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Abstract

The importance of crystallinity in the deformation processes of main-chain liquid-crystalline copolyesters is examined. Two materials are
studied: one a copolymer of hydroxybenzoic acid (HBA) with 2-hydroxy-6-naphthoic acid (HNA); the other a copolymer of HBA with
isophthalic acid (IA) and hydroquinone (HQ). In both cases it is observed that the transverse compressive yield stress and modulus of the
polymer are optimised by annealing at aboui@Below the melting temperature. In the case of the copolymer containing HBA and HNA, it
is found that deformation of unannealed samples results in a pronounced loss of crystallinity. However, the effect is less marked in annealed
samples, and the crystallinity is found to recover after modest annealing close to the glass transition temperature. In both polymers, evidence
is found for a stress-induced solid-state phase transition, which may be similar to the martensitic phase transition proposed for polyethylene.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction elevated temperatures. For example, copolymers of HBA
and HNA show a 75% drop in tensile modulus on heating
It is well known that the theoretical Young’s moduli of from room temperature to 150 [11], while copolymers of
many linear polymers can rival that of steel, at least in the HBA with IA and HQ show an 85% loss of stiffness over a
direction of the chain axes [1-4]. While, in conventional similar temperature interval [9]. The tensile properties of
polymers, poor molecular orientation makes such high thermotropic LCPs may be improved by heat treatment,
performance difficult to realise, in liquid crystalline poly- and the optimal annealing temperature is typically found
mers (LCPs), orientation parametegreater than 0.9 are  to be between 10 and 3D below the melting point [12].
easily obtained [5], making them the target of commercial In fact, while this treatment leads to a dramatic improve-
as well as scientific interest. The first commercial LCP was ment in tensile strength and elongation at break, it has much
introduced by DuPont in 1965 under the trade name of less impact on the modulus. For example, Yoon quotes
Kevlar™. Modern formulations of Kevldl' have a tensile  270°C as the optimum heat treatment temperature for co-
modulus of about 185 GPa [2] (cf. Steet210 GPa). polymers of HBA and HNA [13]. After annealing for
However, unlike lyotropic LCPs such as Kevigrthermo- several hours, he observes an increase in tensile strength
tropic LCPs, which are melt processible, are of more by a factor of between 3 and 4. Under the same conditions,
relevance to the production of mouldings or extrudates the tensile modulus increases by only about 10% [12,14].
[2,5-10]. The increase in tensile strength is generally attributed to
Many thermotropic LCPs have been synthesised, but theirmolecular weight growth during annealing [12,13,15],
mechanical properties are often not especially good atwhereas the modulus is thought to depend primarily on
the degree of molecular orientation [16]. However, in the

* Corresponding author. Present address: H.H. Wills Physics Laboratory, absence of any Change in the molecular orientation, it is

University of Bristol, Tyndall Avenue, Bristol, BS8 1TL, UK. Tel+ 44- likely that improvements in the modulus may also be due
117-928-8771; fax:+ 44-117-925-5624. to localised structural rearrangements accompanying the
E-mail addresss.hanna@bristol.ac.uk (S. Hanna). heat treatment.
! Present address: Coopers & Lybrand, 1 Embankment Place, London,

WC2N 6NN, UK While the extreme anisotropy of the molecular arrange-
2 The orientation parameteP, is defined as, = ([3 cod(6) — 1)/2) ment in LCP fl_bres is beneficial for tens_lle propertl_es, it is
whered is the angle between the polymer chain axis and the fibre axis. ~ generally detrimental to the compressive properties. The

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00887-3



6620 S. Salahshoor-Kordestani et al. / Polymer 41 (2000) 6619-6626

(@) BN (x=0.75)

<] o<

X I-x

HBA HNA

(b) BIQ (x=0.36)

Fig. 1. (a) The BN copolymer system, consisting of 75 mol% hydroxyben-
zoic acid (HBA) units and 25 mol% hydroxynaphthoic acid (HNA) units.

