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Abstract

Temperature dependence of the elastic modiuef the crystalline regions of polg{phenylene benzobisthiazole) (PBZT) in the
direction parallel to the chain axis was investigated by X-ray diffraction over a temperature range-frt80 to 400C. TheE, value of
PBZT was 372 GPa at room temperature, which was the highestlue ever investigated. This value coincided with that reported by
Lenhert and Adams (395 GPa) [Lenhert PG, Adams WW, Mat. Res. Soc. Symp. Proc. 1989; 134: 329] within experimental error. The axial
chain thermal expansion coefficient was constant-at2.9 x 10 ® K ~* from 20 to 445C, and correspondingly thg, value remained
unchanged up to 40C. Moreover, theE, value at — 185°C also coincided with that at room temperature. It is considered that the
deformation mechanism remains unchanged over a wide temperature range and the skeletal conformation of PBZT in the crystalline regions
is stable against the hed.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction represents the maximum specimen modulus of a polymer.
Thus, in the case of high modulus polymers, Hhealue can

The elastic modulug,, of the crystalline regions of poly-  be a monitor of practical achievement for obtaining a high
mers in the direction parallel to the chain axis provides modulus polymer.
important information on the molecular conformation and  Poly(p-phenylene benzobisthiazole) (PBZT) is one of the
its relation to the mechanical properties. We have beenhigh performance polymers. PBZT, a rigid rod-like
engaged in measuring tlig value for a variety of polymers  polymer, consists of thiazole and phenyl rings, which
by X-ray diffraction [1—3]. Studies of the data accumulated has been of considerable interest because of its excel-
so far have enabled us to relate thevalue, i.e. the exten-  lent physical properties, e.g. especially high modulus,
sivity of a molecule, to the molecular conformation and the high strength, and high heat resistance in comparison
deformation mechanism in the crystal lattice. Healues with conventional polymers. For example, the macro-
for polymers with a fully extended planar zigzag conforma- scopic specimen modulusy,, of PBZT is reported to
tion are 235 and 250 GPa for polyethylene (PE) and be 330 GPa [4,5], which exceeds tii value of PE.
poly(vinyl alcohol) (PVA), respectively [1-3], where the On account of these outstanding properties, PBZT is
mechanisms of bond stretching and bond angle bendingexpected to have various applications and uses in severe
contribute to the chain extension. The force constants of environmental conditions as advanced materials, such as
these deformation mechanisms are high, therefore thesea reinforcement fiber in high performance composites. A
possess the highekt values among the flexible polymers. broad range of studies have been carried out to investigate
The E, value also plays an important role in the attempt to the structural features, and the mechanical properties. Thus
obtain high modulus materials, because the value it is important to evaluate the mechanical and thermal prop-

erties of PBZT. Lenhert and Adams have reported Ehe
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1169. ture [6]. Several calculated El values were also reported [7—

E-mail addressnakamae@cx.kobe-u.ac.jp (K. Nakamae) 9], however, they varied Wldely from 370 to 620 GPa as

0032-3861/99/$ - see front mattér 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00073-7



4630 K. Nakamae et al. / Polymer 40 (1999) 4629-4634

width of each meridional reflection was corrected for both
the Cukax doublet broadening and the instrumental broad-
ening. The integral widthq S) in the reciprocal lattice space
was given as follows:

(6S) = B cosb/A,

where 8, 0, and A are the pure integral width, the Bragg
angle, and the X-ray wave length, respectively. It has been
said that there are two types of lattice distortion, that is, the
microcrystalline type distortion (the first kind) and the para-
crystalline type distortion (the second kind). In preliminary
experiments, we confirmed that there exists paracrystalline
type distortion in PBZT. Here the parameter of paracrystal-
line type distortiong; was calculated as follows [11]:

(89 = (UD?) + (wgjm’/d?),

wherem is the order of reflections and, the fiber repeat
Fig. 1. The X-ray fiber photograph of PBZT. period. The observe® and g, of PBZT were 178 Aand
0.77%, respectively.

The dynamic storage modulug’j, and mechanical taé
were measured using a dynamic viscoelastic analyzer (ITK
Co., DVA-200) in a stretching mode (parallel to the fiber
direction) with a frequency of 10 Hz and a heating rate of
6°C/min.

Macroscopic thermal expansion behavior of the fiber was
measured using a thermo-mechanical analyzer (Seiko
Instruments Co., TMA 120) with a stretching mode of the
stress at 4 MPa, and a heating rate ofC/in.

