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High-performance aromatic polyimide fibres 
Part V Compressive properties of BPDA-DMB fibre 
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A new polyimide has been synthesized from 3,3',4,4'-biphenyltetracarboxylic dianhydride 
(BPDA) and 2,2'-dimethyl-4,4'-diaminobiphenyl (DMB). A high-strength, high-modulus, 
high-temperature fibre has been developed from this polyimide via a dry-jet wet spinning 
method. The tensile strength of BPDA-DMB fibres is 3.3 GPa and the tensile modulus is 
around 130 GPa. The compressive strength of the fibres has been investigated through 
a tensile recoil test (TRT), while the fibre morphology after compression has been studied via 
polarized light microscopy (PLM) and scanning electron microscopy (SEM). From the TRT 
measurements, we have observed that the compressive strength of this fibre is 665 (4-5) 
MPa, which is higher than those of other aromatic polymer fibres. The effect of fibre 
diameter on the compressive strength of BPDA-DMB fibres is not substantial. The critical 
compressive strain for this fibre at which the kink bands start appearing under the 
observation of PLM is at 0.51-0.54%. Subglass relaxation processes have been observed and 
the measure of an apparent relaxation strength may serve as one of the factors which 
significantly affect the compressive strength of the fibres. Tensile tests of pre-compressed 
fibres reveal a continuous loss in tensile strength (up to 30%) with increasing the 
compressive strain (up to 2.6%). PLM and SEM observations show that during the 
compression BPDA-DMB fibres form regularly-spaced kink bands at 4-60 ~ (-I-2 o) with 
respect to the fibre axis. The kink band density initially increases with the compressive strain, 
and reaches a maximum at around 1.1%. Further increase of the compressive strain 
decreases this density due to the merge of the neighbouring bands. The size of kink bands 
also correspondingly increases within this compressive strain region. The morphological 
observation via SEM implies the existence of a skin-core structure and microfibrillar texture 
which are common features in polymer fibres. 

1. I n t r o d u c t i o n  
High-performance polymeric fibres with high- 
strength, high-modulus and high-temperature proper- 
ties have undergone a significant development in the 
last two decades. Polymer fibres have been prepared 
which show moduli higher than 350 GPa and tensile 
strength higher than 3.5 GPa [1]. However, the ad- 
vantages in fibre tensile properties for structural com- 
posite applications are limited because these fibres 
have low axial compressive strength and this property 
often becomes the dominant factor in determining the 
ultimate composite properties [-2, 3]. The compressive 
behaviour of fibres has been extensively studied over 
the past ten years. For many polymer fibres such as 
poly(p-phenylene benzobisoxyzole) (PBZO), poly(p- 
phenylene benzobisthiazole) (PBZT) and Kevlar 
fibres, the ratio of compressive strength to tensile 
strength varies between 5-10%. Table I lists some 
tensile and compressive properties of several high- 
performance fibres. 
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Recently, a new family of aromatic polyimide fibres 
based on 3,3',4,4'-biphenyltetracarboxylic dianhydride 
(BPDA) have been developed in our laboratory [4-7]. 
The tensile properties of these fibres are similar or 
slightly superior to Kevlar fibres. One of the members 
in this family is the fibre spun via the polyimide 
synthesized from BPDA and 2,2'-dimethyl-4,4'-di- 
aminobiphenyl (DMB) in p-chlorophenol. Its chem- 
ical structure is 

O O 

This BPDA-DMB fibre shows a tensile strength to 
break of 3.3 GPa and the tensile modulus of 130 GPa. 
The thermal and thermo-oxidative stability of this 
fibre is higher than that of Kevlar fibres [6]. These 
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TAB LE I Tensile properties of high performance fibres 

BPDA-DMB Kevlar-49 PBZO C-fibre (T-40) 

