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INTRODUCTION 
Poly-p-phenylenebenzobisoxazole (PBO) is one of a class of 

rigid-rod isotropic crystal polymers that orient easily into extended 
chain configurations to produce fibers with excellent strength and 
modulus. PBO polymer was originally developed by the U.S. Air Force 
to replace metals in various aerospace applications and is known for 
its excellent thermal stability and chemical resistance [1-4].  PBO fibers 
have exceptionally high strength (5.8GPa), stiffness (180-270 GPa), 
and relatively low density (1.54 g/cm3) that make them an ideal 
candidate for many military applications as well. Research and 
development of this material is being actively pursued for applications 
in high-performance fiber composites, protective garments, and 
personnel ballistic armors. 

Recently (late 2001), Toyobo published some disconcerting 
results regarding the susceptibility of PBO fibers to degradation when 
exposed to relatively mild conditions [4]. In particular, the strength of 
PBO fibers decreases even at temperature less than 100°C in high 
humidity. After 100 days at 80% relative humidity and 80°C more than 
40% of the strength is lost and the trend in the data suggest that 
additional losses can be expected with additional exposure. Additional 
data from Toyobo show that PBO fibers are also susceptible to 
sunlight. Both AS and HM fibers loss more than their 50% strength 
after only 3 months exposure at Ohtsu, Japan.  

The susceptibility of PBO fibers to sunlight and high humidity 
limits its applications. To date, no mechanism has been proposed to 
explain this behavior.  However, one was suggested and relates to 
making the fiber.  Commercial PBO fibers are spun from polymer 
solution containing 10-20% of PBO in polyphosphoric acid (PPA) 
through a spinneret into a coagulation bath (water), followed by 
washing, drying and heat treatment. Thus, it is reasonable to expect 
that trace phosphoric residuals in the fibers combining with humid 
environments, sunlight and oxygen may promote degradation such as 
hydrolytic degradation. This ongoing project is evaluating the use 
supercritical carbon dioxide (scCO2) as an extraction media to remove 
trace residues (phosphoric acid).  The focus of this study will also 
assess the influence that phosphoric acid has on the light stability, 
thermal stability and mechanical properties of PBO fibers treated in 
scCO2 at different conditions.    
 

EXPERIMENTAL 
Materials. The PBO fiber used in our studies is Zylon AS, which 

was supplied by US Army Soldier System Command at Natick, MA. 
The related properties of the fiber can be found in reference [4]. 
Coleman grade carbon dioxide was purchased from Merriam Graves. 
Phosphoric acid (85 wt.% solution in water) was purchased from 
Aldrich Chemical Company, Inc. Both were used as received. 

Supercritical carbon dioxide fiber washing. Fiber washing was 
carried out in a custom-made high-pressure vessel designed to allow 
circulation of CO2. The detail of this experimental apparatus is shown 
in Scheme 1. In order to not damage the fibers during washing, 
bundles of fiber approximately 12 inches long were fixed on an 
aluminum support frame, and inserted into the pressure vessel. Initially 
samples were washed in the vessel at fixed temperatures and 
pressures with different wash times. During a washing period, a 
regulator is used to control the CO2 flow rate. After washing, the 
temperature was allowed to drop and the vessel was depressurized 
slowly. The washed PBO fibers were then used for mechanical testing 
and weathering experiments. 

Artificial light exposure procedure. The artificial weathering 
was carried out with an Atlas Suntest CPS+ light weather-ometer. A 
1500 watts xenon lamp is equipped with an irradiance range from 
300nm to 800nm. Both single fiber and fiber bundles were mounted in 
the specimen tray and exposed at 45°C and with an irradiance level of 
750W/m2 for different times.  
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Scheme 1 Supercritical CO2 fiber washing equipment 
 
Mechanical Testing. Single fibers were mounted on a cardboard 

template with a gauge length of 20 mm using a 5-minute epoxy 
adhesive. Tensile tests were performed on an Instron 5500R with a 
50N load cell at a strain rate of 0.05/60s. Tensile strength, modulus, 
and elongation-to failure results were based on 10 specimens and 
calculated by using the effective gauge length [5]. 

Characterization. Element analysis: Carbon, Hydrogen and 
Nitrogen analysis was performed by precisely weighing 2500-3500 µg 
of sample and combusting it at 1000°C in oxygen over a platinum 
catalyst, using a standardized Exeter Analytical 240XA Elemental 
Analyzer based on the modified Pregl-Dumas method. Phosphorus 
analysis is performed by a standard inductively coupled plasma 
emission spectroscopy (ICP) technique, after 20-30 mgs of sample is 
precisely weighed and digested with a combination of sulfuric and nitric 
acids. A Leeman Labs, Direct Reading Echelle (DRE) ICP was utilized. 
Thermogravimetric analysis (TGA) was done with a TA Instuments 
2050 Thermogravimetric Analyzer (DuPont) at 10°C/min under both 
nitrogen and air atmospheres, respectively. ATR-FTIR was done with 
FTIR Spectrometer Spectrum 2000 (Perkin Elmer) in the range of 
4000-700 wavenumber at resolution 4cm-1. X-Ray Photoelectron 
Spectroscopy (XPS) was conducted on Scanning ESCA microprobe 
Quantum 2000 (Physical Electronics Inc.) with Aluminum x-ray.  