The density of the specimen measured by a flotation
2. Experimental method (carbon tetrachloride—bromoform system &C30
was 1.579 g/crh

described later, though tHg value should be an inherent
value for the polymer.

In this study, first theg, value of PBZT measured by X-
ray diffraction at room temperature, second the measured
temperature dependence of tiig value of PBZT was
reported, and then relationships among the skeletal struc-
ture, mechanical property and heat resistance will be
discussed.

2.1. Sample and characteristics

2.2. Measurement of the elastic modulysthe crystalline
PBZT fiber annealed at 650 under constant length was  regions

used throughout this study.

Fig. 1 shows the X-ray fiber photograph of PBZT atroom  The lattice extension under a constant load was measured
temperature. Spot-like equatorial reflections imply a high by an X-ray diffractometer (Rigaku Denki RAD-B System)
degree of the crystallite orientation and a good lateral pack- €quipped with a stretching device and a load cell. @uK
ing of the PBZT molecules in the crystal lattice. radiation was employed. The strain, of the crystal lattice

The degree of the crystallite orientatid, in the direc-  was calculated by the following equation,
tion of fiber axis was obtained by using 1 0 0 reflection and &= Ad/dy,

the following equations.

. whered, shows the initial lattice spacing for the meridional
fas fo = (3(coS ) — 12, reflection determined by Bragg’s equation, atd is the
wheref, f, show the degree of crystallite orientation for the difference in the lattice spacing induced by a constant stress.

a- andb-axis, respectively; and The change of the spacing was measured by eye from the
) shift of peak position. The experimental error in measuring
(codd) = | |(¢)CO§<I_5 sin ¢ d¢’ the peak shift due to the lattice extension was evaluated to
J 1(¢) sin ¢ dop be generally less thant 1/100 in 26. The stressr in the

crystalline regions was assumed to be equal to the stress
applied to the sample. The validity of this assumption of
homogeneous stress distribution has been proven for various
polymers in earlier studies [1-3,12-14].

The elastic moduluf; was calculated by

wherel(¢) shows an azimuthal intensity distribution, whose
profile fits with a Pearson VII function [10]. As a result=
— 0.497, therf(= 1 — f, — f,) of this sample was 0.994 by
assuming, = fp.

In order to determine the crystallite sipeand the lattice
distortion along the chain direction, the observed integral E, = o/e.
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Table 1
The observed and calculatBgvalues and the maximum specimen modulus
of PBZT reported in the literatures
> | ] Authors E (GPa) Ref. no.
H \1 ‘ i (097) (0010) Experimental
E |V i | co In this study 372
\ ] ‘ [ (0012) Adams et al. 395 [6]
“Jl S f Jiang et al. 450 [17]
[ i It [ A ;\‘
\«T\"“‘/ \\.J/\ﬂ._«“ I\‘_—'A/ Nl \..__/I [EVAN J
Calculated
3 25 50 75 100
Diffraction angle 26 (degree) MaCtF”k etal. 370 [7]
Tashiro et al. 405 [8]
Fig. 2. The meridional diffraction profile of PBZT at room temperature. Wierschke et al. 620 (9]
Specimen 330 [4,5]

The E; values at high and low temperatures were
measured using the electric heating cell and the liquid nitro-
gen blowing cell with a temperature controller, respectively.
The temperature was detected with a thermocouple, and itréversible. The inclination gave tf value of 372 GPa at
could be maintained within an accuracy of1°C duringthe ~ 20°C. Thus, this shows that ttg value is not influenced by

measurements. the Laue lattice factor which causes the differEnvalues
A more detailed description of the measurement was among the reflection indices [15-17].
given in earlier articles [1-3]. Table 1 summarizes the observed and the calculated elas-

tic modulus E; values of PBZT already reported, and a
maximum specimen modulus [4—9,18]. Though the calcu-
lated values scattered widely from 370 to 620 GPa depend-
ing on the assumption of the calculation and the force
constant employed, the value reported by Macturk et al.
[7] is close to the experimental value. Lenhert and Adams
reported 395 GPa ask value for PBZT by X-ray diffrac-
tion [6], which is equivalent for that in this study within
experimental error. The maximum specimen modulus
[4,5] of PBZT reported so far shows about 90% of the
value, hence it seems reasonable to suppose that the attempt
to obtain high modulus PBZT has almost reached the limit.
Table 2 shows thE, value, the cross-sectional ared. ¢f
one molecule in the crystal lattice [19] and thealue (the
force required to stretch a molecule by 1%, which is calcu-
lated fromE, andS) of several polymers together with those
of PBZT. TheE, andf-values of PBZT are 1.5 times larger
than those of PE and PVA, which are known to possess the
highest modulus among the flexible polymers.