Density (gcm 3) 1.35 1.44 1.58 1.81 
Tensile strength (GPa) 3.3 3.5 3.7 5.6 
Specific strength (GPa) 2.44 2.43 2.34 3.09 
Tensile modulus (GPa) 130 124 360 289 
Specific modulus (GPa) 96.3 86.1 228 160 
Compressive strength 665* 365 200 2756 
(MPa) 
Specific compressive 493* 253 127 1523 
strength (MPa) 
Compressive strength/ 0.20* 0.10 0.05 0.49 
tensile strength ratio 

*This data is reported in this work. 

combined properties make the B P D A - D M B  fibre 
a candidate for high-performance applications in 
structural materials and composites. The compressive 
strength of these B P D A - D M B  fibres, which is one of 
the very important  properties for the fibre applica- 
tions, is not presently available. Obviously, investigat- 
ing the compressive behaviour of B P D A - D M B  fibres 
is necessary and may help to further explore and 
understand the compressive behaviour of uniaxially 
oriented polymer materials. 

At present, a central problem is how to measure the 
compressive strength of polymer fibres. Most of the 
methods used are indirect measurements. For  
example, bending and elastic loop techniques have 
been employed to estimate fibre compressive strength 
[3, 8-11]. The compressive strength measured via 
these methods is, however, generally higher than that 
obtained in composites. The single filament embedded 
composite technique appears to provide better agree- 
ment [12], but often requires tedious procedures. It 
has been reported that the tensile recoil test (TRT) has 
been used to measure some high-performance poly- 
mer fibres and that the results are in good agreement 
with compressive strengths measured in fibre com- 
posite tests [13]. However, the results obtained using 
this method were critically associated with how to cut 
the fibres under tension. Direct methods include single 
filament compression using a micro-tensile testing ma- 
chine [14] and a "nano-compressometer" [15]. in 
theory these methods should provide the most precise 
measurements without using the assumptions usually 
needed with indirect methods. Nevertheless, to obtain 
a buckling-free single filament in the measurements is 
often difficult due to the large ratio between the fila- 
ment length and diameter. 

In this paper, we report the axial compressive be- 
haviour and morphology of B P D A - D M B  polyimide 
fibres. The TRT method was utilized by rupturing the 
filament with an electric spark [16]. It has been found 
that better control of the failure stress and hence 
reproducible results can be achieved by using a very 
slow tensile strain rate. 

2. Experimental procedure 
2.1. Materials and fibre spinning 
The polymer was prepared by the polymerization of 
BPDA and DMB in p-chlorophenol. B P D A - D M B  

having a monomer concentration of 10% (w/w) re- 
mained completely in solution during polymerization 
and the solution formed a gel at room temperature. 
The intrinsic viscosity of the BPDA DMB in p- 
chlorophenol at 60 ~ was 8-10 dl g-1. B P D A - D M B  
fibres were produced in our fibre laboratory. The 
isotropic solutions of 10% (w/w) B P D A - D M B  poly- 
mer in p-chlorophenol were used via a dry-jet wet 
spinning into a coagulation bath of water/acetone. 
The as-spun fibres were then drawn at an elevated 
temperature up to ten time draw ratio in air via a 
zone drawing method. Both the fibre spinning and 
zone drawing apparatus are schematically shown in 
Fig. 1 [-4-7, 17]. 

2.2. Tens i l e  recoil test  
Kevlar-49 fibres having a diameter of 12 gm (Dupont 
Company) were selected as a reference material to 
quantitatively calibrate the instrument for fibre com- 
pressive strength measurements from the TRT method 
since the compressive strength of this fibre has been 
reported and widely accepted [13]. The test was car- 
ried out at 2.54 cm (one inch) gauge length. The kink 
band observations for Kevlar-49 fibres with respect to 
different stresses applied on the fibres are listed in 
Table II, and the results (N and K) are statistically 
treated via simple majority. It is clear that the com- 
pressive strength of this fibre is in the range of 365-375 
MPa. This is in an excellent agreement with pre- 
viously reported data [13]. 

