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SYNOPSIS 

Heat treated poly(p-phenylene benzobisthiazole) (PBZT) fibers tested in tension result in 
two types of failure modes. In failure mode I, the fiber exhibits a relatively sharp break; 
mode I1 is characterized by significant axial fiber splitting. Approximately 20% of the fibers 
failed in mode I1 when tested at 2.54,7.62, and 12.7 cm gage lengths. At  1.25 cm gage length 
all the fibers failed in mode I. Tensile strength decreased from the 1.25 to 7.62 cm gage 
length, but tensile strength of the fibers tested at 7.62 and 12.7 cm gage lengths were 
similar. The two failure mode observation is supported by the Weibull statistical distribution. 
Fiber tensile properties were also measured at 150°C. Axial compressive strength of the 
PBZT fibers as determined from the recoil test is also reported and is found to be independent 
of fiber tensile modulus and fiber diameter. As-received heat-treated fibers were post heat 
treated between 700 and 775°C. Structural changes in the fiber were studied using infrared 
spectroscopy, small and wide angle x-ray scattering, and swelling studies. 0 1995 John Wiley 
& Sons, Inc. 

INTRODUCTION 

Poly(p-phenylene benzobisthiazole) (PBZT) is a 
rigid-rod molecule characterized with high thermal 
stability (onset of thermal degradation in air 
> 600"C), high chain stiffness (theoretical chain 
modulus is predicted to  be close to  700 GPa), and 
high radiation resistance. The PBZT fibers are di- 
rectly spun from the polymerization solution in 
poly(phosphoric acid) at a typical polymer molecular 
weight of 25,000 g/mol a t  about 15 wt % in solution 
using a dry jet wet spinning technique. The fibers 
are generally coagulated in water at room temper- 
ature, dried, and subsequently heat treated under 
tension for 1-2 min in the temperature range of 550- 
700°C. The polymer spinning solution is character- 
ized as a nematic liquid crystal. In addition to  their 
dissolution in strong protic solvents, polymers such 
as PBZT can also be dissolved in nitroalkanes (e.g. 
nitromethane) where solubilization is mediated via 
a Lewis acid (e.g. A1C13).' The science and engi- 
neering of rigid-rod polymers, including PBZT fi- 
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bers, has been r e~ iewed .~ -~  In an attempt to influence 
the fiber compressive strength, various chemical 
modifications of the PBZT molecule have been re- 
p ~ r t e d . ~ . ~  However to  date the maximum compres- 
sive strength of polymeric materials is limited to 
about 500 MPa; the compressive strength of various 
carbon fibers range from 0.5 GPa to about 3.0 GPa. 
For inorganic fibers such as  alumina (> 95% A1203) 
and boron fibers, compressive strength values as 
high as  7 GPa have been reported. Various issues 
related to compressive strength of glassy resins, high 
performance polymeric and carbon fibers, and poly- 
meric matrix composites have recently been ad- 
d r e s ~ e d . ~ - ~  In this article we report the axial tensile 
and compressive behavior of heat-treated PBZT fi- 
bers. 

EXPERIMENTAL 

Multifilament heat-treated PBZT fibers were re- 
ceived from the Air Force Materials Laboratory. The 
properties of one as-received fiber referred to as fiber 
F are given in Table I. The single fibers separated 
from the multifilament bundle were mounted on 
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Figure 1 Tensile strength of PBZT fiber F as a function of gage length. 

Figure 2 
failure mode I, (c) failure mode 11. Fiber diameter 16 pm. 

Scanning electron micrographs of tension fractured PBZT fiber F. (a) and (b) 
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Table I Properties of Heat-Treated PBZT Fiber 
(Fiber F) 

# 0 

-2 

Diameter (pm) 16.1 + 0.6 
Recoil compressive 

Tensile modulus (GPa)" 210 ? 20 (at 2.54 cm) 
Tensile strength (GPa)b 2.4 k 0.5 (at 2.54 cm) 
Density (gm/cm3) 1.61 ? 0.01 

strength (GPa) 0.28 f 0.02 

a Machine compliance corrected modulus 250 GPa. 
2.9 GPa a t  zero gage length. 

i t 0 
0 

precut paper tabs using scotch tape and LoctiteTM 
glue. Tensile stress-strain experiments were con- 
ducted on an Instron tensile tester model 1125 at 
1.25, 2.54, 7.62, and 12.7 cm gage lengths at cross- 
head speed of 0.05 cm/min. Approximately 100 
samples were tested at  each gage length. The frac- 
tured fiber ends were observed with a magnifying 
glass for identification of the fracture mode. Rep- 

resentative samples of the two failure modes were 
also examined in the scanning electron microscope 
(Hitachi S-800). Tensile strength values were cal- 
culated for each failure mode. 

