibre samples in both
argon and oxygen. For these treatments a gas flow
rate of 50-100 cm® min ! and a power of 25-100 W
were used. Other fibre samples were oxidized in flow-
ing air at 773 K.

2.2. Instruments

Scanning electron micrographs were obtained on an
ISI model CL6 scanning electron microscope. A
Nanoscope II scanning tunnelling microscope (Digital
Instruments, Santa Barbara, CA) was used to view the
untreated surface morphology as well as the changes
in surface morphology resulting from the various
surface treatments from the micrometre to the fraction
of a nanometre range. A 9 um scan head was used to
scan across the 10 pym fibre while a 0.6 um head was
used to observe atomic details in the constant current
mode.

An STM functions on the basis of the quantum
mechanical tunnelling of electrons under the influence
of a small bias voltage ~ 25 nV in this study between
an extremely sharp (ideally terminating in a single
atom) metallic tip and a conducting surface separated
by a gap of less than a nanometre. As the tip (Fig. 1) is
moved in three dimensions with an x, y, z piezoelectric
translator, it can trace the contours of the surface with
atomic resolution. This extremely high resolution is
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Figure 1 Schematic diagram of a scanning tunnelling microscope
showing the essential elements which include a sharp metallic tip
connected to a piezoelectric tube as well as the bias voltage and a
means to measure the tunnelling current,

achievable because the tunnelling current is very sensi-
tive to the distance between the tip and the surface.
The current 2-9 nA in this study typically will change
by a factor of at least 2 for a change in distance of
0.1 nm.

In the constant current mode used in this study, the
tip is rastered across the surface while the tunnelling
current (2-9 nA) is kept constant by a feedback con-
trol circuit. In this mode, voltage is applied to the z-
piezoelectric translator to raise and lower the tip in
order to keep the tunnelling current constant. This
variation in voltage is used along with the x—y raster
voltage to generate the three-dimensional image of the
surface.

2.3. Surface-area measurements

The total surface area of the fibre samples was meas-
ured on a Micromeritics Digisorb 2500 automated
adsorption instrument. Krypton, which was assumed
to be in the solid form with a cross-sectional area of
0.214 nm?/atom [15], was used as the adsorbent at
77 K.

To determine the concentration of active sites on
the fibre, oxygen was chemisorbed at 573 K and 67 Pa
using the technique first developed by Laine et al. [16]
and later modified for carbon fibres {17, 18]. The
procedure starts with cleaning a carbon sample at
1223 K in high vacuum (10~ Pa). After the sample is
cleaned, it is cooled to 573K and oxygen is dis-
sociatively chemisorbed for 16 h. At the end of this
time, the sample is evacuated to a pressure of 107° Pa
with the temperature held at 573 K. Pumping is then
terminated and the temperature is raised to 1223 K
(30 K min~!) and held at that temperature for 20 min.
Because the surface area of the carbon fibres is so
small, each sample was cooled to 573 K and a second
desorption cycle was run as a blank. During each
cycle, the amount of CO and CO, that desorbs is
measured. Knowing the number of moles of each gas
desorbed by the sample, and taking the area of an
active carbon site that chemisorbed an oxygen atom



as 0.083 nm?, the surface area occupied by oxygen
(active surface area) can be determined.

3. Results and discussion

3.1. As-received P-55 fibre

Carbon fibres have been surface-treated for many
years in order to improve the adhesion between the
fibre and the matrix material. Using the scanning
tunnelling microscope (STM) it is now possible to see
the effects of the commercial treatment as well as other
mild surface treatments, which involve minimal fibre
weight loss. It is important to minimize weight loss
during surface activation to maintain the excellent
mechanical properties of the fibre. In this preliminary
study, the samples were activated to a greater extent
than is done in the present commercial process or
would be done in any new future process. The reason
for this degree of activation was to be sure that there
was enough change in the surface to be observed.
Obviously, the mechanical properties of these samples
were degraded to some extent.

A scanning electron micrograph that has not been
surface treated is shown in Fig. 2. At this magnific-
ation (mag x 3.3 x 103), the relatively smooth surface
of the 10 um fibres is clearly visible. Also, one can see
the axial striation marks from the extrusion process
and the carbon “dirt” stuck to the surface that also
originated during the manufacturing process. When
we attempted to use our SEM to observe the surface of
this fibre that had undergone mild surface treatment,
we met with limited success. Even at higher magnific-
ation, it was not possible to view significant differences
in the fibre surface morphology after some of the
surface treatments.

