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Abstract

The tensile and compressive deformation behaviour of a new type of heterocyclic rigid-rod polymer fibre, polypyridobisimidazole ‘PIPD’
or ‘M5’, produced by the spinning of liquid-crystalline solutions, have been studied. The Young’s moduli and tensile strengths for the two
different PIPD or M5 fibres have been determined to be greater than 300 GPa and 4 GPa, respectively. Molecular deformation in the fibres
has been monitored using Raman spectroscopy and it has been shown that the peak positions of the Raman bands in the fibres are sensitive tc
the application of mechanical stress and strain. This has enabled a detailed study of molecular deformation to be undertaken for both tensile
and compressive deformation. Full tensile-compression stress—strain curves have been derived and the compressive modulus and compres-
sive strength of the PIPD fibres have been determined to be greater than 300 GPa and up to 1 GPa, respectively, which are both considerably
higher than values for other high-performance polymer fibres. The potential use of PIPD fibres as reinforcing fibres in high-performance
composites is discusse@.1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction obtained from high-modulus, high-strength polymer fibres.
When such fibres are deformed, the frequencies of Raman
High-performance polymeric fibres with high strength active bands tend to decrease by an amaamtdependent
and modulus for use in engineering applications such asupon the material, the band under consideration and the
high performance composites, have undergone significantmodulus of the material. Similar behaviour has been
developments in the last two decades. One example hadound for a wide variety of high-performance fibres such
been the production of aromatic polyamides (aramids) as aromatic polyamide [6], PBT [7], PBO [8], polyethylene
such as polyg-phenylene terephthalamide) (Kevlar or [9] and carbon fibres [10]. Recently, the Raman technique
Twaron) which can be made by the spinning of liquid-crys- has been employed to also study the compressive properties
talline solutions [1,2]. There are now several different of liquid crystalline polymer fibres [11-13]. The stress-
grades of aramid fibres available commercially which may induced Raman band shifts can be used to monitor the
be produced by different routes to produce fibres with dif- variation of fibre stress in both tension and compression.
ferent mechanical properties [3]. There is now considerable In this present study the tensile and compressive molecu-
interest in producing heterocyclic rigid-rod polymers [4,5], lar deformation of a new rigid-rod polymer fibre with strong
again by spinning from liquid-crystalline solutions. Heat- hydrogen bonds between polymer chains, polypyridobisimi-
treated fibres of polytphenylene benzobisthiazole) (PBT) dazole (PIPD or M5) [14] based on the structure as shown
have been produced with tensile modulus values of 320 GPabelow:
[4]. This may be compared with a value of 370 GPa H OH
obtained for polyg-phenylene benzobisoxazole) (PBO) |

fibres [5]. .E{::\@i
Molecular deformation in high-performance fibres has | N N
H

been followed using Raman spectroscopy [6—10]. It has
been found that well-defined Raman spectra are generallyhave been examined using Raman spectroscopy. The
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PMMA Beam Table 1
The experimental values of the mechanical properties for the PIPD fibres

PIPD Fibre
) PIPD fibres Gauge length  Young's Tensile
(mm) modulus strength
(GPa) (GPa)

M5-1 20 166+ 12 3.37£ 0.32
50 234+ 18 3.12+ 0.30
100 256+ 11 2.64=* 0.38
M5-2 20 151+ 17 3.86* 0.15
Fig. 1. Schematic diagram of the four-point bending arrangement used for 20 258+ 21 3.64 0.21
deforming the M5 fibres in compression. 100 293 18 3.11% 0.20

modulus and tensile strength, have also been determined ang . »
the molecular deformation processes investigated in detail.  The corrected values of the mechanical properties for the PIPD fibres

Mechanical properties M5-1 M5-2
2. Experimental procedure Young's modulus (GPa) 279 18 328+ 21
Tensile strength (GPa) 3.80 0.20 4.06x 0.60
2.1. Materials Failure strain (%) 1.52= 0.07 1.44+ 0.14