Compressive strength of the samples was measured 
using the recoil test at 2.54 cm gage length.a10 
Electric spark was used for cutting the samples." 
Fiber diameter was measured using the laser dif- 
fraction technique." Fibers were post heat treated 
at 725, 750, and 775OC in nitrogen atmosphere for 
30 s without tension in a horizontal Lindberg fur- 
nace. Swelling studies on the as-received and post 
heat-treated fibers were carried out in 85% methane 
sulfonic acid by monitoring the fiber diameter using 
the laser diffraction technique. Wide-angle x-ray dif- 
fraction was carried out on a four-circle diffractom- 
eter using Cu Ka! radiation from a Rigaku RU-200 
rotating anode generator. 

Weakest link theory13 states that fibers of length 
nl have the same strength distribution as n fibers of 
length 1. Mathematically this can be stated as: 

2 m  

-4 

-6 

t i 
0 

. Lnln 1 / 1 -F (mode I) 

0 Lnln l / l - F  (mode I l l  

- 1  0 1 

Ln B 
Figure 3 
stress at failure in GPa. 

Linearized Weibull plot of PBZT fiber F at  2.54 cm gage length. u is tensile 
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where F J u )  and Fl(u) are cumulative failure prob- 
abilities at stress u for fibers of length nl and I, re- 
spectively. According to the Weibull distribution, 
the cumulative failure probability of a fiber of length 
1 at  stress u is 

Table I1 
(Fiber F) Failed in Mode I and I1 

Weibull Parameters for PBZT Fiber 

Gage Lengths (mm) 

Mode I Mode I1 

25 76 125 25 76 125 

F = 1 - exp[-l(a/uo)"] (2) 0 0  2.9 2.9 3.2 1.6 2.2 4.1 
m 10.2 7.6 7.8 14.2 6.9 3.7 

where m and no are Weibull parameters and are 
called shape and scale parameters, respectively. The 
shape parameter m indicates the flaw frequency dis- 
tribution and uo is a stress normalizing factor. The 
Weibull distribution can be written as 

a fiber under load u as a mixed survival probabilities 
PI and PII as: 

A plot of In ln[l/(l - F ) ]  vs. In u yields m and uo. 
 beet^'^^'^ showed that multimode failure for fibers 

exhibits as peaks in a histogram of number percent 
(fraction) of failed fibers vs. tensile strength. The 
multimode failure also corresponded to a break in 
the Weibull plot of eq. (3). He hypothesized that 
there are two type of defects and that each fiber 
failed by one or the other type of defect. Thus, he 
could write the survival probability ( P  = 1 - F )  for 

0 u 
c L 

a 
L 

a L 
u 
c 
c 

0 

0 

C 
0 
@ 
0 
a 
L e 

L 

0.3 

0.2 

0.1 

0.0 

RESULTS AND DISCUSSION 

The average tensile strength values for each failure 
mode, and the weighted average tensile strength of 
the two failure modes are plotted in the Figure 1. 
At the 1.25 cm gage length, mode I1 failure was not 
observed. Tensile failure stress values at 7.6 and 12.7 
cm were about the same for both failure modes. 
Scanning electron micrographs of the two types of 

mode I I at Iue 

1- 

0.0 0.5 I .o I .5 2.c 2.5 3.0 

Tcnstlc Strength (GPa) 

Figure 4 Tensile strength distribution for PBZT fiber F tested at 7.6 cm gage length. 
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Tensile modulus of PBZT fiber as a function of l/gage length. Arrow indicates 

compliance corrected modulus value. 

tensile failure are shown in Figure 2. Figure 2(a,b) 
show little or no splitting along the fiber axis and 
little fibrillation. This type of failure where very little 
or no splitting is observed was referred to as mode 
I failure. The mode I1 type failure is shown in Figure 
2(c). In this case tensile failure was accompanied 
with significant fiber splitting running many times 
the fiber diameter along the length of the fiber. For 
the particular fiber shown in Figure 2(c) fiber split- 
ting occurred along the 1500 pm length, or approx- 
imately 100 times the fiber diameter. Fiber splitting 
has also been reported in aramid fibers.16 Fibers that 
failed in mode I have significantly higher tensile 
strength than the fibers that failed in mode 11. This 
result indicates that if fiber processing could be 
modified to avoid axial fiber splitting during tensile 
fracture, then average fiber tensile strength could 
be improved. A slower coagulation process may be 
helpful in this regard. The number of fibers failed 
by mode I1 at 2.54, 7.62, and 12.7 cm gage lengths 
were 23, 15, and 19%, respectively of the total fibers 
tested for a particular gage length. The lack of sig- 
nificant fiber splitting (mode I1 failure) in the 1.25 
cm gage length samples is probably a result of re- 
duced probability of finding the initiation points for 
fiber splitting in the short gage length fibers. The 
fact that the tensile strength values for 7.62 and 
12.7 cm samples are the same suggests that the 

