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Introduction

The oxidation of mesophase pitch by air or oxygen at 200 to 300 °C is a key step in stabilizing the flowinduced microstructures of as-spun filaments [1, 2] and the matrix of carbon-carbon composites [3, 4, 5].
Previous works have shown that oxidation stabilization at low temperatures improves the carbon yield and
decreases the time required for in-depth stabilization [6 -10] measured the depth of stabilization in large diameter
filaments by determining the local softening temperature using a micro thermal probe. They related the softening
temperature to oxygen content by electron probe micro-analysis (EPMA). They observed greater depths of
stabilization at lower oxidation temperatures. Drbholov and Stevenson [11], who studied oxidation stabilization
of AR mesophase pitch at various temperatures, postulated that weight gain reactions have lower activation
energies and predominate at lower temperatures and the weight loss reactions become more dominant at higher
temperatures accompanied with release of CO and CO2. Sufficiently stabilized samples were attributed to those
having ester and anhydride crosslinks. Fanjul et. al. [12] examined the stabilization of AR mesphase using
elemental analysis and FTIR in the temperature range of 200 °C to 300 °C. They reported a shift in peaks in the
carbonyl stretching region, 1680 cm_1 to 1800 cm_1, to higher wavenumbers with increase in oxidation
temperatures. Ketone and aldehydes peaks were observed at lower temperatures and an increase in intensity of
ester and anhydride peaks at higher temperatures. Similar to Drbholov and Stevenson, they concluded that the
increase in intensity of esters and anhydrides at higher oxidation temperatures leads to formation of cross-linked
structures via condensation reactions.
Fathollahi et. al. [6] used a microstructural approach and showed that oxidation at temperatures as low as
130 °C and pressures up to 0.7 MPa could increase the oxygen uptake and the stabilization depth to as much as
80 m. At temperatures as high as 270 °C, they observed the stabilization front to stop at a depth of about 7 m
regardless of exposure to oxygen for up to 100 h. Based on the microstructural observations, they inferred that
high temperature oxygen uptake was restricted to regions close to the surface. In contrast, a more uniform
oxygen gradient within the structure was attained at low temperatures [9, 10].
The main objective of this work is to examine the difference in oxidation stabilization at low and high
temperature by means of analysis of functional groups of the oxidized mesophase. FTIR is used to analyze the
chemical fineshift of the oxygen peaks in order to characterize the changes in functional groups, in particular the
carbonyl groups, under different oxidation temperatures ranging from 130 °C to 270°C and with further heat
treatment to 500 °C in inert atmosphere.

Experimental
Details of preparation of as-spun filaments and extruded rods from naphthalene-based ARA24R mesophase
pitch with a softening point of 297 °C follows previously described procedures [6]. Thick as-spun filaments
(~100 m in diameter) were exposed to pure oxygen at ambient pressure and at selected temperatures between
130 °C and 270 °C for periods of up to 100 h. Selected oxidized specimens were further heat treated from the
stabilization temperature up to 500 °C in inert atmosphere. Samples were removed from the furnace at 300 °C,
350 °C, 400 °C, and 500 °C for analysis by FTIR.
The oxygen distribution across filaments and rods was analysed using a JEOL LCXA 733 electron beam
micro analyser equipped with five wavelength dispersive spectrometers. The samples were coated with gold.
Semi-quantitative analyses for oxygen was performed at an acceleration voltage of 10 kV and probe currency of
100 nA, dwell time 200 ms. The X-ray intensity obtained from a sample of B2O3 was used to standardize the
oxygen content.