3. Results and discussion
3.1. Elastic modulus |Eat room temperature

Fig. 2 shows the meridional diffraction profile of PBZT at
room temperature without any correction. More than 10
meridional reflections could be observed. In this study, we
employed three reflections, i.e. 007, 0010 and 0012 reflec-
tions for the measurement &, because they have rela-
tively high intensity and high diffraction angle to
minimize the experimental error.

Fig. 3 shows the stressj—straing) curves for these
three reflections of the crystal lattice of PBZT afOAll
the plots could be expressed with a straight line through the
origin, and the extensions of the crystal lattice were

04 Poly(p -phenylene benzobisthiazole) Remarkably higlg, values of PBZT is considered to be
- given mainly by the following three skeletal factors. First,
03| : PBZT skeleton is constructed from very rigid moieties,
9 namely benzobisthiazole and phenyl rings. Secondly, the
< °
-g 0.2 -
n Table 2
The E,, cross-sectional aregg)(and f-values of PBZT and some other
0.1 £0 polymers
E, = 372GPa -
| | Polymer E (GPa) S(A?)  f-value (10°dyne) Ref. no.
0
0 500 1000 1500 PBZT 372 20.8 7.74 [18]
Stress (MPa) PE 235 18.2 4.28 [1,11]
PVA 250 21.6 5.40 [1,12]
Fig. 3. The stress—strain curves for the meridional reflections of PBZT at Cellulose I 138 319 4.40 [27]

20°C. 0;(007) plane ®;(0010) plane®;(0012) plane. PPTA 156 20.2 3.16 [29]
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0.15 3.2. Elastic modulus [t high temperatures
0.10 Fig. 4 shows the stress]—straing) curves for the (0010)
plane of PBZT at high temperatures up to ZD0Every plot
0.05 of eacho—¢ curve fitted to a straight line through the origin,
0 and the lattice extensions were always reversible as well as
0.15 those at room temperature. All the inclinations @f¢
_ curves were in good agreement with one another, which
&£ o.10 indicates that thé&, value is independent of temperature.
§ Fig. 5 shows the relationship between the temperature
& 005 and theE, value of PBZT together with the temperature
0 dependence of the lattice spacing for the (0010) plane,
0.15 and macroscopic fiber dimension. TEg value of PBZT
250°C 400°C was constant at 372 GPa from 20 to 200This indicates
0.10 | - the high thermo-mechanical stability of the PBZT crystal.
With respect of both heat resistance and high modulus,
0.05 | -

PBZT is found to be superior to other high performance
: , , ! ; polymers such as polp(phenyleng terephthalamid_e)

O 200 400 600 0 200 400 600 (PPTA) [20], Vectran [21] etc. The axial thermal expansion
coefficient,a., for the (0010) plane was- 2.9x 10 °K *
and it remained unchanged up to 485 We have been
Fig. 4. The stress—strain curves for the (0010) plane of PBZT at various engaged in mea‘?’u”ng the temperature dependence of the
temperatures. E, value of a variety of polymers. It has been found that

the E value decreased above a certain temperature

PBZT chain has an almost linear skeletal structure, though[12,22,23] except for poly(ethylene terephthalate) [24],
the benzobisthiazole ring tilts slightly from the chain axis. cellulose | [25], and isotactic poly(4-methyl-1-pentene)
By these two factors, the deformation of the PBZT molecule [26]. These characteristic temperatures are in accordance
is mostly through bond stretchings and bond angle bendings,with the temperature range where thg value changed
which possess large force constants for the deformation.abruptly. This phenomenon shows that the mobility of
Finally, the cross-sectional area of one PBZT molecule in chain molecules in the crystalline regions increases beyond
the crystalline region is relatively small, therefore, the thattemperature, and the local shortening of molecules due
applied load can be transmitted to more numerous mole-to some conformational change, such as kink, may occur
cules packed in a unit area than those with large cross-beyond that temperature. In contrast with these caseg; the
sectional area. The effect of the cross-sectional area on thevalue remained unchanged when was constant, as for
E, value is obvious from the comparison of thevalues of PBZT. Thus, this result makes it clear that the skeletal
PE and cellulose |, where the large difference in e  conformation of PBZT in the crystalline regions is stable
values could be observed in spite of the almost same rigidity against heat. The, value in this study is smaller than the