probability of finding defects that lead to tensile 
failure has reached 100% in the 7.62 cm sample. 
Tensile stress-strain curves were also obtained on 
the PBZT fibers at 15OoC using a miniature mate- 
rials tester from the Polymer Laboratory. Both ten- 
sile strength and tensile modulus of the PBZT fiber 
at the 2.54 cm gage length at 150°C are about 85% 
of their respective room temperature values. 

The linearized Weibull plot of the tensile strength 
data of the fiber tested at the 2.54 cm gage length 
is given in Figure 3. In this plot, two distinct regions 
characterized with two straight lines are observed, 
which corresponds to two different failure modes. A 
histogram of the fraction of fibers failed vs. tensile 
strength for 76 cm gage length fibers is given in Fig- 
ure 4, which also shows a bimodal distribution. The 
strength values corresponding to the two peaks are 
1.5 and 2.2 GPa, corresponding to the mode I1 and 
mode I failures, respectively. The Weibull parame- 
ters uo and m for the two failure modes are given in 
Table 11. The average values of uo and m for all gage 
lengths for the failure mode I are 3.0 and 8.5, re- 
spectively, and for failure mode 11, average uo and 
m values are 2.6 and 8.3, respectively. 

A plot of tensile modulus as a function of gage 
length in Figure 5 indicates the effect of machine 
compliance, and emphasizes either the necessity of 
making correction for machine compliance or mak- 



522 SAHAFEYAN AND KUMAR 

Figure 6 
failed in recoil compression. Fiber diameter 16 pm. 

Scanning electron micrographs of PBZT fibers 

ing modulus measurements at high gage lengths for 
high modulus fibers. 

For compression testing, fibers were mounted on 
the precut 2.54 cm gage length paper tabs similar to 
the tensile specimens. Fibers were stretched to a 
predetermined stress level and then cut a t  the center 
using an electric spark. Both fiber halves were ex- 
amined for kinks. The type of kinks observed in 
PBZT fibers during recoil compression are given in 
Figure 6. All polymeric fibers are known to fail in 
the kinking manner in compression. Tensile 
strength of the fiber with a compression kink is 
about the same as the tensile strength of the un- 
kinked fiber. This suggest that the polymer mole- 
cules involved in the kinking process glide past each 
other and change their orientation at  the compres- 
sive stress, and that these molecules do not break 
resulting in a noncatastrophic compression failure. 
On the other hand, inorganic and carbon fibers gen- 
erally exhibit catastrophic failure in compression. 
The typical data obtained from recoil compression 
is given in Figure 7. The fiber compressive strength 

has been taken as the stress at 50% failure proba- 
bility. As-received heat-treated fibers with varying 
spinning conditions, heat-treatment temperature, 
and draw ratios have a range of fiber diameters and 
tensile moduli. Compressive strength of the as-re- 
ceived fibers as a function of tensile modulus and 
as a function of fiber diameter is presented in Figures 
8 and 9. The data in these two figures suggests at 
best a very moderate increase in fiber compressive 
strength either with fiber modulus or with fiber di- 
ameter. However as the increase is within the mea- 
surement error, no meaningful significance is at- 
tached to this increase. 