The PIPD fibres used in this study coded M5-1 and M5-2 testing. The paper cards were mounted between the grips of
were supplied by Akzo Nobel Central Research, The Neth- an Instron 1121 mechanical testing machine. The edges of
erlands. The polymer was synthesized by Akzo Nobel the cards were cut and the load—displacement curves were
Research and the fibres were spun from liquid crystalline recorded on chart paper. Gauge lengths of 20, 50 and
solutions. They were also given different heat treatments 100 mm were employed with at least 10 specimens tested
after spinning to improve their mechanical properties and at each gauge length. Load ranges of 1 N and cross-head
the two different fibres had been produced differently to speeds of 0.2, 0.5 and 1 mm/min, were chosen giving a

produce slightly different structures and properties. constant strain rate of 0.01 mih All tests were carried
out at 23+ 2°C and a relative humidity of 5& 5%.
2.2. Mechanical testing Individual PIPD fibres were examined in a Philips 505M

scanning electron microscope (SEM) operated at 10 kV

The Young's modulus, tensile strength, and failure strain with its magnification calibrated using a calibration speci-

were determined using a single-filament tensile testing. men setwith 2160 lines/mm. A S150B Sputter Coater, oper-
Individual PIPD fibres were mounted across holes on ated at 1 kV and 40 mA for 2 min, was employed to coat the
paper cards using a slow-setting, cold-curing epoxy resin PIPD fibres with a thin layer of gold to avoid charge build-

adhesive which was left to cure for at least 5 days before up during SEM operation. The diameters of the gold-coated
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Fig. 2. A typical stress—strain curve for the PIPD fibres.
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Fig. 3. Dependence of the Young’'s modulus upon the reciprocal of the fibre gauge length for the PIPD fibres.

fibres were then measured using the SEM and the average?.4. Raman deformation measurements
fibre diameters were determined from at least 25 measure-
ments of fibre diameter. Kink bands along the fibres were  Spectra were obtained from PIPD fibres during deforma-

also observed using the same SEM. tion in a straining rig which fitted directly onto the micro-
scope stage. Individual fibres were fixed between
2.3. Raman spectroscopy aluminium foil tabs which were placed onto the aluminium

blocks of the straining rig using a cyanoacrylate adhesive,

Raman spectroscopy was carried out using a Renishawgiving gauge lengths of approx. 50 mm. The fibres were
1000 system. A Helium—Neon (He—Ne) laser was used deformed by displacing the blocks accurately using a micro-
giving a monochromatic red light of 632.8 nm at a power meter attachment which could be read+00.005 mm. This
of approximately 1 mW. The 5X objective lens of an allowed a precision of the order of+ 0.05% for strain
Olympus BH-2 optical microscope is used both to focus measurement. Raman spectra were obtained during defor-
the laser beam on the specimen and to collect the scatterednation by scanning the peak position of the 1507 tm
radiation. The laser beam was polarized parallel to the fibre Raman band for 25 s between loading steps afi2and
axis and focused to give a spot size-02 um diameter on at least five tests were carried out for each type of fibre.
the fibre surface. A highly sensitive Renishaw Charge- Raman spectra were also obtained from single PIPD fibre
Coupled Device (CCD) camera was used to collect the specimens using a single-fibre stressing rig containing load
Raman spectra. The band intensity and band position werecell to read the applied load. Individual fibres were fixed
analysed using a Lorentzian curve-fitting procedure. using cyanoacrylate adhesive between aluminium foil tabs
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Fig. 4. Dependence of the tensile strength upon gauge length for the PIPD fibres.
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and the load cell of the stress rig. A 50 mm gauge length beam next to the fibre using cyanoacrylate adhesive and left
specimen was again employed. The peak position of theto set for at least 5 days before testing.
1507 cm Raman band was scanned for 25 s to give the Deformation was undertaken in both compression, in

Raman spectra during deformation in steps afi2and five increments of- 0.012% compressive strain up t00.7%
specimens were tested for each type of fibre. strain, and in tension with increments of 0.012% strain up to
The peak position of the 1507 crhband was also fol-  0.7% strain. An exposure time of 10 s was used to obtain the

lowed from the Raman spectra recorded along PIPD fibresRaman spectra.