BPDA-DMB fibres with different diameters 
ranging from 15-40 gm were prepared via controlling 
the spinneret diameters. These as-spun fibres under- 
went the same draw ratio during annealing at an 
elevated temperature (425 ~ in order to achieve the 
same degree of crystallinity and orientation in these 
fibres since these factors may affect the fibre compres- 
sive strength. All the fibres tested were carefully exam- 
ined in advance by polarized light microscopy (PLM, 
Olympus BH-2) in order to  avoid possible pre-exist- 
ing defects. The diameter of each fibre was individ- 
ually determined via an accurate analysis (weight and 
size) to eliminate any non-uniformity of the fibres and 
decrease the experimental error. All the fibre samples 
were then mounted on the paper tabs by epoxy before 
the sample was gripped on a Rheometric solid ana- 
lyser RSA II instrument. The paper tabs had a gauge 
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Figure I Schematic drawing of(a) the dry-jet wet spinning E17] and 
(b) the zone drawing and annealing set-up. (The rollers on the right 
revolve 10 times as fast as those o~ the left.) 

TABLE II Tensile recoiI test results in Kevlar-49 fibre* 

Stress applied (MPa) Kink band observations** 

330 N, N 
330 N, N 
340 N, N 
350 N, N 
350 N, K 
360 N, K 
360 N, K 
370 N, K 
370 K, K 
380 K, K 
380 K, K 
390 K, K 
400 K, K 

*The fibre possessed a diameter of 12 pm, and the gauge length used 
was 2.54 cm. 
**N is designated to indicate that no compressive damage observed; 
and K is designated to show that at least one kink band was 
observed. Pairs of the N and K represent the kink band observation 
of both the npper and lower parts of the fibre after fracture. 

length o f  2.54 cm and the strain rate was 
I x 10-4sec -1. The two arms of the paper tab were 
then cut off and the fibres were automatically stretched 
to a selected tensile load. After the fibre was ruptured 
using the electric spark and recoiled from the centre of 
the gauge length, the two parts of the fibre were re- 
moved from the instrument and the damage was exam- 
ined at the grip ends using PLM. A series of tests were 
carried out at various levels of tensile load to obtain the 
minimum tensile stress required to damage (form kink 
bands) the fibre during recoil. This stress was taken as 
the axial compressive strength of the fibre. A change of 
the gauge length was carried out for three chemical- 
structurally similar aromatic polyimide fibres. Only 
minor gauge length dependence was found [18]. As 
a result, we choose the shortest gauge length of 2.54 cm 
as the standard in the TRT experiments for this study. 

2.3. Compression experiments 
All specimens were examined carefully via PLM to 
insure accurate fibre lengths and uniform diameters. 
Each single filament was embedded in a Nylon 
6 (Mm =20000)-formic  acid (88%) solution with 
minimum tension on a glass plate, very similar to the 
method reported previously [8]. Solutions having dif- 
ferent concentrations of 3%, 5%, 10%, 15%, 20% and 
25% (w/w) were used to form films, and placed on 
a hot plate isothermally kept at 55, 60, 65, 70, 75 and 
80 ~ correspondingly. The thickness of good quality 
films ranged from 30 50 pm depending on the concen- 
tration of the solution and coating processes. During 
the evaporation of formic acid in the films, the matrix 
nylon 6 shrinks to form a uniform compressive force 
field around the fibre. The films formed on the glass 
plates were removed by using a sharp razor and the 
compressed fibres were isolated via dissolving the 
nylon 6 matrix in formic acid at room temperature. 
The fibres were then water-washed 3 -4  times and 
dried in a vacuum oven at 105 ~ for 2 h. These single 
filaments were examined again under PLM to obtain 
the fibre lengths after compression. Non-uniformly 
compressed fibres were excluded in this examination. 

2.4. T e n s i l e  p r o p e r t y  m e a s u r e m e n t s  
Both single filaments before and after compression 
were carefully mounted on paper tabs with epoxy and 
the filament was clamped onto a Rheometric RSA II 
for tensile property measurements. The gauge length 
was chosen to be 2.54 cm and the strain rate 
was 1 x 10 -4 sec -1. Tensile stress strain curves were 
obtained for both filaments under the same test 
conditions. 