(b) The BIQ copolymer system, consisting of 36 mol% HBA units,

32 mol% isophthalic acid (IA) units and 32 mol% hydroquinone (HQ)

units.

absence of covalent bondirzetweenthe polymer chains

influence on the compressive mechanical properties of these
polymers.

The aim of the present paper is to explore this possibility,
by examining the relationship between the compressive
mechanical properties and the degree and perfection of crys-
tallinity in two thermotropic liquid crystalline copolyesters.
The materials studied are both copolymers of hydroxyben-
Zoic acid, in one case with 2-hydroxy-6-naphthoic acid, and
in the other with isophthalic acid and hydroquinone. The
effect of the annealing temperature on the compressive yield
stresses and moduli of the two polymers is examined, as
well as the effect of compression on the degree of crystal-
linity and the crystal structures observed in the two systems.

2. Experimental

2.1. Materials

The materials under investigation are two wholly
aromatic thermotropic liquid crystalline copolyesters,
known as BN and BIQ, which were supplied by ICI
Advanced Materials Division. BN consists of residues of

results in low shear strength and shear modulus and con-Parahydroxybenzoic acid (HBA) and 2-hydroxy-6-
sequently poor performance in compression. In some Naphthoic acid (HNA) (see Fig. 1a), while BIQ is syn-
systems, compressive strengths have been found to be lesi1esised from residues opare-hydroxybenzoic acid,

than 10% of their tensile counterparts [2]. This is a severe [Sophthalic acid (IA) and hydroquinone (HQ) (Fig. 1b).
drawback if LCPs are to be used in mechanically demanding Th€ composition of the BN material was 75 mol% HBA

applications or, for example, in light-weight composite 2Nd 205 mol% HNAoand the BIroomposition was
structures. The interchain interactions will be especially 36 MoI% HBA, 32 mol% IA and 32 mol% HQ. The approx-
weak in random copolymers, in which the registration Mmate molecular weights were 20,000 for BN, and 35,000

between adjacent polymer chains is poor. Thus, the presencd®’ BIQ. The BN and BIQ materials were supplied in the
of any crystallites would be expected to have an important form of rods, approximately 6 mm in diameter and 400 mm

Compression Axis

Chain Axis
(Extrusion Direction)

Compressive
Test Sample

long, extruded under elongational flow.

2.2. Sample preparation

The specimens tested were rectangular cuboids with faces
cut parallel and perpendicular to the extrusion direction.
Dimensions were typically 5mm on each side. A low
speed diamond saw was used to prepare the specimens.
This allowed sectioning of the rods with a high degree of
precision and low damage. All specimens were additionally
polished with 1200 grade carbon paper. After mechanical
testing, samples were prepared for X-ray analysis by further
polishing on grinding wheels to a thickness of 1.5 mm. Tests
showed that this procedure did not affect the crystallinity of
the remaining material.

2.3. Annealing

The annealing routine comprised of maintaining the
samples at a constant temperature in an air circulating
oven for 6 h, followed by a slow cool. Sample dimensions
were measured before and after annealing. Dimensional

Fig. 2. Schematic representation of the compressive testing geometry usedStability was found to be excellent, except for samples

in this study.

annealed for prolonged periods within°@0of the melting
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60 BIQ suppress premature fracture, which sometimes intervenes
before the onset of yielding during tensile tests.

BN The uniaxial compression procedure, although simple
and practical, has some drawbacks too. The choice of speci-
men shape for compressive testing is inevitably a compro-
mise between the attainment of mechanical stability and the
reduction of frictional end effects to an insignificant level.
Ideally the specimen should be parallel sided, with the axial
dimension (i.e. the dimension parallel to the compression
axis) long compared with the lateral dimensions. However,
if the axial dimension is too long, buckling occurs. Tests
0 . L L using standard PMMA specimens indicate that the optimum

0.00 0.10 020 0.30 aspect ratio of the sample lies between 1.0 and 2.0 [17]. In

Nominal Strain . L
the present work, the aspect ratio was limited by the shape

Fig. 3. Transverse stress—strain behaviour of BN and BIQ extrudates testedand size of the extruded rods to be in the range 0.9-1.1, but
in compression at 0.20 mif and 20C. The compression axis is perpendi-  extensive testing indicated that the reproducibility of the
cular to the extrusion direction. results was satisfactory.