 
RESULTS AND DISCUSSION 

Figure 1 - Figure 3 show the strength, elongation-at-break, and 
modulus versus xenon lamp exposure time of control PBO fiber and 
PBO fibers soaked in different concentration of phosphoric acid at 
room temperature for 24 hours. The strength of the control sample is 
5.08 GPa, which is lower than the value from Toyobo company 
(5.8GPa). The strength decreases with the increase in exposure time. 
When the exposure time is 300 hours, the fibers loose more than 25% 
of their strength. The elongation-at-break of control PBO fiber is 
3.88%, slightly higher than the data from reference [4]. The elongation-
at-break shows a similar trend as the strength and decreases as a 
function of exposure time, shown in Figure 2. In Figure 3, the modulus 
is in the range of 170 ± 5GPa and is independent of exposure time. 
Only when the exposure time approaches 300 hours is there any 
indication of a decrease. The long storage time and inconsistency in 
test procedures may be the main reasons for the difference between 
our data and those from Toyobo company [4]. 

The phosphorus concentration in the control PBO fiber is 0.4 wt.% 
by elemental analysis. In order to know the influence of residue 
phosphorous acid to the light stability of PBO fiber, PBO fibers were 
soaked in 5wt%, 10wt%, and 20wt% phosphoric acid solution in water 
at room temperature for 24 hours. After soaking, all samples were 
dried under vacuum at room temperature for 24 hours. The 



phosphorus concentration of PBO fibers soaked with 10wt% and 
20wt% phosphoric acid is 0.7wt% and 4.85wt% respectively. There 
was not obvious increase in phosphorus concentration by soaking in 
5wt% solution. As shown in Figures 1 through 3, soaking PBO fibers in 
phosphoric acid, results in a decrease in strength and ultimate 
elongation. The decrease is more evident when the fibers are soaked 
in 20wt% phosphoric acid solution. The strength of the exposed fibers 
were so weak that it single fiber tests were impossible.  The influence 
of scCO2 soaking on the modulus is a bit different from that observed 
with strength and ultimate elongation. When the phosphorus 
concentration in the fiber is 0.7wt%, the modulus is constant even after 
long exposure times. However, when the phosphorus concentration is 
4.85wt%, the modulus decreases after soaking as well as after 
exposure, which is similar to the change in strength and elongation-at-
break. Compared to modulus, the phosphoric acid soaking and xenon 
light exposure have a more dominant influence on fiber strength and 
elongation-at-break. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 1 Strength versus exposure time of PBO fibers and phosphoric 
acid soaked PBO fibers 
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Figure 2 Elongation-at-break versus exposure time of PBO fibers and 
phosphoric acid soaked PBO fibers  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3 Modulus versus exposure time of PBO fibers and phosphoric 
acid soaked PBO fibers 

 
A series of control experiments involving soaking in water was 

done as with the phosphoric acid soaking. The mechanical properties 

from these studies are shown in Figure 4. It can be clearly seen that 
the strength, modulus and ultimate elongation are almost the same as 
those of control PBO fibers, which indicates that only water itself does 
not alter the properties of PBO fibers at a given condition.  

The mechanical properties of PBO fibers washed in scCO2 at 
2500 psi at different temperature and CO2 flow rate for 48 hours are 
shown in Figure 5. CO2-50 sample was washed at 50°C with a pump 
speed at 5rmp, CO2-100 sample was washed at 100°C with a pump 
speed at 5rmp, and CO2-110 sample was done at 110°C with a pump 
speed at 10rmp. In Figure 5, the modulus and elongation-at-break of 
all treated and untreated samples are very close. The strength of CO2 
treated samples is in the range of 5.5-5.7GPa, which is around 10% 
higher than that of untreated PBO fibers with regardless of the treating 
temperature. The treatment in CO2 even at 110°C does not cause a 
decrease in mechanical property but can increase the strength. 
Therefore, we can use CO2 to wash PBO fibers. The possible reason 
for the increase in strength is that the hydraulic pressure can densify 
the fiber.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Mechanical properties of PBO fiber, fiber soaked in water and 
fibers washed in scCO2 at different conditions 

 
Our elemental analysis results show CO2 can wash at least part of 

the residue phosphoric acid in the PBO fiber. The phosphorus 
concentration of fibers washed at 50°C and 2500 psi is 0.4wt%, which 
is the same of the unwashed fibers. With increase only in the washing 
temperature to 100°C, phosphorus concentration decreased to 
0.3wt%. The phosphorus concentration further decreased to 0.25wt% 
when the flow rate of CO2 increased from 5rpm to 10 rpm. Now more 
experiments with changing temperatures and CO2 pressures are 
undergoing to further decrease the phosphorus concentration in the 
fiber. Other analysis such as XPS, TGA, FTIR and TGA are used to 
figure out the possible mechanism for the susceptibility of PBO fibers 
to UV and even visible light. 
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