2.5. Fibre morphological observations 
The kink band textures on the fibre surfaces of the 
pre-compressed fibres were observed using a PLM 
and scanning electron microscopy (SEM, JSM-U3). 
These experiments provided the kink band size, the 
angle of the kink bands with respect to the fibre axis, 
and the kink band density with the change of com- 
pressive strain. For  the SEM observations, the initia- 
tion of the kink band was also investigated. The skin- 
core texture was observed via a fibre peeling tech- 
nique. 

2.6. Dynamic mechanical analysis 
Possible relaxation processes were examined via the 
Rheometrics RSA II and a Seiko DMS 200 from 
- 130-550 ~ A multiple frequency sweeping mode 

was utilized between 0.1-10 Hz. The displacement was 
0.01%, and gauge length was 2.54 cm. Special care was 
taken regarding the perfect alignment of the fibres on 
the sample clamps in order to obtain reproducible 
results. An apparent relaxation strength was cal- 
culated based on the integration of the intensity of 
tan8 with respect to reciprocal temperature [19] 
under the assumption that the relationship between 
frequency and temperature obeys the Arrhenius 
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equation. Activation energies of the subglass relax- 
ations were also calculated via the peak temperatures 
of E" based on this equation. 

3. Results and discussion 
3.1. Compressive strength of the 

BPDA-DMB fibres 
For B P D A - D M B  fibres, Tables III and IV illustrate 
detailed results of the kink band observations for two 
different fibre diameters measured via the TRT 
method. The compressive strengths obtained in fibre 
diameters ranging between 15-40 gm are shown in 
Fig. 2. As described previously, these B P D A - D M B  
fibres were carefully prepared via controlling process- 
ing conditions, and possess the same crystallinity 
(around 65-70% at a draw ratio of ten), degrees of the 
crystal orientation (around 90%), and overall orienta- 
tion (around the birefringence of 0.25-0.26). From our 
experimental observations, the effect of diameter on 
compressive strength does not seem to be significant 
in this range. For  example, at a diameter of 22.4 gm, 
the compressive strength is 655 MPa, and it is slightly 
increased to 675 MPa  when the diameter increases to 
40.6 gm. A similar observation in PBZO was reported 
a few years ago. In a diameter range between 
25-75 gm, no significant change of the compressive 
strength of the fibres was found [-1]. 

TABLE III Tensile recoil test results for BPDA-DMB fibres with 
gauge length of 2.54 cm and a diameter of 22.8 ~tm 

Stress applied (MPa) Kink band observations 

600 N, N 
600 N, N 
620 N, N 
630 N, N 
640 N, N 
640 N, K 
650 N, K 
655 N, K 
660 N, K 
660 K, K 
670 K, K 
690 K, K 

TABLE IV Tensile recoil test results for BPD~DMB fibre With 
a gauge length of 2.54 cm and a diameter of 39.6 gm 

Stress applied (MPa) Kink band observations 

700 N, N 
710 N, N 
720 N, N 
730 N, N 
740 N, N 
740 N, N 
750 N, N 
750 N, K 
760 N, K 
770 N, K 
780 N, K 
790 N, K 
800 K, K 
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Figure 2 Relationship between the compressive strength measured 
via TRT and fibre diameters for (e) BPDA-DMB fibres and (A) 
Kevlar-49 fibre. 

In Kevlar fibres, the change of the gauge length in 
the TRT method does not significantly affect the de- 
termination of the compressive strength [13]. How- 
ever, it has also been reported that Asahi-A5 fibres 
show a significant increase of the compressive strength 
with a gauge length between 2-8 cm [,13]. For  the 
TRT experiments in B P D A - D M B  fibres, the gauge 
length of 2.54 cm was used. Generally speaking, if 
a fibre shows viscoelastic behaviour, a longer gauge 
length may introduce more energy dissipation 
through that behaviour prior to the kink band forma- 
tion compared to the case having a shorter gauge 
length. However, even if the compressive strength of 
B P D A - D M B  fibres is slightly dependent on the gauge 
length [,18], our measured value should represent 
a value close to the lowest one and close to the 
extrapolated value at zero gauge length since the shor- 
test gauge length was used. As a result, we conclude 
that B P D A - D M B  fibres do exhibit a higher compres- 
sive strength compared with other high-performance 
polymeric fibres. 