With the STM, however, it was possible to differ-
entiate the small changes in the fibre surface that
resulted from our various mild surface treatments.
(Some of these changes were not even detected by our
gas adsorption techniques.) In Fig. 3 one can see the
surface of an untreated P-55 pitch-based carbon fibre
viewed at a slightly higher magnification using the

STM. The striation marks parallel to the fibre axis are
still visible. The micrograph shows clearly that al-
though the surface is not flat, the contours on this fibre
are smooth. This is also the case at higher magnific-
ation (Fig. 4) and is in contrast to other fibres such as a
PAN fibre, for instance, where the surface contours
are not smooth, resulting in sharp steps on the surface
[19]. On the atomic scale, there are some small
graphitic regions on the P-55 surface (Fig. 5), but the
majority of the surface consists of amorphous and
various nongraphitic structures such as seen in Figs. 6
and 7. Because of the increase in surface roughness, it
was not possible at this time to obtain micrographs on
the atomic scale on the majority of the samples ex-
posed to the various surface modifications.

3.2. Fibre exposed to air at 823 K
Fig. 8 is a 6.0 pm scan of a P-55 fibre exposed to air at
823 K which resulted in 0.76% weight loss. It can be

Figure 3 Scanning tunnelling micrograph of a P-55 carbon fibre
surface showing axial striations and some dirt in this 3-D image that
measures 2 pm in both x and y.

Figure 2 Scanning electron micrograph of the surface of a P-55
carbon fibre showing axial striations and some dirt from the
manufacturing process on these 10 um fibres.

Figure 4 Smooth contours on surface of P-55 fibre as seen at higher
magnification by the STM in this 300 nm x 300 nm grey scale top
view.

4547



Figure 5 Small graphitic region on the carbon fibre surface can be
seen in this 3.5 nm x 3.5 nm grey scale image.

Figure 6 One of the many disordered structures on the surface of
the P-55 fibre. It appears as though one atom in the ring is missing
in this 3-D image that spans 1.5 nm in both x and y.

Figure 7 This 3-D image that measures 1.4 nm in both x and y
shows another disordered structure seen on P-55 fibre.

seen that this treatment caused pitting that is not
uniform across the surface but is localized in a band
that runs parallel to the fibre axis. Because oxidation
in air occurs at carbon-active sites [16], it is assumed
that this preferential oxidation is taking place in a
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Figure 8 Localized pitting of carbon fibre surface resulting from
oxidation in air at 823 K to 0,76% weight loss. The curvature of the
fibre can be seen in this 6.5 um scan.

Figure 9 Higher magnification view of the pitting in Fig. 8. Note
extent of pitting and the fact that the pits are relatively shallow in
this 3.5 um x 3.5 um grey scale top view,

more disordered region that was formed in the manu-
facturing process. In an enlarged view of this region
(Fig. 9) the details of the pitting are more clearly seen.
There is obviously a distribution in the diameter of
these pits which are about three times as deep as they
are wide. Although the majority of the pits are local-
ized in a band, there are much smaller pits located in
the regions that appear smooth in Figs. 8 and 9. One
of these pits with a diameter of about 70 nm is shown
in Fig. 10. This pitting increased both the total as
well as the active surface area of the fibres as seen in
Table L.

3.3. Oxygen plasma treatment at room
temperature

In contrast to the micrographs obtained on samples

exposed to air at high temperature, the images ob-

tained on samples treated in an oxygen plasma at



TABLE I

Treatment Weight loss (%) ASA (m?g™Y) BET (m?g™Y)
No treatment 0 0.034 0.46
Air oxidation 0.76 0.097 0.521
Oxygen plasma 0.66 0.077 0.501

6.21 0.097 0.559
Argon plasma 0.66 0.070 0.334
Commercial 2 0.029 0.44
Concentrated HNO, 14 0.23 1.21
1M HNO, 4 0.027 0.513
*Not known.

>Too small to detect.

Figure 10 A 300 nm x 300 nm enlargement of the centre of Fig. 9
shows a small pit in an region in which no pitting was observed at

" lower magnification.

room temperature are a little more difficult to explain.
Because atomic oxygen at room temperature is able to
remove carbon atoms from a perfect basal plane
region as well as from discontinuities in the structure
[20, 21], one would expect that the surface of a carbon
fibre treated in atomic oxygen would not be appreci-
ably pitted. This was the case on-the atomic scale at
low burn-offs (Fig. 11) but not at lower magnification
or with higher activation. It can be seen from the
scanning tunnelling micrographs of a P-55 fibre
treated in an oxygen plasma to 0.66% weight loss that,
although the surface on the atomic scale (9 nm scan)
seems uniformly roughened (Fig. 11), at lower magni-
fication (Fig. 12) fairly deep pits (40-125 nm) are
uniformly spread over the surface. This has been
observed by others at lower magnification [22].
There was no visible effect of oxidation with oxygen
plasma on the micrometre scale at this low burn-off as
there was with molecular oxygen with < 1% weight
loss. Because of this, another sample was oxidized in
the oxygen plasma to 6.21% weight loss to see the
results of a more extensive oxidation. In Fig. 13, which
is a 3 pm scan across this fibre sample, pits can be seen
fairly uniformly distributed across the surface. The
details of a 100 nm diameter pit can be seen in Fig. 14.

