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The catalytic effect of platinum on the
oxidation of carbon fibres

R. G.IACOCCA*, D.J. DUQUETTE

Department of Materials Engineering, Rensselaer Polytechnic Institute, Troy, NY 12180, USA

Ex-PAN based carbon fibres (5C) were oxidized at 500, 550 and 600 °C in dry air while being
contained in both silica and platinum specimen holders. The weight loss measurements taken
as a function of time revealed that those fibres oxidized in platinum exhibited a much higher
oxidation rate than those exposed in silica. Additionally, those fibres oxidized in platinum
underwent unusual changes in fibre morphology. “Spheres” formed along the longitudinal
axis of many fibres, and in one instance, a-fibre underwent bifurcation, with a sphere forming
on each remaining fibril. Likewise, severe surface pitting occurred. It is believed that these
changes in microstructure combined with the increased oxidation rate are a result of a
catalysed oxidation reaction(s) caused by the presence of platinum, or perhaps by a co-
catalytic reaction between platinum and impurities found on the surface of the fibres.

1. Introduction

With the constant need for high-temperature, high-
strength lightweight materials, a concentrated effort
has been developing over the last 20 years to manufac-
ture carbon fibre-based composites that can be ex-
posed to clevated temperatures. The major drawback
of these composites is that if the fibres are exposed to
oxygen, they will oxidize, and the mechanical integrity
of the composite will be severely degraded.

Thus, it is necessary to understand the oxidation
behaviour of the fibres prior to being placed in a high-
temperature matrix. On examining the carbon fibre
oxidation literature, it becomes evident that many
factors have a significant influence on the oxidation
process. These factors include fibre precursor, fibre
modulus, processing temperatures during manufac-
turing, etc. Saito and Ogawa [1], Sheppard [2], Eck-
stein and co-workers [3, 4] and McMahon [5] have
shown that various types of carbon fibres which ex-
hibit different material properties behave differently in
oxidation. Additionally, it has been shown that the
presence of certain elements such as the transition and
alkali metals [6—10]; and substances such as colloidal
platinum, platinum black [11] and silver oxide [12]
have been observed to have a catalytic effect on the
oxidation of carbon. The purpose of this investigation
is to examine the effects of platinum on the oxidation
behaviour of PAN-based 5C carbon fibre.

2. The structure of carbon fibres

Before undertaking a detailed discussion of the cata-
lysis of carbon fibres, it is first necessary to understand
the physical structure of the fibres. The discussion will
be limited to PAN-based fibres, as this was the mater-
ial used in this investigation. (The steps involved in
the production of these fibres have been described

elsewhere [13-15].) Fig. 1 shows a schematic cross-
section of a typical PAN-based fibre. The fibre is not
homogeneous in structure, but rather exhibits a
“skin—core” heterogeneity [16]. The core is comprised
of amorphous carbon arranged in a ribbon-like struc-
ture (Fig. 2). The skin of the fibre consists of oriented
crystallites of graphene — a two-dimensional sheet of
carbon atoms (hexagonally packed), often containing
vacancy—cluster defects (Fig. 3). Butler and Diefen-
dorf [17] have reported the skin to be between 100
and 150 nm thick. Wicks and Coyle [18], however,
have reported this skin thickness to be in excess of
1 pm.

Fig. 4 is an artist’s impression of a typical high-
modulus PAN-based fibre, which shows both the
oriented skin and the ribbon-like fibre core. Origin-
ally, it was believed that this heterogeneous structure
was found in material where the core was not fully
oxidized in the precarbonization steps [19]. Later
studies by Knibbs [20], however, showed a skin—core
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Figure | Schematic cross-section of a typical PAN-based fibre
(after Johnson [16]).
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Figure 2 Sketch showing ribbon-like structure of the core of a
PAN-based fibre [21].

Figure 3 Schematic diagram of two-dimensional graphene, showing
vacancy clusters and defects [21].

heterogeneity even for fully stabilized fibres. As the
oxidation behaviour of carbon is directly linked to its
structure, this dual-phase microstructure may have a
marked effect on the fibre morphology of carbon
fibres oxidized in the presence of platinum foil.

3. Theories of catalysis

Several theories have been put forth to explain the
catalytic effects of certain compounds on the oxida-
tion of carbon: the electronic interaction of the cata-
lyst with carbon [23], the intermediate compound
theory, and theories which are based on the concept of
active surface areas.