The critical compressive strain, ec, can be deter- 
mined via the matrix shrinkage technique using nylon 
6-formic acid solution at different concentrations. The 
observations of kink band formation have been car- 
ried out through P LM and SEM. A critical compres- 
sive strain of 0.51-0.54% has been found based on the 
observation of permanent kink band appearance (see 
below). These data were statistically averaged in fifty 
independent experimental observations at each ap- 
plied compressive strain. It should be noted that for 
different fibres, the critical strain at which the first 
appearance of the kink band is observed is different 
due to variations in fibre structure and morphology 
[20, 21]. For  example, PBZT and PBZO fibres do not 
show kink bands until the compressive strain is up to 
0.1% based on optical microscopic observations 
[-22-24], while for the Keylar fibres the critical com- 
pressive strain has been reported to be between 
0.3-0.5% [9, 23, 24]. Although this critical strain may 
vary depending upon the different measurement 
methods, the critical compressive strain for 
B P D A - D M B  fibres is relatively higher when com- 
pared to other high performance fibres, indicating that 
this fibre is able to dissipate energy more efficiently 



than other high performance polymeric fibres. As a re- 
sult, the kink band formation, which is the final resort 
for the energy dissipation, occurs even at the higher 
compressive strain. This ~= value should represent the 
upper limit for the critical compressive strain of the 
kink band formation. 

The origin of this high compressive strength for 
B P D A - D M B  fibres may be attributed to many as- 
pects. One of the aspects may be associated with the 
fibres' viscoelastic behaviour since after all the crystal- 
linity is only about 65-70% in the fibres. This can be 
investigated by using the apparent relaxation strength 
which has been defined in the experimental section via 
DM experiments. Fig. 3 shows the relationship be- 
tween the intensities of tan5 and temperature for 
B P D A - D M B  fibres at different draw ratios in the 
temperature range between - 1 3 0 - 5 0 0 ~  at 1 Hz. 
The data for Kevlar-49 fibres is also included and used 
as a normalizing factor. It is clear that at about 
- 30 ~ a subglass relaxation (y relaxation) can be 

found in B P D A - D M B  fibres. The activation energy 
obtained via the Arrhenius equation is 150 kJmo1-1 
for as-spun fibres, and it increases to 184 k J m o l -  i for 
the fibres after drawing ten times. Above room tem- 
perature, the 13 relaxation occurs at around 140 oC. An 
activation energy of 160kJmol  -a and 210kJmol  -~ 
for the as-spun and the ten-time drawn fibres, respec- 
tively. An a relaxation occurs above 330 ~ which is 
the glass transition [61. All three relaxation processes 
show serious draw ratio dependence and, therefore, 
a crystallinity and orientation dependence [6]. Of 
major importance in this study is the fact that the 
apparent relaxation strength of the B P D A - D M B  fibre 
decreases with increasing the draw ratio as shown in 
Fig. 4. The values of the apparent relaxation strength 
of B P D A - D M B  fibres in this figure are the ratios 
between the integrations of the fibres at each draw 
ratio and that of Kevlar-49 fibres. Even at a draw ratio 
of ten, the apparent relaxation strength of this fibre is 
still 2.5 times higher than that of Kevlar fibres. Note 
that in the case of B P D A - D M B  fibres having a draw 
ratio of ten, they have exhibited equivalent tensile 
strength and modulus compared to Kevlar -49 fibres. 
The higher apparent relaxation strength is thus 
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Figure 4 Relationship between the apparent relaxation strength 
and draw ratio in BPDA-DMB fibres. 

an indication of high energy absorption and dissipa- 
tion. Therefore, t h e ' e n e r g y  transfer along the 
BP D A -D MB fibre after the fibre was ruptured in 
TRT experiments may not be as efficient as that in 
PBZT, PBZO and Kevlar-49 fibres. Some of the en- 
ergy may be spent  to stimulate molecular motion in 
subglass relaxations particularly in the 7 relaxation o f  
the fibres. The energy used to form kink bands in 
BP D A -D MB fibres is thus also less effective com- 
pared to those other fibres. 