Specimens were compressed using an ESH hydraulic test-
point. For these samples, there was a small volume expan-ing machine fitted with a 5 kN load cell. The strain rate used
sion (~1.5% for BN and~2.5% for BIQ) which may be due  was 0.20/min, and all samples were compressed at room
to degradation. temperature, unless otherwise indicated. For temperatures

below 60C a thin film of PTFE was used as a lubricant.
Strain was recorded using strain gauges arranged so as to
2.4. Mechanical testing eliminate the effect of rig bending. Displacement measure-
ments were accurate to within 0.5%.
The mechanical properties of BN and BIQ were investi-
gated using uniaxial compression. The method consisted of2.5. X-ray measurements
placing the specimens between parallel, polished plates, _ . _ .
applying a compressive strain and measuring the resultant Vide-angle equatorial X-ray diffraction patterns were
stress. The specimens were tested in a transverse directioroPt@inéd from aligned samples using a symmetrical-geo-
i.e. perpendicular to the extrusion direction (see Fig. 2). Melry transmission diffractometer with monochromatic
Testing in compression offers several advantages over theCUKa radiation [;8,19]. Percentage crystalllnltle_s were esti-
more widely used tensile test method. Firstly, very small mated from thg diffractometer traces by comparing the areas
specimens may be examined, which would be too small to ©f the crystalline and amorphous components, after first
be gripped effectively in tension. Secondly, the occurrence "€Moving the background scattering, in a method similar
of kinking and localised deformation bands makes the (© thatof Blundell [20].
measurement of true stress values difficult in tensile tests; ) ) ) )
it is much easier to define the area undergoing deformation 2-6- Differential scanning calorimetry
in a compressive test. Finally, compression also helps to

40
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True Stress (MPa)

Differential scanning calorimetry was carried out using a
Perkin—Elmer DSC7 machine, calibrated using indium and
zinc standards.
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Yield Stress (MPa)

Typical stress—strain curves for samples of BN and BIQ,
tested in compression using the geometry of Fig. 2, are
25 . shown in Fig. 3. Both materials show the onset of yield at
150 200 250 300 350 a nominal strain of around 0.08, with clearly defined plateau
Annealing Temperature ('C) regions, which give the yield stress. The influence of anneal-
Fig. 4. Influence of annealing temperature on the compressive yield stresseéng temperature on the compressive yield stress of BN and
of BN and BIQ extrudates. All samples were annealed for 6 h at the BIQ at room temperature is shown in Fig. 4. Both materials
temperature specified. showed an increase in yield stress with increasing annealing

40
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Table 1
Comparison of the compressive mechanical properties and crystallinity of unannealed samples of BN and BIQ with those resulting from optirngn anneali
conditions

Sample: Compressive yield stress (MPa) Compressive modulus (GPa) Crystallinity (%)
BN unannealed 412 0.7 1.05+ 0.04 21+ 2