The electronic interaction theory asserts that during
oxidation, catalysts affect the nature of chemical
bonds between carbon atoms. When an oxygen atom
is adsorbed at a potential reaction site on the carbon
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Figure 4 Artist’s impression of a PAN-based fibre [22].

surface, two different bonding scenarios are possible:
Types I and II. Type II is more favourable for the
evolution of carbon monoxide, because the carbon-—
carbon bonds which must be broken are weaker.
Likewise, the carbon~oxygen bonds in Type II more
closely resemble the bonding found in a molecule of
carbon monoxide. It has been suggested by Long and
Sykes [24] that catalysts alter the bonding between
carbon atoms and make it more like Type IT and less
like Type I by changing the distribution of « electrons.
This change lowers the activation energy and in-
creases the rate of reaction.

I I
\//C\/ \/C\/
C C C C
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The intermediate compound theory proposes that
the presence of a catalyst causes the formation of a
secondary molecule such as an adsorbed surface
oxide, whose decomposition, while in contact with the
carbon, leads to the acceleration of the oxidation
process. For example, consider the following chemical
reactions which occur in the carbon/carbon dioxide
system

C + CO,(g) - 2CO(g) (1)
C + CO,(g)— CO(g) + C(O) (2)
C(0) — CO(g) (3)



where C(O) is an intermediate surface oxide. Accord-
ing to the intermediate compound theory, the forma-
tion of C(O) 1s promoted by the presence of a catalyst
which, in turn, increases the oxidation rate of carbon.

Perhaps the most recent theory of catalytic oxida-
tion to be put forth is based on the concept of active
surface areas (ASA) [25, 26]. According. to the ASA
theory, gas—solid chemical reactions occur at specific
surface sites which are more favourable for surface
adsorption, both energetically and structurally. Those
sites which are more favourable for chemical reaction
are labelled “active”. A catalyst serves to alter the
reacting surface such that a larger fraction of the total
surface is an active surface area. There is an upper
bound to this process, however. If the concentration of
the catalyst exceeds this upper bound, the reaction will
be inhibited, or no further catalytic benefit will be
realized.

4. Materials characterization

All of the fibres used in this investigation are 5C PAN-
based carbon fibres (Fortafil Fibre division of Akzo
International). The fibres were received on three large
spools, with each spool containing a “tape” of carbon
fibres consisting of four fibre tows (50000 filaments
per tow) in width (approximately 100 mm) and 60 m
long. The fibres were backed by a strip of paper. By
taping the fibres to the paper, the fibres were easily
cut. The material properties of the Akzo fibres are
given in Table I. An optical micrograph of a polished
transverse section of a fibre bundle is shown in Fig. 5.
Although they seem to be circular in cross-section the
scanning electron micrograph of an “end-on” view of
an as-received fibre shown in Fig. 6 reveals that the
surface of the fibres is “ribbed” or “fluted”.

TABLE 1 Properties of Akzo 5C fibres

Tensile strength 2760 MPa
Tensile modulus 345 GPa
Ultimate elongation 0.8%
Density 1.8 gem 3
Filament shape Round
Filament diameter ~7 um

Figure 5 Optical micrograph of as-received fibres.

Figure 6 Scanning electron micrograph of an “end-on” view of a
fibre showing ribbed fibre surface.

The fibres were analysed using the scanning Auger
microprobe. Trace amounts of sodium and chlorine
were detected on the fibre surface; however, sputtering
for 2 min at an accelerating voltage of 5 kV removed
all evidence of these clements.