adhering to the surface of a beam in the four-point bending

rig (Fig. 1). The four-point bend specimens used to study

tensile and compressive deformation of the PIPD fibres 3. Results and discussion

were prepared using poly(methyl methacrylate) (PMMA)

strips approximately 2 mm thick. An individual PIPD fibre 3.1. Mechanical testing

was placed on the surface of the PMMA and covered with a

thin layer of PMMA/chloroform solution which was The average diameters obtained from the SEM method
allowed to dry. A resistance strain gauge with a gauge factor were used for the calculation of Young’s moduli and tensile
of 2.065 was centrally bonded to the surface of the PMMA strengths. The average values of diameter determined were
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11.4+ 1.4pm and 12.2+ 0.9um for the M5-1 and M5-2 Machine softness of the gripping system is one of the major
fibres, respectively. problems which causes errors in determination of fibre exten-
The stress—strain curves shown in Fig. 2 for both types of sion, especially for short specimens, resulting in higher failure
PIPD fibre are approximately linear up to fracture and do not strains. The corrected value of the modulus (Table 2) can
appear to yield. It appears that there is a slight strain hard-therefore be obtained by plotting the Young’s modulus of
ening at higher strains as found in aramids [15]. This is the fibres versus the reciprocal of the gauge length and then
because the application of tension leads to an improvementextrapolating to infinite gauge length, as shown in Fig. 3.
in orientation of the fibre structure, resulting in the increas-  The experimental values of tensile strength listed in Table
ing slope of the stress—strain curve [16]. 1 were found to decrease with increasing gauge length.
Additionally, the results showed that the Young’s modu- This is because the longer the gauge length, the greater
lus increases with increasing gauge length, as shown inthe probability of encountering defects such as flaws in the
Table 1. This is thought to be due to end effects which fibres and thus the lower the tensile strength. Moreover,
have an influence on the true gauge length during the testfurther variation of the results was due to fibre slippage
[17]. The end effects, which are due to difficulties in defining and specimen preparation which may cause fibre pre-
the exact gauge length, are greater for shorter gauge lengthstretching. The variation of the tensile strength with
leading to an apparent reduction in the Young’'s modulus. gauge length is plotted for the PIPD fibres in Fig. 4
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which shows linear behaviour. Estimations of the is likely that the 1507 cm' band is due principally to -&
corrected tensile strengths (Table 2) can be obtained byN- stretching vibration using the analogy of the 1505 ¢m
extrapolating to zero gauge length for elimination of the band in PBT fibres and the 1550 ¢fband in PBO fibres

effect of the presence of defects, as shown in Fig. 4. [18].
The effect of deformation upon the peak position for the
3.2. Raman spectroscopy and deformation studies 1507 cm* band is shown in Fig.&and Fig. & for the two

PIPD fibres. It is evident that the band at 1507 ¢rshifts to

A typical Raman spectrum which is identical for the two lower frequency on the application of tensile strag,
types of PIPD fibre in the region of 500—3500 chis Shifts of the vibrational frequencies in particular Raman-
shown in Fig. & The spectrum consists of a few well- active band in high performance fibres are thought to be due
defined intense peaks on a strong fluorescent backgroundto a distortion of the backbone covalent bonds caused by
Four principle Raman bands on the fluorescent backgroundmechanical deformation [19].
in the region 1300-1800 ct are clear in the Raman It can also be seen in Fig. 7 and Fig. 8 that each fibre
spectra of the PIPD fibres, as illustrated in Fig. $hese exhibits a linear shift in the Raman wavenumber with
bands are located approximately at 1320, 1380, 1507 andapplied stress or strain until failure of the fibre takes
1620 cm* with the 1507 cm* band being the most intense  place. This is entirely consistent with the fibre stress—strain
band and therefore chosen to follow deformation. Although behaviour, where the stress—strain curve is approximately
band assignments have not been made for the PIPD fibres, itinear up to failure. The stress and strain sensitivities
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Table 3 stress at a given strain, which results in a considerable
Stress and strain sensitivitiesH( standard deviations) of the 1507 ¢ Raman band shift. In addition, tensile properties of the fibres
Raman band for fibres (average of five nominally identical specimens of ~g|culated from the Raman data are comparable with those
50 mm gauge length) obtained from mechanical testing showing that the Raman

PIPD fibres Stress sensitivity Strain sensitivity technique is very effective for studying both the molecular
(cm™/GPa) (/% strain) deformation process and undertaking conventional single

M5-1 _40+05 _ 153+ 15 fibre deformation. This is because the shift of the Raman

M5-2 -43+05 - 16.5* 0.7 upon the application of macroscopic stress or strain is due to

molecular deformation such as chain stretching in the PIPD

obtained from the slope of these lines for the 1507tm  Polymer fibres.

band are listed in Table 3, indicating that there is no

significant difference in the rate of shifts between the two 3.3. Compressive deformation
types of PIPD fibre.