3 .2 .  M o r p h o l o g i c a l  o b s e r v a t i o n s  o f  t h e  
c o m p r e s s e d  f i b r e s  

As expected, B P D A - D M B  fibres exhibit kink band 
formation as a result of compressive failure similar to 
the other high performance polymer fibres. Figs 5-8 
illustrate the fibre morphology of BP D A -D MB fibres 
at various compressive strains. At a compressive strain 
of 0.70%, which is slightly above the critical compres- 
sive strain (0.51-0.54%), an initiation of the kink band 
formation can be recognized and it is marked by an 
arrow in Fig. 5. Note that only at the right side of the 
fibre does a kink band appear. This type of morpho- 
logy may be an indication of a kink band nucleation 
process. With increasing the compressive strains to 
1.2%, the compressive damage can be found to cross 
over the whole filament (Fig. 6), representing a growth 
of the kink band. The size of the kink band along the 
fibre direction is rather small (about 0.05-0.1 ~tm) with 
sharp boundaries between the kink band and unkin- 
ked regions. Further increases in the compressive 
strain to 2.3% show that a large scale kink formation 
has been formed, and the size of the kink band along 
the fibre direction is several micrometers as shown in 
Fig. 7. The cracks, both parallel and perpendicular to 
the  fibre directions, are also evident. This indicates 
that permanent damage to the fibre structural inte- 
grity due to the compressive failure is inevitable. These 
observations of kink bands are similar to those re- 
ported in Kevlar, PBZT and PBZO fibres [13, 25, 26]. 
When the compressive strain excesses 3%, a large 
scale S-shaped buckling kink is observed as shown in 
Fig. 8. This reveals that the compression is no longer 
uniformly applied at every kink band along the fibre 
but that the deformation occurs at the weakest, least 
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s tab le  p o s i t i o n  a l o n g  the  f ibre tes ted  due  to the  stress 

c o n c e n t r a t i o n  there.  A p p a r e n t l y ,  each  k i n k  b a n d  i tself  

can  no  l o n g e r  d i ss ipa te  all  the  ene rgy  g e n e r a t e d  d u r i n g  

the  c o m p r e s s i o n .  Th i s  is the  s econd  cr i t ica l  c o m p r e s -  

sive s t ra in  at  wh ich  the  la rge  scale d e f o r m a t i o n  t akes  

place.  
F r o m  P L M  o b s e r v a t i o n s  on  the  m a t r i x  c o m p r e s s e d  

B P D A - D M B  fibres,  it is c lear  t ha t  the  k ink  b a n d  

a lways  fo rms  at  an  ang le  of  _+ 60 ~ ( _+ 2 ~ wi th  respec t  

to the  f ibre  axis (Fig. 9). T h e  d i r ec t i on  of  the  k i n k  b a n d  

Figure 5 SEM micrograph for a pre-compressed fibre at a strain of 
0.78%. A kink band has been imitiated on the fibre surface at the 
right side pointed out by an arrow. 

Figure 8 SEM micrograph of a kink band formed on a pre- 
compressed fibre at a strain of 3.2%. 

Figure 6 SEM micrograph of a kink band formed on a pre- 
compressed fibre at a strain of 1.2%. 

Figure 7 SEM micrograph of a kink band formed on a pre- 
compressed fibre at a strain of 2.3%. 
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Figure 9 PLM observations of the kink band texture, and that the 
angle between the kink band and the fibre axis is around _+ 60 
( • 2)~ In some locations V-shaped bands can also be observed. 