b. Experimental procedure
The goal of this investigation was to determine the
oxidative stability of the Akzo 5C carbon fibres. Be-
cause the fibres were to be eventually used in carbon
fibre/glass matrix composites, it was important to
understand their basic oxidation properties, including
the compounds that could possibly act as catalysts. As
mentioned previously, a number of investigations
have examined the effects of catalytic compounds
which were deposited directly on carbon surfaces;
however, no work has shown the effect of platinum
which was not on the carbonaceous surface, but rather
was in close proximity. This is directly applicable to
the oxidation testing of carbon. Because of the
extreme temperatures encountered in oxidation ex-
periments, it is often necessary to use platinum cru-
cibles/specimen holders to contain the sample. To
determine if platinum would effect these experiments,
a two-stage experimental programme was proposed.
Fibres were exposed to oxygen-containing environ-
ments in vitreous silica and platinum holders. The
latter consisted of a piece of platinum foil which was
shaped into a “U”, while the former was obtained by
longitudinally sectioning a quartz tube (i.d. equals
13 mm, length equals 38 mm, wall thickness equals
0.8 mm). All oxidation experiments were done in an
environmentally controlled tube furnace comprised of
a quartz tube and a stainless steel gas delivery system.
These materials were chosen to minimize the possibil-
ity of contamination. Likewise, prior to any experi-
ment, the alumina boat used to contain the holder and
fibres and the sample holder (either platinum or vitre-
ous silica) were baked out at 800 °C for 3 h to remove
any volatile substance and water vapour. The temper-
ature of the furnace was lowered to the desired test
temperature, the temperature was allowed to equilib-
rate, and the fibres were placed in the holder, which
was subsequently placed in the aluniina boat and
pushed into the centre of the furnace. Each oxidation
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sample contained 20 000-50 000 fibres approximately
5 cm (2 in) long. At periodic times, the fibres and the
holder were removed from the alumina boat, placed in
a desiccator to cool, weighed on an analytical balance,
and replaced in the furnace.

6. Results and discussion

Figs 7 and 8 show the data collected from the oxida-
tion of carbon fibres in platinum and silica holders at
500 and 550°C, respectively. The data are plotted as
change in mass normalized by initial surface area
(specific mass loss) versus time. As the reaction be-
tween carbon and oxygen occurs on the surface of the
fibres, it is reasonable to normalize the changes in
mass by the initial surface area of the fibres, where
surface area is defined as 2nryl, + 2nr, with r, equal
to the initial radius (&~3.5 um) and I, equal to the
initial length (5 cm; 2 in). Knowing the fibre dimen-
sions, mass, and density, the number of fibres in each
oxidation sample was determined, and the surface
area was then calculated. From the data presented in
Figs 7 and 8, it is evident that the fibres in the
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Figure 7 Plot of specific mass versus time for fibres oxidized in (+)
platinum and {[3) silica holders at 500°C in dry air.
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Figure 8 Plot of specific mass versus time for fibres oxidized in (IJ)
platinum and (+) silica holders at 550°C in dry air.
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platinum holders are being oxidized more rapidly
than those in the silica holders at both 500 and 550 °C.

Attempts were made to oxidize fibres at 600°C in
platinum; however, the oxidation rate was too rapid to
permit periodic weight measurements over a long
enough period of time. The portion of the fibres which
were surrounded by the platinum was totally con-
sumed in approximately 24 h. Data were collected at
600 °C for fibres oxidized in the silica holders.

The catalytic effect produced by the presence of
platinum also produced some very unique morpho-
logical changes in the fibres. Fig. 9 shows another
micrograph of the as-received material, taken on the
scanning electron microscope. Fig. 10 shows a scan-
ning electron micrograph of the fibres after being
oxidized in dry air at 500 °C in platinum. Notice the
extreme pitting. This effect was not manifested in the
fibres oxidized under the same environmental condi-
tions in a silica holder, as shown in Fig. 11.

Further evidence of the catalytic effect of platinum
is shown in Fig. 12. The fibres in this micrograph show
the formation of “spheres” along the longitudinal axis
of the individual filaments. The diameter of these
spheres is approximately the same size as the diameter
of the original fibre (7 um). Fig. 13 shows a low-
magnification scanning electron micrograph iliustra-
ting that the formation of these spheres is not an
isolated event, but rather a widespread occurrence.

Figure 9 Micrograph of the as-received fibres.
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Figure 10 Micrograph of fibres oxidized in a platinum specimen
holder showing pitting on the fibre surface.



Figure 11 Micrograph of fibres oxidized in a silica specimen holder.

Figure 12 Micrograph of a fibre oxidized in a platinum holder
showing the formation of a sphere along the longitudinal fibre axis.

Figure 13 Micrograph showing the widespread nature of the
formation of the “spheres”.

Fig. 14 shows what appears to be a sphere in its
“embryonic” stages of formation. The sphere is just
beginning to pinch off.

Perhaps the most unusual structure caused by the
apparent catalytic effect of platinum is shown in
Fig. 15. The original fibre has bifurcated into two
separate filaments, and the aforementioned spheres
have formed on each strand.

