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A. Research Goals

The first goal of the project is to examine the conversion of poly p-
phenylenebenzobisoxazole (PBO) to carbon fiber. Because of PBO’s structure,
carbonized PBO fibers should exhibit relatively high thermal conductivities.
The second goal of the project 1is to form 1low-cost, high-thermal-
conductivity carbon/carbon composites by combining PBO fiber with highly

carbonaceous matrices that can be directly carbonized.

B. Significant Results

Unlike precursor fibers (rayon, polyacrylonitrile (PAN) and pitch),
phenylenebenzobisoxazole (PBO) can be directly converted to carbon fiber
without prior stabilization. This project showed that these PBO-based carbon
fibers developed strengths and moduli similar to pitch-based carbon fibers.
In the final stage of this research a technique was' developed to form
potentially low cost carbon/carbon composites using PBO fibers. PBO fibers
were coated with phenolic and high melting pitches using a novel powder
coating process, and then directly thermoformed into carbon/carbon
composites. No stabilization step was needed, and the fibers and matrices

were carbonized simultaneously.

PBO-Based Carbon Fibers

The production of polymer-based carbon fibers usually involves heating
the precursor fiber to approximately 300°C in air to crosslink the polymeric
structure, rendering it infusible, and then heating the crosslinked fiber to
much higher temperatures {(from 2000 to 3000°C) to drive off most non-carbon
elements. During the first two years of the project, the various stages of
this conversion process for PBO precursor fibers were studied. This work
developed a provided a fundamental understanding of the PBO-carbon fiber
conversion process.

During oxidative stabilization, oxygen creates crosslinks between the
polymer chains within the PBO fiber. This oxygen must come from either the
precursor and/or the surrounding air. Therefore, fiber mass gain normally
is used as a measure of the effectiveness of fiber stabilization in air. To
test the oxygen uptake of PBO fibers, 2.5 milligrams of PBO fiber were
heated in a TGA pan under air from room temperature to 800°C. As Figure A
indicates, no detectable mass gain occurred. This indicates that the oxygen
from the air is not retained by the PBO fiber. Thus, stabilization in air
would not result in the increased oxygen crosslinking commonly observed in

other polymers such as PAN.



A series of three stabilization trials were performed. Each of the
three samples was heated at a rate of 5 °C per minute to 310 °C and held at
that temperature for 30, 60, and 120 minutes, respectively. Finally, all
three stabilized fiber samples were heated to 2000 °C at a rate of 20 °C per
minute. A length of as-received PBO fiber also was carbonized and served
as a control.

Final results showed that stabilization did not enhance the tensile
properties of the final carbon fiber. Neither tensile strength nor modulus
improved with stabilization, regardless of the stabilization dwell time.
This indicates that the expensive and time-consuming stabilization step may
be completely eliminated from the carbonization process without adversely
influencing the properties of the fiber.

In Dow’s pilot-scale PBO process, the fiber is heat treated to a
temperature of 550°C for 10-30 seconds in order to enhance its crystallinity
and modulus. However, our research indicated that the balance of properties
can be altered substantially by additional heating below 540°C. The fiber
was heated under argon to a temperature of 530°C and maintained for fifteen
minutes, before the fiber was allowed to cool to room temperature. As Table
1 shows, this additional heat treatment reduced the fiber’s tensile strength
but increased its modulus. More importantly, the additional low temperature

treatment substantially increased the fiber’s compressive strength.
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Figure 1: Thermogravimetric analysis profile of PBO fibers in air.



Table 1. Mechanical Properties of PBO Fibers Before and After Heating.

Property As-Received Heat Treated
Tensile Strength (MPa) 4130 2700
Tensile Modulus (GPa) 146 211
Compressive Strength (MPa) 380 620

X-ray diffraction analyses of as-received and carbonized fibers proved
that the fibers pass from their initially ordered liquid crystalline state
to an amorphous form at approximately 600°C. Above 600°C, the disordered
carbon remnants Dbegin forming a turbostratic structure, and this
turbostratic structure continues to develop throughout the graphitization
process.

Then, at temperatures above 1600°C, carbonized PBO fibers begin to
develop three-dimensional order. As this order develops, the average
interlayer spacing between graphene plane decreases. Fibers with interlayer
spacing greater than 3.42 angstroms are considered disordered or
turbostratic, while fibers with interlayer spacing less than 3.42 angstroms
are considered ordered, or graphitic.

Figure 2 shows that carbonized PBO fibers become increasingly ordered
with elevated treatment temperatures. The first signs of long range order
appear at 1600°C, where the average interlayer spacing is nearly 3.45
angstroms. The fiber develops more order as temperatures rise, finally
becoming "graphitic" at 2400°C.

Crystalline graphite has a mean interlayer spacing of 3.35 angstroms.
Thus, even though the carbonized PBO fiber still does not approach the
crystallinity of graphite, it 1s significantly more graphitic than carbon
fibers produced from other polymeric precursors such as PAN.