(negative or positive) is more or less random. In some 
locations, a V-shaped band is observed, which consists 
of two neighbouring kink bands with opposite direc- 
tions to the fibre ( + 60 ~ and - 60 ~ respectively). It 
has been reported that the kink band angle is closely 
related to the fibre structure and properties [20, 21]. 
In annealed PBZO fibres, the angle is around 4- 67 ~ 
[23], while for K e v l a r  fibres, it is between 
_ 50 - 4- 60 ~ In B P D A - D M B  fibres crystallite sizes 

are rather small and the crystallinity is about 65-70% 
[6, 26]. The kink bands may be initiated within a high- 
ly oriented non-crystalline region or within the crys- 
tals. Furthermore, it is interesting to note that the 
triclinic unit cell of B P D A - D M B  crystals possesses an 
angle of 0~ = 61.2 ~ [6, 27]. Detailed structural analysis 
for the possible kink band formation via the slippage 
mechanism is in progress. It should also be cautioned 
that using PLM to observe the kink band angle may 
not clearly distinguish individual kinks due to the 
limited resolution but rather shows a contribution 
through a bundle of kink bands [24-26]. Further- 
more, only in the correct position (in-plane position) 
would one obtain the correct angle. 

With increasing the compressive strain to about 
1%, the kink band density drastically increases from 
zero to above 50 per mm (note that the critical com- 
pressive strain is between 0.51-0.54%). At the com- 
pressive strain of around 1.1%, the kink band density 
is at its maximum. A further increase of the compres- 
sive strain leads to a surprising decrease of this den- 
sity, and at around 2%, it reaches about 15-20 per 
mm. Finally, the kink band density seems to be stabil- 
ized under further compression. These results are 
shown in Fig. 10. In PBZO fibres, a continuous in- 
crease of the kink band density with compressive 
strain has been reported up to slightly higher than 5~ 
while in Kevlar fibres this density first increases and 
then reaches a plateau when further increases in the 
strain exceeded ~c [23]. The explanation of the in- 
crease of the kink band density below 1% compressive 
strain seems to be clear and logical. In this strain 
range, the kink bands are uniformly initiated (nu- 
cleated) after the critical compressive strain is reached, 
and each kink band (bundle) may absorb approxim- 

ately an equal amount of energy during the growth. 
After the maximum at above 1.1%, the decrease of 
kink band density may be the cause of a merger of 
neighbouring kink bands (bundles) due to the growth 
of individual kink bands in size along the fibre direc- 
tion. Fig. 11 clearly shows the change of the kink band 
density with increasing the compressive strain (from 
0.72-2.5%). Above a strain of 3.0%, the second critical 
compressive strain is reached, and the large scale, 
S-shaped buckling kink occurs to form a buckled 
link-hinger shape [28]. No quantitative data for the 
number of kink bands can be obtained. 

Finally, it is also important that B P D A - D M B  
fibres possess a skin-core structure and microfibrillar 
texture, similar to other polymer fibres. This can be 
clearly seen from SEM observations as is shown in 
Fig. 12 for a fibre which was peeled apart from the 
centre along the fibre direction. The skin layer of this 
fibre is very thin and is on the order of ten to 
30-50 nm. In the centre of the fibre, the microfibrillar 
texture has a submicrometer diameter and a length of 
a few micrometers. Sometimes, the microfibrilles can 
be observed to have a sheet-like shape [27]. The 
reason for the formation of this kind of microfibrillar 
texture must be closely associated with the fibre pro- 
cessing conditions. However, detailed relationships 
are not clear at this moment. Furthermore, at the 
corner of the peeled half fibre, buckling on the fibre 

Figure 11 PLM microphotographs of the kink band formation at 
three different compressive strains (0.7%, 1.2% and 2.3% from left 
to right). 
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Figure 10 Relationship between the kink band density and the 
compressive strain for BPDA-DMB fibres of a diameter of 29.8 gm 
and a draw ratio of 10 x. 

Figure 12 SEM observation of the skin-core structure and micro- 
fibrillar texture in a peeled fibre. 
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surface is evident. This reveals that in a large scale 
shear stress field (due to the peeling), a compressive 
banding deformation can be formed. 