Figure 11 Fibre surface treated in atomic oxygen to 0.66% weight
{oss shows fairly uniform etching of the surface in this 3-D image
that measures 9 nm in both x and y.

Figure 12 Relatively deep pits that are uniformly distributed over
this 700 nm x 700 nm area are observed at lower magnification on
the same sample as in Fig. 11.

These pits formed by atomic oxygen differ from those
formed in air not only by their distribution on the
surface but also by their aspect ratio. The pits formed
by atomic oxygen at this level of activation are 15
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Figure 13 Rather uniform pitting is visible on this fibre surface
treated in atomic oxygen to 6.21% weight loss. The curvature of the
fibre can be seen in this 3-D image that measures 3 pm in both x and y.

Figure 14 A 350 nm scan of a rather deep pit seen in Fig. 13. Note
that the pit is approximately 15 times as deep as it is wide.

times as deep as they are wide and appear similar to
what one would expect in a catalysed reaction.
(Although different tips were used and thus an exact
comparison of the aspect ratio of the pits formed by
molecular and atomic oxygen cannot be made, at
these magnifications it can be stated that the aspect
ratio of oxygen plasma pits is greater than for those
pits formed in air.)

Thus, at low levels of activation on the atomic scale,
the surface is rather uniformly roughened but after
additional weight loss the atomic oxygen attack has
formed rather deep pits that are rather evenly distrib-
uted across the surface. Others have also seen irregu-
lar etch pits on the basal plane [22] like those seen in
Fig. 12 and have observed that less-ordered carbon
and edge sites will oxidize faster in atomic oxygen
[23-24]. Thus, although atomic oxygen is more react-
ive than molecular oxygen and is able to remove basal
plane atoms at this temperature, the structural hetero-
geneity in the carbon fibre still gives rise to preferential
etching. The pitting of both fibre samples exposed to
oxygen plasma was reflected in an increase in both the
active and total surface areas of these fibres (Table I).

3.4. Argon plasma treatment

Using an inert gas plasma such as argon at room
temperature to activate the surface by atomic bom-
bardment does not increase the total surface area of
the fibre even with 0.66% weight loss although it does
increase the active surface area as measured by oxygen
chemisorption (Table I). This is difficult to explain on
the basis of the information that was obtained from
the scanning tunnelling micrographs, especially on the
micrometre scale. Fig. 15 is a micrograph on the
atomic scale of a fibre surface exposed to an argon
plasma until 0.66% of the fibre weight was removed.
The micrograph presents what looks to be a nearly
graphitic region with a closest-neighbour distance of
0.142 nm where some of the atoms are missing. This is
what might be expected from the inelastic collisions of
energetic argon atoms with the surface which results in

Distance:
xy 0.142
2 0.151

Figure 15 Atomic structure of a carbon fibre surface after exposure to an argon plasma that resulted in 0.66% weight loss. Missing atoms are

evident in this 5 nm x 5 nm grey scale top view image.
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Figure 16 A lower magnification view of the same sample as in Fig,
15 detailing the surface roughness brought about by argon plasma
treatment (300 nm scan).

the erosion of the surface one atom at a time. We did
not see this structure on other surfaces but cannot
definitively say that it was not part of the untreated
surface because the number of as-received samples
that we studied was relatively small.

The micrographs presented thus far have shown
that the STM has given us the opportunity to view the
surfaces of carbon fibres nondestructively at magni-
fications never before possible. This is, of course, a
two-edged sword. We are able to answer some ques-
tions that we were not able to answer before, but, on
the other hand, what we are able to observe at these
higher magnifications also generates other questions
for which we do not have answers at this time. One of
the questions that quite possibly has been answered
has to do with the commercial surface treatment and
nitric acid treatment described below.

On the other hand, scanning tunnelling micro-
graphs of carbon fibres exposed to argon plasma
treatments have generated new questions. It was men-
tioned above that the deep pitting observed with
extensive oxidation in oxygen plasma is not well
understood. There is a similar situation with fibres
treated in argon plasma. At a magnification of 1.7
x 10° (Fig. 16) pits of less than 35 nm deep can be seen
distributed across the surface. We think that these pits,
as well as those seen at lower magnification, result
from a variability in the hardness in the surface.
However, the origin of these pits is not as much of a
question as why this amount of pitting and surface
roughening actually decreases the total surface area
(Table I) rather than increasing it. One possible ex-
planation is that the argon bombardment is only
removing a loose surface layer revealing a more active
higher density surface of lower total area.