BN annealed (6 h at 266) 48.0+ 0.8 1.20+ 0.05 23+ 2

BIQ unannealed 46.1 1.2 0.97+ 0.05 -

BIQ annealed (6 h at 29Q) 60.1*+ 1.5 1.20+ 0.06 10+ 2

temperature, with some improvement apparent whenroom temperature to strains of 0, 30 and 50%. The most
annealing at temperatures as low as ZD0As expected striking feature of the patterns is the broadening of the
from previous studies [13], annealing at about@®elow main peak, at about®= 19.5°, which occurs on defor-
the melting point, as defined by the peak of the melting mation. At first sight, the broadening appears to be accom-
endotherm on the DSC trace, produces the largest increasg@anied by a loss of crystallinity, which, for the sample
in the yield stress. The melting temperatures defined in this strained to 50%, is almost complete. However, a more care-
way are 289C for BN and 308C for BIQ. BIQ samples ful analysis reveals that the total crystallinity, as determined
annealed at 29C showed a mean yield stress of 60.1 MPa, by subtraction of the amorphous part of the diffraction
which is around 32% greater than the yield stress of the curve, is less seriously affected. The crystallinity values
unannealed material (see Table 1). For BN samplesand diffraction peak widths are summarised in Table 2.
annealed at 26%&, the mean yield stress improved by Interestingly, annealing the deformed BN samples at
14% to 48.0 MPa. temperatures below, but close to the glass transition
The variation of the compressive elastic modulus with temperature, usually quoted as between 100 andCl20
annealing temperature for BN and BIQ is shown in Fig. 5. [11], re-establishes the disrupted crystallinity, as can be
The general trend is similar to that observed for the seen in Fig. 7. This figure shows the equatorial diffraction
compressive yield stress. There is a maximum increase ofpattern from an unannealed BN sample which was
about 15% in the modulus of each material. Thus, for BN, compressed to 30% strain, and subsequently annealed at
the relative increases in yield stress and modulus brought90°C for 1 h. The trace is very similar to that obtained
about by annealing are comparable, whereas for BIQ the prior to deformation (see Fig. 6a). This type of behaviour
increase in yield stress is more than double the correspond-was also observed by one of us (S.H.) when preparing
ing increase in modulus. In both materials, annealing
resulted in a tendency to fracture in the post-yield region,
at strains greater than about 20%. The dominant mode of
failure was shear, in a plane parallel to the extrusion axis.

3.2. Effect of deformation on crystallinity

Fig. 6 shows the equatorial transmission diffraction
patterns from unannealed BN samples compressed at

1.3

Relative Intensity

(b)

(c)

Compressive Modulus (GPa)

0.9 * *
150 200 250 300 350

Annealing Temperature ('C)

1 I 1 L
0 10 20 30 40 50

Scattering Angle (°26)

Fig. 5. Influence of annealing temperature on the compressive moduli of
BN and BIQ extrudates. All samples were annealed for 6 h at the tempera- Fig. 6. Equatorial diffraction patterns obtained from unannealed BN
ture specified. samples, deformed to compressive strains of: (a) 0%; (b) 30%; and (c) 50%.
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Table 2

The effect of deformation on the crystallinity and widths of the principle diffraction peak (i.e. the interchain pebk dt9%%°) of unannealed and annealed

BN. The peak widths quoted are full widths at half maximum height. The annealed samples were hel@ &26%. The crystallinity measurements at 50%

strain are less reliable than the other measurements, due to the extreme broadening of the main diffraction peak, which makes it difficult ke subtract t
amorphous halo accurately

Unannealed samples Annealed samples
Total strain (%) Crystallinity (%) Peak widthe2(°) Crystallinity (%) Peak width 2 (°)
0 21+ 2 19+0.1 23+ 2 1.8+x0.1
30 19+ 2 44+0.1 22+ 2 1.8+0.1
50 12+ 4 6.2+ 0.1 19+ 2 24+0.1