It should be pointed out that there is a large change inthe The compressive deformation of the PIPD fibres was fol-
Raman frequency at a given level of stress and strain for thelowed using SEM as shown in Fig. 9 and kink bands were
M5 fibres. The reason for this is that the high fibre modulus found to form along the fibres when they were subjected to
due to a high degree of orientation of inherently stiff mole- bending deformation. They were found to form at various
cules leads to the polymer molecules taking higher levels of angles to the fibre axis as a region of plastic shear
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deformation leading to a large change in orientation of the
molecules within the fibres [20]. The kink bands shown in

Fig. 9 are similar to those seen in other high-performance
polymer fibres [20], although in the case of PIPD fibres they
only formed after fibres were subjected to significant levels
of bending.

The Raman technique was also employed in order to
study the compressive properties which can be observed
for both of the PIPD fibres using a four-point bending test
that provides uniform strain between the loading points
[13]. The peak positions of the 1507 clRaman band
for single PIPD fibres at 0%;+ 0.3% tensile and— 0.3%
compressive strains are shown in Figaldhd Fig. 10. It
can be seen that the bands shift to lower frequency in tension
and to higher frequency in compression, as has been found
in other high performance fibres [6,11-13,21,22].

In this study the PIPD fibres were deformed in both
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Fig. 10. The position of the 1507 cthband obtained from PIPD fibres at 0%; 0.3% tensile and— 0.3% compressive strain: (a) M5-1; and (b) M5-2.
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Table 4 that there is an approximately linear relationship between
Calculated compressive properties for the PIPD fibres using the four-point band position and fibre strain when the fibres are deformed
bending test in tension. In compression, however, the same peak shifts
High-performance Compressive strength to higher frequency linearly with increasing fibre strain
polymer fibres (GPa) until it reaches a maximum value, then decreases slightly
M5-1 0.99+ 0.30 and eventually maintains a plateau value. This behaviour
M5-2 0.85+ 0.21 is not unlike that found for aramid fibres [13], although in
Aramid[13,20] 0.35-0.45 the case of aramid fibres there is a tendency for the slope
PABI[20] 0.42 of the line to decrease with increasing compressive strain
PBO[20] 0.2-0.4

and the maximum to be less well defined. It was found
using optical microscopy [23] that the maximum in the
Average of three fibres for each material. Values of compressive strength Raman band shift for the PIPD fibres corresponded to
for other high-performance polymer fibres are also listed. the onset of kink band formation, and the plateau to the
formation of further kink bands along with the thickening
tension and compression up t& 0.7% strain. The varia-  of the original ones.
tions of the peak positions of the 1507 chnbands with By using the rates of shift of the 1507 ¢fhband
tensile and compression fibre strain for the two types of with stress for the M5-1 and M5-2 fibres from Table 3,
fibre are presented in Fig. &hnd Fig. 1b. It can be seen it is possible to derive from the data in Fig. 11 the full
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stress—strain curves for the PIPD fibres shown in Fig. 12. softening is found during compressive deformation [13].
From these stress—strain curves it is possible to calculateThe reason for the superior compressive behaviour of the
the maximum compressive stress in the fibres which can bePIPD fibres is due to the presence of polar -NH, -OH
assumed to be their compressive strength (Table 4). Itgroups on molecules leading to strong interchain H-
should be noted also that the slopes of the lines in Fig. bonding in different directions perpendicular to the
12a and Fig. 1® are essentially the same within the limits polymer backbone [14]. This improves compressive
of experimental error, indicating that, to a first behaviour by stopping molecules sliding past each other
approximation, the fibres have the same modulus in tensionduring compressive deformation [20]. The behaviour of
and compression. the PIPD fibres should be compared with PBO or PBT
It should be pointed out that the compressive strength of rigid-rod polymer fibres (Table 4) where the lack of
the PIPD fibres, determined by the four-point bending intermolecular forces between the polymer chains leads
method, is higher than those of other high performance to significantly lower levels of compressive strength.
polymer fibres also listed in Table 4 which normally
range between 200 and 450 MPa [13,20], indicating that 3.4. Applications in composites
the fibres are able to resist compressive deformation more
efficiently than other polymer fibres. In addition, the The superior compressive properties of the PIPD fibres
similar modulus in tension and compression is unusual makes them attractive for use as reinforcing fibres in
for high-performance polymer fibres where some strain high-performance polymer-fibre reinforced composites
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Fig. 12. Derived variation of fibre stress with fibre strain for PIPD fibres deformed in both tension and compression: (a) M5-1; and (b) M5-2.
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