This pitting shown in Fig. 10 has been reproduced
under different test conditions. Frischknecht [27] ob-
served pits on the surface of fibres that had been

Figure 14 Micrograph of a sphere in its preliminary stages of

formation.

Figure 15 Micrograph of a fibre which has bifurcated. Spheres have
formed on each of the remaining filaments.

oxidized at 700°C in air. The presence of platinum
caused this pitting to occur at a temperature 200°C
lower than those observed by Frischknecht.

Perhaps the formation of the pits themselves, may
be analogous to aqueous corrosion. In corrosion, pits
form because certain compounds/elements obtain ab-
normally high concentrations at certain locations
along the surface. Trace amounts of sodium, a known
catalyst in the oxidation of carbon, were detected on
the, fibre surface of the as-received fibres using the
scanning Auger microprobe. Perhaps at places on the
fibre contaminated with sodium, the platinum and
sodium act as reinforcing catalysts.

The formation of the spheres and the splitting of the
fibres as shown in Figs 12-15 are not as easily ex-
plained. The fibres used in this investigation did not
receive any post-manufacturing surface treatment of
any kind. It can be stated, therefore, that the spheres
are not formed by the “pinching off” of a foreign
coating. The sphere shown in Fig. 12 appears to have
the same diameter as the as-received fibres, approxim-
ately 7 um, which is the original diameter of the as-
received fibres. Perhaps these very specific locations
did not oxidize, cither because of the proximity of the
fibre segment to the platinum, or because of local
changes in fibre structure which give rise to small,
more oxidation-resistant regions.
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Fig. 15, however, is rather puzzling. The fibre in this
scanning electron micrograph has bifurcated, and
spheres have formed on each fibril. It is possible that
these fibrils are the remains of the partially graphitic
skin presént in the as-received fibres. The amorphous
core seems to have been completely consumed in the
oxidation process. This fibre morphology has not been
reported in the literature previously; therefore it is
impossible to determine a direct explanation of these
phenomena.

6.1. Calculation of activation energies

In knowing the values of the specific mass loss as
function of time, activation energies can be calculated
for the oxidation of carbon fibres in platinum and
silica. The slopes of the lines in Figs 7 and 8 are
directly proportional to the rate of reaction of carbon
with oxygen. Knowing that these reactions are ther-
mally activated, it is reasonable to assert that they can
be adequately described by a classical Arrhenius rela-
tionship

Rate = Ke ¥*T (4)

where K is a constant, Q is the activation energy, 7 the
absolute temperature, and R the ideal gas constant. By
plotting the log (reaction rate) versus T~ *, the slopes
of the lines will be — Q/R, and the y intercept will be
the constant K. Fig. 16 shows this plot for fibres
oxidized in the silica holders at 500, 550, and 600 °C.
The calculated activation energies and pre-expo-
nential terms for the fibres oxidized in silica and
platinum are shown in Table II.

A true catalyst should lower the activation energy of
a chemical reaction(s). In this investigation, even
though the overall reaction rate is higher for the fibres
reacted in platinum foil, the calculated activation rate
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Figure 16 An Arrhenius plot for reaction rates of fibres oxidized at
500, 550, and 600 °C (for fibres in silica holders only) in dry air.
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TABLE II Activation energies for carbon fibres oxidized in
platinum and silica holders

Sample holder Pre-exponential Activation energy

constant, K (kJ mol™1)
(gem™2s71)
Platinum 1.6 x 1014 301
Vitreous silica 1.1 x108 177

is larger than the activation energy calculated for the
fibres oxidized in silica. If the data for the fibres
oxidized in the platinum and silica holders shown in
Table II are plotted on an Arrhenius plot, the lines
intersect at a temperature of 785 °C (Fig. 17). Math-
ematically, this indicates that above this temperature,
oxidation in the platinum and silica holders should
proceed at the same rate.

7. Conclusion
The effect of platinum on the oxidation of carbon
fibres is manifested in both the reaction rate and
morphology of the fibres. The exact cause of these
manifestations, beyond what has already been pro-
posed, is unclear.

The presence of platinum did produce an increase in
the reaction rate in the oxidation of the carbon fibres.
The fibres oxidized in platinum, however, exhibited a
higher activation energy than those oxidized in silica.
The pre-exponential term for the fibres oxidized in
platinum, was six orders of magnitude larger than the
fibres oxidized in the silica holders. This is responsible
for the increase in oxidation rate.