3.5. Commercial treatment
The commercial surface treatment, which consists of
etching in an electrochemical bath [25], does not

Figure 17 Atomic image of a P-55 fibre after being exposed to the
commercial surface treatment. 3-D image spans 2 nm in both x and y.

Figure 18 P-55 fibre after exposure to commercial surface treat-
ment. Axial striations and dirt as well as pitting are evident in this
3 pm x 3 um top view.

significantly increase the total surface area of the fibre,
and in addition it actually decreases the active surface
as measured by oxygen chemisorption (Table I). How-
ever, in spite of these facts the process does increase -
the degree of fibre-matrix bonding. This is quite pos-
sibly due to the removal of surface defects from the
fibre surface. On the atomic scale in the regions in
which we looked, the surface did not look appreciably
different (Fig. 17) than the untreated surface. On the
micrometre scale (Fig. 18) the surface had some small
pits localized in bands running parallel to the fibre
axis. This is similar to what was observed for the fibre
oxidized in air. Tt is quite possible that the currently
held model [26] is correct, i.e. that the commercial
surface treatment increases fibre-matrix bonding by
simply removing a loose surface layer that does not
contribute to bonding. Although we did not see evid-
ence for this in our limited study on the commercially
surface-treated fibre, we did see evidence for this
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phenomenon when the fibre was treated in mild nitric
acid as described below. Clearly, on the commercially
treated fibre as well as on these other treated fibre
surfaces, much more in-depth work needs to be done.

3.6. Exposure to 1 m HNO; at 323K

When P-55 fibres were exposed to a mild (1 m) nitric
acid treatment for 24 hr at 323 K, some interesting
resuits similar to those for argon etching were ob-
tained. On these samples there was no significant
increase in the total surface area and there was actual-
ly a small decrease in the active surface area as
measured by oxygen chemisorption (Table I). In addi-
tion, with the SEM we were not able to see significant
changes in the surface on the micrometre scale. This is
similar to what we saw on the commercially surface-
treated fibre. In Fig. 19 the axial striations run from
the lower left to the upper right of the micrograph. At
first glance at this magnification, the surface appears
identical to an untreated fibre. However, a closer look
reveals small lines running parallel to the fibre axis. At
higher magnification (Fig. 20) these lines are actually
cliffs which have a great deal of detail. Because neither
the active nor the total surface area increase with this
mild treatment, it is possible, that these cliffs appear
after the removal of some loosely bound material from
the surface. This has been assumed in the past to
account for the enhanced adhesion that results from
the commercial surface treatment.

3.7. Concentrated nitric acid treatment at
356 K

In contrast to the mild nitric acid treatment, boiling
(356 K) concentrated nitric acid has a very pro-
nounced effect on the fibre surface morphology as well
as on the total and active surface area. At 1.5% weight
loss, boiling nitric acid enhanced both the total and
active surface area to a greater degree than the other
techniques achieved (Table I). However, this treatment

Figure 20 A 150 nm x 150 nm blow-up of one of the lines seen on
the surface in Fig. 19 reveals that it is actually a cliff with a great deal
of detail.

Figure 21 The roughening of the surface after exposure to concen-
trated HNO; at 356 K for 24 h is evident in this 700 nm x 700 nm
3-D image.

0]

Figure 22 Even at lower magnification, the surface ronghening due
to treatment in concentrated HNOj at 356 K for 24 his apparent in
this 5 pm scan.

Figure 19 This 1.2 pm x 1.2 pm grey scale top view image demon-
strates that small axial lines are evident in the surface after exposure
to 1 M HNO, for 24 h at 323 K.
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is not recommended, because it seriously degraded the
integrity of the fibre. The micrographs of this fibre
illustrate that the above changes are caused by a
significant roughening of the surface. At a magnific-
ation of 70x 10° (Fig. 21), the treated surface is
covered with shallow holes of 30 nm that are uniform
in size and distribution across the surface. Even at
lower magnification (Fig. 22) the surface appears very
rough.

4. Conclusion

This survey of the effect of various surface treatments
for carbon fibre surfaces was not meant to give a
definitive description of each fibre surface but rather
to show the usefulness of the STM in being able to
discern differences in the surfaces of mildly treated
fibres. The surfaces were treated to a greater extent
than would be feasible commercially in order to be
certain that differences could be observed. Obviously,
there is much further work needed to statistically
describe the surface of each of these treated fibres. In
addition, the micrographs presented in this commun-
ication have generated questions that cannot be an-
swered without further study. However, these micro-
graphs do demonstrate that the STM is a unique tool
that will be extremely useful in the study of adhesion
of carbon fibres in various matrix materials.
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