Electrical resistivity tests were performed on the carbonized PBO
fibers. Ideally, the electrical resistivity should decrease when the fiber
is treated at higher temperatures because of the increased molecular
ordering associated with elevated treatment temperatures. However, Figure 3
shows that the electrical resistivity of PBO-based carbon fiber decreased
with increasing temperature only to 1400 °C. BAbove this temperature an
increase in electrical resistivify is observed. o

The electrical resistivity of PBO-based carbon fibers produced in a
continuous operation at 2200°C was found to be approximately 9 uQ-m. This

value compares favorably with essentially all carbon fibers produced from



polymer precursors. Additionally, the resistivity places PBO in the

conductivity range of some commercial mesophase pitch-based carbon fibers.

o 3.47

k

0 3.45

8 u

>y § 3.43

4 83 3.41

> o

o ﬁ 3.39

3 3.37

=

H 3-35 i 1 1 1 T T
1400 1600 1800 2000 2200 2400 2600

Temperature (C)

7

Figure 2: The influence of treatment temperature on interplanar spacing.
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Figure 3: The influence of temperature on the electrical resistivity of

PRO-based carbon fibers.

PBO-Based Carbon/Carbon Composites
In the third year of the research, PBO fibers were combined with
carbonaceous matrix precursors and formed into carbon/carbon (CC) composites

using a single carbonization step. Three different matrix materials were



evaluated: a phenolic resin, an alumina-loaded phenolic resin, and a coal

tar pitch. In the first series of tests, PBO fibers were coated with the

phenolic resin using a powder coating method and a

suspension coating
method. Then, the coated fibers,

or towpreg, were wrapped on a fiber

mandrel, forming wunidirectional specimens. Finally, the unidirectional

specimens were placed in a heated press and consolidated at 1100°C into

unidirectional CC composites. The objective of this series of tests was

twofold: (i) determine the void content and crack pattern for this

fiber/matrix combination and (ii) determine which of the two coating methods
produces the more consistent CC composite.
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Figure 4: Comparison of carbonized PBO/phenolic carbon/carbon
composites by coating method

several of the CC composites formed using each of the coating methods
were cross-sectioned, mounted and polished to determine

the degree of
interfacial bonding.

Optical inspection of all samples revealed few cracks
or voids at fiber/matrix interfaces, indicative of
bonding.

strong fiber-matrix
This may have been the result of simultaneous shrinkage during
carbonization or interaction between the PBO fiber and the phenolic resin

prior to, or during carbonization. As expected, numerous small voids and

cracks, created the evolution of gases during composite carbonization, could

be observed throughout the matrix. However, because of the strong




interfacial bonding, the samples also developed cracks perpendicular to the
fiber direction to relieve accumulated stresses created during
carbonization.

The average electrical resistivity as well as the range of measured
values for thirty CC composite specimens prepared by these two coating
techniques (using the same nominal process conditions) are shown in Figure
4. As the figure shows, the suspension coating method produced CC composites
with more consistent electrical resistivities. Because of this, the
suspension coating method was used in all subsequent experiments. It should
be noted these electrical resistivities, measured parallel the fiber axis,
were greater than expected. These high resistivities apparently were caused
by the stress cracks perpendicular to the fiber axis. Such a crack pattern
inhibits the flow of current, and thus, the flow of heat. Obviously, this
type of cracking must be minimized if the thermal properties of the CC are
to be maximized. )

To address this issue, a second series of CC samples were prepared and
tested. These samples were prepared by evenly mixing 10 pum in diameter
alumina powder particles throughout the phenolic resin, applying this mixed
matrix to the PBO fiber using the suspension coating technique, and then
thermoforming the coated tows into unidirectional CC composites. The alumina
powder was added to create additional interfaces (alumina-phenolic) which
could relieve residual stresses during carbonization. The objective was to
decrease the size of the matrix cracks. Surprisingly, this alternate stress-
release mechanism appeared to reduce not only the size of the cracks, but
also the amount of matrix cracking. These smaller stress cracks caused a

decrease of the resistivity of the carbonized composites (see Figure 5).
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Figure 5: Comparison of carbonized composites
containing PBO fibers with different matrices



In a third series, PBO fibers were coated with a coal tar pitch using
the suspension coating method and thermoformed into CC composites. Here the
objective was to use a highly carbonaceous matrix precursor to decrease void
formation during carbonization and, possibly, reduce the amount of
interfacial bonding by using a matrix material which is 1less likely to
interact with PBO during carbonization. Again the CC specimens were mounted,
cross-sectioned, polished, and inspected to determine the degree of
interfacial bonding. Optical inspection revealed that this fiber/matrix
combination resulted in enough interfacial cracking to effectively eliminate
the stress cracks perpendicular to the fiber axes. Because of this, as
Figure 5 shows, the «coal tar-based CC composites exhibited 1lower
resistivities than either the phenolic-based or the alumina/phenolic-based

carbon/carbon composites.
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