Stress (MPa)

(samef-value) of both polymers. macroscopic valuey, from — 5.7 x 10 ° (around room
400 S 70-2
Q —_
| 5 O q
E -%— E;=372GPa 41.25 c
© 300 i < .%
ur Ol = - 2.9X10°6 K-1 > 19 §
) —_— £ Q
3 @ o X
S 200 8 o
° @ L
g 1.249 3
o J4.
Q £ 192 §
=3 b (3]
@ 100 « S
w =
0 . L 1 1 1.248 4-04
0 100 200 300 400

Temperature (°C)

Fig. 5. Relationships among temperature, the elastic modiyuke lattice spacing for the (0010) plane and the macroscopic dimension of PBZT.
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Fig. 6. Relationships between temperature and the storage mdeludunsl mechanical tahof PBZT.

temperature) to— 11.8x 10 ° K ~* (around 406C) for the motions in the direction parallel to the chain axis, which
PBZT specimen. It seems that the macroscopic thermalbrought the thermal contraction of the chain and the
contraction was mainly caused by an orientation relaxation decrease of the sonic modulus of PBZT. However, as
of molecules in the noncrystalline regions, hence the differ- described earlier, the constancy of tig value up to
ence betweew. and « reflects the difference in the chain  40C0°C indicates that this kind of molecular motion does
mobility of the crystalline and non-crystalline regions, and not influence the chain rigidity along the chain in the crys-
clearly exhibits that the molecules in the crytalline regions talline regions.
are superior to those in the noncrystalline regions in the Fig. 6 shows the relationships between temperature and
view point of heat resistance. the storage modulug’ and mechanical tad of the PBZT
Jiang et al. reported the correlated relaxation around 300—fiber. E’ slightly decreased from— 10C, and finally E’
400°C, both in the ultrasonic modulus, and in the b-axis became 110 GPa at 38D Judging from the constancy of
dimensions [18]. They attributed this phenomenon to a theE, value with temperature, it is considered that the decre-
conformational oscillation around the single bond connect- ment of E’ value at high temperature should be due to the
ing the phenyl rings and the bisthiazole moieties. Macturk et decrement of the elastic modul&s of the noncrystalline
al. observed a discontinuous increase in the X-ray diffrac- regions with temperature. If stress distribution is heteroge-
tion intensity ratio (200)/(010) around 300—4QQ which neous within a sample, the decreaseEgfwill lead to the
can be explained by the same oscillation using molecular concentration of stress on the crystalline regions, conse-
dynamics simulations [7]. The increase in a torsion angle quently, the E; value should apparently decrease with
was also reported to develop the translational molecular increasing temperature. However, tke value of PBZT
did not show any decrease with temperature up t°@00

0.4 Therefore, it is reasonable to conclude that the homoge-
-185°C neous stress distribution model is also proven on PBZT as
well as other polymers. The broad @ampeaks could be
observed around room temperature and °@00Some
relaxations seem to be take place over a wide range from
—100C to over 400C, further investigations will be needed
to clarify these origins. However, it is considered that the
origin of these relaxations were not influenced by the mobi-
lity of chain in the direction parallel to the chain axis in the

02F

Strain (%)

01k crystalline regions because of the constancy ofEhealue
of PBZT.
E, = 374GPa
0 1 v .
0 500 1000 1500 3.3. Elastic modulus Eat low temperatures

Stress (MPa) .
In order to make use of PBZT under various severe

Fig. 7. The stress—strain curve for the (0010) plane of PBZF-at85. environments, it is necessary to investigate the mechanical
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property not only under high temperature, but also under [10] Heuvel HM, Huismann R, Lind KCJB. J Polym Sci, Polym Phys Ed

low temperature.

Fig. 7 shows the stress—strain curve for the (0010) plane

of PBZT at —185C. The inclination of thec—& curve
yields anE; value of 374 GPa, which is completely coinci-
dent with that at room temperature. Accordingly, tBe
value of PBZT is constant from-185 to 400C.

The results described lead to the conclusion that PBZT is
the highest performance polymer that we have investigated ;7

from the viewpoint of high modulus and the thermal stabi-
lity within the range of this study.
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