As mentioned previously, the unique changes in
fibre morphology can be caused by several factors
such as localized differences in fibre structure and
localized concentrations of impurities. A confirmation
of either of these explanations as the true cause for the
formation of “pods” would require a very detailed
analysis of the atomic structure of these fibres. The
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Figure 17 An Arrhenius plot for oxidation data of fibres oxidized in
(&) platinum and () silica specimen holders.



significance of these experiments, however, is that
these changes in reaction rate and fibre morphology
are only observed in the presence of platinum.

References

1.

11
12.

K. SAITO and H. OGAWA, in 31st International SAMPE
Symposium”, Los Angeles, 7-10 April 1986, p. 1647.

C. H. SHEPPARD, in “SAMPE Symposium and Exhibition
23: Application of Materials”, Anaheim 2-4 May (1978),
p. 142.

B. H. ECKSTEIN, in “18th International SAMPE Confer-
ence”, 7-9 October (1986) p. 149.

J.B. BARR and B. H. ECKSTEIN, in “Extended Abstract of
the 18th Biennial Conference on Carbon”, Worcester, MA,
1987.

PAUL E. McMAHON, in “SAMPE Symposium and Exhibi-
tion 23: Application of Materials”, 2-4 May 1978, p. 150.

E. A. HEINTZ and W. E. PARKER, Carbon 4 {1966) 473.
J. T. GALLAGHER and H. HARKER, Carbon 2 (1964).

P. L. WALKER Jr, FRANK RUSINKO Jr, and L. G.
AUSTIN, Adv. Catal. X1, {1959) 133.

G. R. HENNIG, in “Chemistry and Physics of Carbon”, P. L.
Walker, ed. (Marcel Dekker, New York, 1966) pp. 1-49.

H. HARKER, in “Proceedings of the Fourth Carbon Confer-
ence” (Pergamon Press, Oxford, 1960) pp. 125- 39.

G. B. TAYLOR et al., J. Phys. Chem. 34 (1930) 748.

A.F. BENTON and R. T. J. BELL, J. Amer. Chem. Soc. 56
(1934) 501 )

D.J. THORNE, in “Handbook of Composites: Vol. 1, Strong
Fibers”, edited by W. Watt and B. V. Perov (Elsevier, London;
1985) Ch. XII.

K. K. CHAWLA, “Composite Materials”, (Springer-Verlag,
Berlin, 1987) pp. 21- 3.

15. M. S. DRESSELHAUS, G. DRESSELHAUS, K. SUGI-
HARA, 1. L. SPAIN and H. A. GOLDBERG, “Graphite
Fibers and Filaments”, (Springer-Verlag, Berlin. 1988)
pp. 14— 16.

16. D.J. JOHNSON,in “Chemistry and Physics of Carbon”, Vol.
20, edited by P. A. Thrower (Marce] Dekker, New York, 1987)
p. L.

17. B. L. BUTLER and R. J. DIEFENDORF, in “Papers of the
9th Conference on Carbon”, Boston, MA (American Carbon
Society, University Park, PA, 1969) p. 45.

18. B.J. WICKSand R. A. COYLE, J. Mater. Sci. 11 (1976) 376.

19. W. WATT and W. JOHNSON, Appl. Polm. Symp. 9 (1969)
215.

20. R. H. KNIBBS, J. Microsc. 94 (1971) 273.

21, A. FOURDEUX, R. PERRET, and R. RULAND, in “Pro-
ceedings of the International Conference on Carbon
Fibers, Their Composites, and Applications”, Plastics and
Polymer Conference Supplement 5 (The Plastics Institute,
London, 1971) p.. 57.

22, M.GUIGON, A. OBERLINand G. DESARMOT, Fibre Sci.
Technol. 20 (1984) 55.

23. F.J. LONG and K. W. SYKES, Proc. Roy. Soc. A215 (1952)
100.

24, ldem, J. Chem. Phys. 47 (1950) 361.

25. N.R.LAINE,F.J. VISTOLA and P. L. WALKER, J. Phys.
Chem. 67 (1963) 2030.

26. M. 1. KOBOZEV, Acta Physico Chim. URSS 21 (1946) 294.

27. K. FRISCHKNECHT, Masters Thesis, Rensselaer Poly-
technic Institute (1990).

Received 27 April

and accepted 30 June 1992

1119