Results and Discussion
The EPMA measurements of oxygen distributions in 100-m diameter filament at different oxidation
temperatures and time are shown in Figure 1. At low exposure times there exists a steep oxygen gradient with
increasing temperature of oxidation. At 270 °C and 25 h exposure time, the maximum oxygen content near the
surface is about 7 wt.% and drops below 1 wt.% after a distance of 40 m. At lower temperatures, the oxygen
content at the outer region is lower; however the oxygen uptake level stays relatively uniform. At higher
exposure times, the oxygen uptake at high temperatures eventually extends deep into the mesophase filament and
a uniform oxygen profile is observed at 75 h. Fathollahi et. al. [6] observed the stabilization depth in identical
thick filament oxidized at 270 °C not advancing beyond 7 m at exposure time of up 100 h. However, the
EPMA data in Figure 1 show the relative oxygen content at 270 °C and 75 h and above to extend uniformly
throughout the filament. Even at exposure time of 25h, high level of oxygen uptake is already extended well
past 10 m. While it is well recognized [11, 12] that anhydride and ester linkages are formed at higher
temperatures and are contributing toward stabilization, the oxygen incorporation at 270 C is incongruent with
past results [6]. Our analytic method does not allow for a spatial resolution of the oxygen-bearing function
groups, so the actual mechanism underlying microstructural stabilization probably remains unknown. The
EPMA results and the measured depth of stabilization at 270 °C reported by Fathollahi et. al. indicate the level
of oxygen uptake is not an absolute measure of stabilization in AR mesophase pitch. This is especially so
considering that the reaction pathways leading to anhydrides and esters involve so-called carbon burnt off
reactions that also contribute toward low carbon yields [10-12].

Figure 1. Oxygen distribution in thick filaments oxidized at different temperatures and exposure times.
The FTIR spectra for the mesophase filaments at oxygen exposure times of 25 h and 100 h are shown in
Figure 2, where each spectrum is annotated with the oxidation temperature. The oxidized samples generally
exhibit the addition of oxygen-bearing groups at around 1250 cm-1, various C-O-C and O-C-O stretches, and
1700 cm-1, carbonyl groups C=O stretching. The loss of aromatic C-H (700– 900 cm_1, and 3040 cm_1) and
aliphatic C-H (2900 cm-1) is observed with increasing oxidation temperature and exposure time as reported
previously [6, 10-12]. At lower oxidation temperatures and longer exposure times the carbonyl groups consists
mostly of ketones and aldehydes. At higher temperatures and increasing exposure times, there is a shift to higher
wavenumbers where ester and anhydrides functional groups are observed. At 270 °C, the formation of esters and
anhydrides lead to carbon burnoff reactions in the form of CO and CO2. Drbholov and Stevenson [11] and
Fanjul et. al. [12] suggested that the ester and anhydrides leads to formation of oxygen containing cross-links and

Dwell time: 25 h

Dwell time: 100 h

a

b
270 °C

Intensity in a.u.

Intensity in a.u.

270 °C

170 °C
150 °C

170 °C

150 °C

130 °C

130 °C

unoxidized

1800 1600 1400 1200 1000

unoxidized

800

1800 1600 1400 1200 1000

600

800

600

Wavenumber in cm-1

Wavenumber in cm-1

Figure 2. FTIR spectra for AR mesophase filaments oxidized at different temperatures and at exposure time of
(a) 25h and (b) 100 h. The spectrum of the unoxidized sample is shown for comparison.
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Figure 3. FTIR spectra of specimens removed at different stages of heat treatment to 500 °C in inert atmosphere.
The AR mesophase filaments were initially oxidized at (a) 150 °C and (b) 270 °C for exposure time of 50 h.

subsequent stabilization. The results of Fathollahi et. al. [6] and the FTIR results in Figure 2 suggest that ester
and anhydride may not be necessary for in-depth stabilization.
Figure 3 shows the FTIR spectra with heat treatment up to 500 °C of specimens oxidized at 150 °C and 270
°C for 50 h. The spectra of the sample stabilized at 150 °C show the carbonyl bands consisting mostly of
ketones and aldehydes disappear at about 350 °C. In contrast, the carbonyl band at 270 °C is still present at the
heat treatment temperature of 400 °C. The carbonyl bands have a peak intensity at about 1730 cm_1 due
predominantly to ester and anhydrides.

Conclusions
Together with previous stabilization studies [6], our results suggest that in-depth stabilization can be achieved
more effectively using low temperature oxidation, under which weight gain reactions involving the formation of
simpler aldehydes and ketones are more prominent. There is a clear shift from aldehydes and ketones to
anhydrides and esters with increasing oxidation temperatures and exposure time. However, it is probable that
stabilization can be achieved with a high enough density of aldehydes and ketones and the formation of
anhydrides and esters are not necessary condition. Furthermore, the EPMA data of oxidized samples at 270 °C
show a uniform uptake of oxygen at long exposure time even though previous results [6] of identical samples
have shown the stabilization front not extending beyond 7 m.
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