3.3. Tensile properties of pre-compressed 
fibres 

The stress-strain curves of before and after com- 
pressed BPDA-DMB fibres with different degress of 
compressive strains are shown in Fig. 13. The tensile 
properties of BPDA-DMB fibres before and after 
compression are listed in Table V. It is interesting that 
the ~pre-compressed fibres show a progressive loss in 
initfal tensile strength with increasing the compressive 
strain. This is because the initial tensile stress is spent 
to unfold the kink bands of the BPDA DMB fibres. 
As soon as the kink bands are stretched out, 
a modulus similar to the normal fibres without com- 
pression can again be obtained. However, a substan- 
tial loss of the fracture energy is observed, and this loss 
increases with the compressive strain (Table V). Con- 
sidering the skin-core structure in the fibres, the ob- 
servations of the low initial modulus of pre-com- 
pressed fibres and the recovered high stiffness of unfol- 
ded fibres, one may conclude that the kink band 
occurs throughout the whole fibre cross-section rather 
than on the fibre surface alone. 

Furthermore, the loss in tensile strength implies 
that the BPDA-DMB fibre with rigid-rod structure 
possesses weak interactions between microfibrilles. 
High-temperature fibres are usually formed through 
extended chain conformation and relatively rigid 
chain molecules. This is provided that the covalent 
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Figure 13 Stress-strain tensile relationships of the pre-compressed 
fibres at different strains. (A) as received (29.8 gm), (B) 1%, (C) 1.5 % 
(D) 2% and (g) 3%. 

bonding direction is along the fibre axis and only van 
der Waals interactions remaining in the transverse 
direction. An ordered crystal structure with high chain 
and crystal orientation often does not provide a large 
degree of freedom for accommodating an axial com- 
pression without any permanent structure damage. 
On the other hand, a 10-30% loss of the tensile 
strength shown in Fig. 13 seems unlikely to be at- 
tributed to an occurrence of a large degree of chain 
scission. Instead, chain slippage to form concentrated 
defect regions may be responsible for this decre/tsel 
A similar observation has also been reported in the 
case of Kevlar-49 fibres [8]. 

4. Conclusions 
The BPDA-DMB fibres have a compressive strength 
of 665 ___ 5 MPa which is much higher than that of 
Kevlar-49 (365 MPa), PBZT (275 MPa) and PBO 
fibres (200 MPa). The effect of the diameter on the 
compressive strength of this fibre is not significant in 
a fibre diameter range between 15-40 lain. The relax- 
ation processes may serve as one of the factors which 
significantly affect the compressive strength of 
BPDA-DMB fibres as evidenced by its high relax- 
ation strength. PLM and SEM observations show 
that BPDA-DMB fibres form kink bands at + 60 
( _+ 2) ~ to the fibre axis during the compression, which 
start at a compressive strain of 0.51-0.54% (the critical 
compressive strain). With increasing the compressive 
strain, the kink band density increases first up to 
about 1.1% (50 per mm). Further increasing the strain 
leads to a decrease of the kink band density (15-20 per 
mm) due to the merging of neighbouring kink bands. 
Tensile tests of previously-compressed fibres revealed 
a 10-30% loss in tensile strength after the application 
of as much as a 2.6% compressive strain. The observa- 
tions of the existence of a microfibrillar texture in 
BPDA-DMB fibres also indicate that BPDA-DMB 
fibres are similar to other polymer fibres with relative- 
ly weak transverse interactions. 

Acknowledgement 
This work was supported by the NSF Centre for 
Molecular and Microstructure of Composites 
(CMMC) and SZDC's Presidential Young Investiga- 
tor Award from the National Science Foundation 
(DMR-9157738). Helpful discussion and information 
from Dr S. Allen at Dupont and Professor D. C. 
Martin at University of Michigan are also gratefully 
acknowledged. 

T A B L E  V Tensile properties of compressed BPDA-DMB fibre 

Compression Strength Strain Modulus Fracture energy 
(%) (GPa) (%) (GPa) (MPa) 

0.0 3.0 2.6 135 38.8 
1.0 2.55 2.3 135 29.4 
1.5 2.45 2.5 134 28.8 
2.0 2.39 2.6 134 26.3 
2.6 2.08 2.7 135 21.6 
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