powdered samples of BN by filing extruded pellets [21]. The relatively indistinct crystalline peaks make it difficult to
filed material appeared to be non-crystalline on initial exam- comment reliably on changes in crystallinity resulting
ination, but crystalline diffraction peaks appeared after from deformation. Nevertheless, some loss of crystalline
warming for a few minutes to about BD. order is apparent. However, the most striking feature of
The effect of deformation on annealed samples of BN is the deformed annealed sample, is the enhanced prominence
shown in Fig. 8. The equatorial diffraction patterns are given of the first diffraction maximum at@~ 16°.
for a sample annealed at 2&5for 6 h, and then deformed at
room temperatures to strains of 30% and 50%. The diffrac-
tion scans show two important characteristics. Firstly, the 4, Discussion
disruption of crystallinity resulting from the deformation is
much less pronounced than for the unannealed specimens Asindicated above, both BN and BIQ show an increase in
(see Table 2). The sample with 30% strain is relatively their compressive yield stresses and moduli following
unaffected by the deformation process, and even atannealing, peaking at aboutZDbelow the DSC melting
50% strain the main diffraction peak does not broaden temperatures. Any improvement in the transverse compres-
dramatically. Secondly, there is a new diffraction sive properties could originate from two sources: increasing
maximum at about 2= 16°, which will be discussed interchain interactions and loss of orientation due to retrac-
below. tion. (It should be remembered that while loss of orientation
The BIQ samples behave in a similar manner to the BN is detrimental to tensile properties it may well be beneficial
samples on deformation, except that the effects are lessto compressive ones.) However, the relative insensitivity of
pronounced because of the lower crystallinity. Fig. 9 the tensile modulus of thermotropic LCP fibres to heat treat-
shows the equatorial diffraction traces from an unannealed ment suggests that the degree of orientation is largely un-
BIQ sample, both before and after the application of a 30% affected by the annealing process. This has been verified by
compressive strain. There is very little difference between orientation measurements taken from wide-angle X-ray
the two scans, which show only trace amounts of crystal- diffraction patterns. The orientation parametét;, in
linity. However, the effect of deformation is seen more samples taken from the centres of the extruded rods, is
clearly in the annealed samples. In Fig. 10 equatorial found to be unchanged by annealing af@elow their
diffraction traces are shown for a sample of BIQ, annealed melting points, at around 0.52 for BN and 0.39 for BIQ.
at 290C for 6 h and then deformed to 30% strain. The Additionally, micrometer measurements of samples before
and after annealing indicated excellent dimensional stability
for both BN and BIQ. The change in dimensions following
annealing were generally found to be less than 0.5%. This
has been confirmed in a study of the retractive behaviour of
- i 8 BN and BIQ, which is described elsewhere [17]. Hence, we
, would expect loss of orientation to have only a minor effect
ﬁ on mechanical properties in the present case.
r / ' 1 The changes in the wide-angle X-ray diffraction pattern
L 1 of BN resulting from annealing, which may be seen by
comparing Fig. 6a with Fig. 8a, are usually interpreted in
terms of a transition from a meta-stable pseudo-hexagonal
l : * . structure to a more ordered and stable orthorhombic one
° 10 20 o °0 [21-23]. An analogous, but reversible, phase transition is
Scattering Angle ('26) .
observed in the parent homopolymer pglga-hydroxy-
Fig. 7. Equatorial diffraction pattern from a BN sample deformed to a D€nzoic acid) (PHBA), between a low temperature ortho-
compressive strain of 30% and subsequently annealed®@tf®0 60 min. rhombic phase and a high temperature pseudo-hexagonal

Relative Intensity




6624
T T T T
P jL
K7)
c
2 (a)
£ L g
o
2
k=
s | i
o
(b)
o i

20 30

Scattering Angle (26)

S. Salahshoor-Kordestani et al. / Polymer 41 (2000) 6619-6626

T T T T

1

- (a)

Relative Intensity

L (b)

1

1 1 L L
0 10 20 30 40

Scattering Angle (°26)

Fig. 10. Equatorial diffraction patterns obtained from annealed BIQ
samples deformed to compressive strains of: (a) 0%; (b) 30%. Both samples
were annealed for 6 h at 290.

showed that the introduction of a small proportion of side
branches into the BN system disrupted the crystallinity and
reduced the shear modulus compared to the unbranched
systems. A corollary to this is that the deterioration in prop-

Fig. 8. Equatorial diffraction patterns obtained from annealed samples of arties for samples annealed too close to the DSC memng

BN, deformed to compressive strains of: (a) 0%; (b) 30%; and (c) 50%. All
samples were annealed for 6 h at 2B5Note the appearance of a new
reflection at 2 = 155°.

point is probably associated with partial melting of the crys-
tallites. The increase in yield stress may well be related to an
increase in crystal thickness, which could be consistent with
the dislocation theory of yield in polymers, developed by

phase [24,25]. In the case of BIQ, appropriate annealing Young [31].

induces crystallinity, which is thought to be associated

with the segregation and crystallisation of the IA-HQ resi-
dues [26—29].