In an attempt to further influence the fiber struc- 
ture and possibly properties such as compressive 
strength, one of the as-received fibers was further 
heat treated to 725, 750, and 775OC for approxi- 
mately 30 s. The compressive strength of these post 
heat-treated and control fibers is also plotted in Fig- 
ure 8 as a function of fiber modulus. No significant 
effect of the post heat treatment was observed on 
compressive strength. However, the swelling data 
presented in Figure 10 indicates that the swelling 
in the control fiber is much higher than in the post 
heat-treated fiber. The question is whether the lack 
of swelling in post heat-treated fibers is due to 
crosslinking or a result of increased order and crys- 
tallinity. Fourier transform infrared (FTIR) spectra 
of the control and that of the post heat-treated Sam- 
ples were identical, and so were the elemental anal- 
yses of the two samples. From these, it seems that 
significant crosslinking did not occur on post heat 
treatment, leaving the possibility that the swelling 
differences may arise due to enhanced crystalline 
order. On post heat treatment, crystallite size mea- 
sured from wide angle x-ray scattering for the (200) 
plane increased from 9.8 to 10 nm and for the (010) 
plane it increased from 5 to 5.3 nm. The crystallite 
size differences between the control and the post 
heat-treated fibers are small, however this could 
possibly explain the swelling data. On post heat 
treatment the enhancement of order in the fiber may 
be limited to the fiber surface, preventing or delaying 
the diffusion of the methane sulfonic acid to the less 
ordered core where swelling could occur. Although 
the increase in crystallite size is very small, the vol- 
ume fraction of the ordered area may have increased 
significantly. On post heat treatment the layer line 
becomes sharper. This is clearly evidenced from the 
second layer line (at 28 of approximately 14') in- 
tensity comparison between the control and the post 
heat-treated samples in Figure 11. On post heat 
treatment, the second layer line separates into more 
distinct spots, as evidenced from the meridional 
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Figure 7 Percent failure (fibers exhibiting kink) vs. recoil stress for PBZT fiber. 
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Figure 8 
(heat treated below 700°C); (a) PBZT fiber F post heat treated at 725, 750, and 775°C. 

Compressive strength vs. tensile modulus of PBZT fibers. (0) As-received fibers 
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Figure 9 PBZT fiber compressive strength as a function of fiber diameter. 

scans where significantly reduced intensity is ob- 
served for the post heat-treated fibers as compared 
to the control sample (fiber F). This suggests in- 
creased order along the chain axis on post heat 
treatment. Based on these considerations it appears 
that the decrease in swelling may have been a result 
of increased order and crystallinity rather than sig- 

nificant crosslinking. Therefore it is not surprising 
that no increase in compressive strength was ob- 
served on post heat treatment. Attempts to chemi- 
cally modify the polymer structure for the purpose 
of inducing crosslinking both in the rigid-rod poly- 
mer systems and in aramids have been reported. 
However the results of these attempts on compres- 

16 
0 10 2 0  30 

l imr(mln)  

Figure 10 
sulfonic acid. (a) As-received fiber F and (b) fiber F post heat treated at 725OC. 

PBZT fiber swelling. Fiber diameter as a function of time in 85% methane 
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SUMMARY 

TWO THETQ 
Figure 11 Meridional radial x-ray scattering scans from PBZT fiber F (scan 1) and the 
fiber post heat treated at  725 (scan Z ) ,  750 (scan 3), and 775°C (scan 4). Radiation used 
Cu Ka. 

sive strength improvements have not been very en- 
couraging and c o n ~ l u s i v e . ~ ~ ~ ~ ' ~ - ~ ~  Fib er torsional 
modulus measured using torsional pendulum22 for 
both the as-received and the post heat-treated fiber 
was 1.1 GPa. Small angle x-ray scattering of the 
post heat-treated fiber and that for the PBZT fiber 
F has an equatorial streak generally attributed to 
the voids elongated along the fiber axis. The post 
heat-treated fiber also has significant intensity 
around the meridian indicating the development of 
inhomogeneity in the fiber on post heat treatment. 
However the distinct four point scattering pattern 
observed in the poly(p-phenylene benzobisoxazole) 
fiber23 is not observed in the post heat-treated PBZT 
fiber. 

Compressive and tensile behavior of PBZT fibers 
was evaluated. PBZT fibers were characterized with 
two failure modes in tension. Mode I fibers with rel- 
atively higher average tensile strength exhibited lit- 
tle or no axial fiber splitting. Mode I1 with significant 

axial splitting has lower tensile strength. Fiber ten- 
sile behavior was analyzed using Weibull distribu- 
tion. Fiber retains 80% of its room temperature ten- 
sile strength and modulus at 150°C. Fiber compres- 
sive strength was measured using the recoil test. No 
significant compressive strength dependence was 
observed either on modulus or on fiber diameter. 
Fiber post heat treatment between 725 and 775°C 
for 30 s resulted in reduced fiber swelling and en- 
hanced crystallite size and higher order along the 
chain axis. No evidence of crosslinking was observed 
in the post heat-treated fibers using FTIR. 

We are grateful to Dr. D. P. Anderson of the University 
of Dayton Research Institute (UDRI) for the x-ray scat- 
tering and to Gary Price of UDRI for the scanning electron 
microscopy of the kink bands. 
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