The proportionately greater improvement of the yield
properties of BIQ, as compared with BN, may be attribu-
table either to the larger increase in percentage crystallinity

Thus, it appears likely that the observed enhancements inof the BIQ resulting from the heat treatment, or alternatively
the compressive yield stresses and moduli of BN and BIQ may be related to the different type of crystals that are
are due to an increase in three-dimensional ordering andforming. Since the mechanical properties must also depend
crystalline perfection as a result of annealing, although the on the molecular packing in the non-crystalline matrix, it is
exact nature of the ordering is different in the two cases. A difficult to draw any firm conclusions on the matter. In either
similar finding has been reported by Zhang et al. [30], who case, if we assume that the annealing process leads to an

Relative Intensity

1 1 1 L
20 30 40

Scattering Angle ('26)

Fig. 9. Equatorial diffraction patterns obtained from unannealed BIQ
samples deformed to compressive strains of: (a) 0%; (b) 30%.

improvement in intermolecular interactions, then the yield-
ing process must depend on the ease with which polymer
chains can slip past each other sideways, i.e. in a direction
perpendicular to the chain direction. This has important
implications for the formation of new crystalline phases,
as discussed below.

Interestingly, thermal treatment is also an important
factor in the development of the tensile properties of aramid
fibres such as Kevlé¥. In this case it appears that annealing
promotes small axial chain displacements, which permit the
formation of regular hydrogen-bonding between the highly
oriented molecules [32]. However, the short heat treatment
of a few seconds is to be contrasted with the extensive times,
of the order of a few hours, necessary to promote significant
increases in the moduli of thermotropic LCP fibres. The
tensile yield mechanism in the aramid systems is then
related to the rupturing of these interfibrilar hydrogen
bond networks.
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4.1. Effect of deformation on crystallinity 4.2. Stress-induced phase transition

It is generally accepted that crystallites in semi-crystal-  The appearance of a new reflection #-2 16° in the
line polymers undergo structural changes as a consequenc&-ray diffraction patterns of both BN and BIQ is highly
of yielding [33]. The currently accepted mechanism of suggestive of the formation of a new crystalline phase. In
large-scale plastic deformation of semi-crystalline polymers BIQ, the reflection is seen in as-annealed samples, but is
involves the sliding and tilting of lamellae, which break into enhanced on deformation. In BN, on the other hand, the
blocks of folded chains and subsequently reform into a fibre reflection only appears on deforming the annealed samples,
structure [34,35]. However, two other mechanisms have suggesting that, in this case at least, it may be associated
been suggested: Bowden and Young [36] postulated thatwith the more highly ordered orthorhombic crystalline
yielding in semicrystalline polymers, and polyethylene in phase. Furthermore, the similar position of the new peak
particular, involves the thermal activation of screw dislo- in both deformed BN and BIQ samples indicates that it
cations, while Flory and Yoon [37] proposed a partial melt- may be associated with the common HBA component,
ing and recrystallisation mechanism for the deformation and may be due to a similar type of transformation in both
process. It is interesting to consider whether similar materials.
mechanisms may operate in liquid crystalline polymers On the basis of electron diffraction studies, Leiser [24]
during compressive plastic deformation. describes two orthorhombic phases for PHBA, Phases | and
As shown in Table 2, there is a decrease in the level of Il, which have different cell parameters, and which are
crystallinity, and an associated broadening of the principal related through a shearing of the unit cell. In powder diffrac-
crystalline diffraction peak, when compressing as-received tion patterns from PHBA, Phase | is observed to be the
samples of BN to strains of 30% or more. The peak broad- majority component. However, the most intense reflection
ening may be due to a reduction in mean crystallite size, anbelonging to Phase Il is the (020) reflection which occurs at
increase in paracrystalline disorder, or a combination of the 26 = 15.9°. It is tempting, therefore, to try to associate the
two factors. The overall picture appears to be one of distor- 15.9 peak from Phase Il of PHBA with the ca. 2Llfeak
tion and possible fragmentation of crystallites, with the total found in compressed samples of BN and BIQ, which contain
volume fraction of ordered regions approximately halving. substantial proportions of HBA monomers. It should be
Similar structural changes, including loss of crystallinity, noted that no mechanically induced transformation between
have been demonstrated in conventional semi-crystallinePhases | and Il has been observed in samples of PHBA,
polymers as a result of yielding [38]. although there has been a report of a transition following
The recovery of crystallinity at temperatures close to, but high temperature annealing [39]. However, the possibility
below, Ty indicates that the yielding process does not cause of such a shear-induced phase transition would appear to be
a wholesale destruction of the crystallites. From the low much greater in a copolymer, owing to the smaller size of
temperatures required to recrystallise, it would appear likely the crystallites that will be present.
that very localised rearrangements are needed for the crys- There are analogies between the suggested behaviour of
tals to re-form. Indeed, DSC measurements on the deformedBN and BIQ, and the deformation of bulk polyethylene
samples give very similar enthalpy changes for the melting perpendicular to the chain direction, i.e. the loading geo-
and subsequent crystallisation processes, suggesting that theetry used in this work. In polyethylene, the appearance of
damaged crystals are able to relax back to their original extra reflections in both X-ray and electron diffraction
structure on the time scale of the heating cycle of the patterns, indicates the occurrence of a stress induced
DSC. The lack of any discernible recrystallisation exotherm phase transition to a monoclinic phase. In fact, Young and
on initial heating suggests that the process occurs over aBowden [40] have demonstrated, using X-ray measure-
broad temperature range. These results suggest that thenentsduring deformation, that the shear induced transfor-
shearing of crystals, in a direction normal to the chain mation from orthorhombic to monoclinic phases in
axes, disrupts the crystalline order most significantly, and polyethylene corresponds closely to the martensitic trans-
is probably not accounted for in terms of discrete active slip formation mode described by Bevis and Crellin [41].
planes, as in most crystals. It maybe that the shear strainUnfortunately, in the present case, the samples have a
rotates the aromatic groups around the chain axes suffi-uniaxial orientation before and after deformation, so
ciently to disrupt the local crystalline order. that it is not possible to establish any geometric
The difference in behaviour of the annealed samples of relationship between the as-received and stress-induced
BN compared to the unannealed ones, is most likely to be phases.
due to the change in crystal structure on annealing. As was A definitive conclusion regarding the appearance of the
indicated above, annealing of BN induces a phase changel6® maximum is not possible here. However, there appears
from a pseudo-hexagonal structure to an orthorhombic to be strong evidence in favour of the formation of a new
arrangement. The orthorhombic crystallites have a higher phase, in both BN and BIQ, which may be related to Phase Il
packing density and are thus likely to be more resistant to of PHBA, and which forms through a stress-induced
the post-yield deformation than the pseudo-hexagonal onesmartensitic transition.
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5. Conclusions

It is clear from the studies of the yield behaviour of both

BN and BIQ that the transverse compressive yield stress is

optimised by annealing at temperatures aboutC2below
the melting point. It would appear likely that the improve-
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resistant to deformation than their pseudo-hexagonal coun-
terparts. However, it does cause a crystal—crystal transfor-

mation giving a new X-ray peak a2~ 16°. In the case of

the BIQ samples, the peak corresponding to a second phas
appears on annealing, but it is intensified by the shear defor-

mation. The new peaks may be related to Phase Il of PHBA,
which is the common and majority component of the two
copolymers.
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