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This paper is centred around the identification of a transient mesophase during the
drawing of PET and PEN and their associated random copolymers. While the observation
of the mesophase has previously been announced as a note (Macromolecules, 31, 1998,

p. 7562), this paper sets out the work in appropriate detail. Samples across the full random
copolymer composition range are hot drawn, and, either immediately quenched or
examined in-situ using synchrotron radiation. In each case a mesophase has been observed
under drawing conditions which produced little or no crystallinity. That the phase was not
the product of the quench was confirmed by the high temperature dynamic measurements.
The signature of the mesophase is a sharp, meridional peak in the WAXS fibre diagram
which shows no other sharp peaks suggesting crystallinity; the equatorial maxima, while
equiaxial and indicating a high level of chain orientation, are diffuse. The mesophase is
thus classified as smectic A. SAXS measurements on quenched samples, give no indication
that the mesophase is associated with a particular microstructure. The mesophase is seen
across the PET/PEN composition range, its observation being more straightforward in the
random copolymers where the rate of crystallisation is significantly reduced. Subsequent
crystallisation of the fibres by suitable annealing, replaces the meridional mesophase peak
on the first layer line with off-meridional crystal reflections characteristic of the triclinic unit
cell. The layer line is at a slightly lower angle after crystallisation indicating a longer axial
repeat in the crystal than in the mesophase. The development of crystallinity gives rise to a
distinct SAXS pattern indicative of a two phase microstructure. The transition from smectic
A mesophase to triclinic crystal provides a rationale for the occurrence of oblique lamellae
in PET, and associated random copolymers with more than 70% ethylene terephthalate
units, as indicated by the four point SAXS patterns, and also for the ¢ axis tilt observed in
the WAXS patterns. Similarly, for the PEN rich copolymers, the absence of obliquity and
consequent c-axis tilt, coupled with the marked layer line streaking of the triclinic
reflections, can be rationalised in terms of the c-shear of the transition being compensated
by faulting in the crystal. © 2000 Kluwer Academic Publishers

1. Introduction mopolymers. In a recent note [1] we announced the
Uniaxially deformed fibres and films of poly(ethylene observation of a transient smectic mesophase, as ob-
terephthalate) (PET) or poly(ethylene naphthoateperved in both quenched samples and during drawing
(PEN) produced under normal processing conditiongising synchrotron experiments, which occurs as a pre-
usually contain three dimensional ordered crystallinecursor of strain induced crystallizationin PET, PEN and
phases in which the polymer chain axes are closelyheir coploymers. Further aspects of the results con-
aligned along the principal deformation axis. How- cerning the stability of the mesophase are reported in a
ever under certain preparation conditions mesophasdellowing paper [2]. In the present paper we analyse the
of intermediate order have been observed in these hdaliffraction from the mesophase, already announced, in
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more detail. We also focus attention on the relation ofhere, must be set in a context of several previous reports
the mesophase to the texture of crystals formed duringf mesophases in each of the homopolymers; in PET
subsequent crystallisation. and, to a lesser extent, in PEN.

Comparatively recently, Keller underlined the ther- Mesophases have previously been reported in both
modynamic grounds for mesophases being favoure®@ET and PEN homopolymer fibres prepared in various
as an intermediate step in the crystallization ofways. Bonart [12] prepared a series of ‘paracrystalline
polymers [3]. The current general interest in suchmesophases’ by stretching amorphous PET under un-
mesophases covers a range of polymers [4-8], angpecified conditions. These showed a nematic structure
provides a current context to the work on orientedwhich was transformed to a smectic structure on fur-
PET/PEN reported here. For example, in unorientedher stretching. Bonart suggested that these mesophase
PET, Imaiet al.[4] have presented clear evidence from states characterized the crystallization process of PET,
SAXS of density fluctuations developing via a spinodaland that features due to nematic, smectic and triclinic
process which they have interpreted as precursors torystal packing could all be seen in fibre diffraction
the crystal nucleation process. Mahendrasingaml.  patterns from, for example, PET drawn at'@0 Fur-

[5] have also recently reported diffraction evidence ofther work by Bonart [13] indicated that by cold draw-
mesophase diffraction in PET while it is being rapidly ing PET at various speeds samples could be produced
deformed. which gave diffraction patterns with either only diffuse

In the oriented state, the study of the structure aneéquatorial peaks, indicating a nematic structure, or by
stability of the mesophase is often impeded by the radrawing at higher speeds, with diffuse equatorials and
pidity of the formation of the crystalline phase. This some distinct meridional reflections, indicating a smec-
difficulty has been partly averted in the present studytic structure.
by suppressing the crystallization rate by using copoly- Asano and Seto [14] prepared some PET fibres by
mers of PET and PEN. The two monomers have simi€old drawing and annealing at 40; these fibres gave
lar extended chain configurations but their length alonga similar diffraction pattern to that of the smectic phase
the chain differ significantly. In principle therefore a reported by Bonart. The diffraction pattern from these
comonomer incorporated in a sequence of the othelfibres consisted of diffuse equatorial reflections and rel-
monomer will disrupt the regular repeat along theatively sharp meridional peaks, arising from a layer
chain direction. However, it has been shown that inspacing of 1.03 nm. This spacing is smaller than the ¢
this co-polymer system the crystallites are not necesrepeat of PET in atriclinic crystal (1.075 nm), and indi-
sarily true three dimensional crystals of either of thecated that the PET chains were not in a fully extended
homopolymers but comprise of an alignment of shortconformation. Annealing the cold drawn PET above
random matching comonomer sequences [9, 10]. Th&, led to the usual triclinic structure. Asaetal. [15]
appearance of an oriented mesophase in this copoljrave recently reported a further study of the annealing
mer system which exhibits this particular crystalliza- of oriented amorphous PET in which an initial nematic
tion (NPL) behaviour adds further insight into the na-type order is transformed into smectic order during an-
ture of the observed mesophase and its potential roleealing.
as a precursor to crystallization. Of special interest in Auriemmaet al. [16] attempted to model the struc-
this respect is the influence the mesophase has on there of the PET mesophase. A sample was prepared
chain tilt or internal disorder of the subsequent crys-by drawing PET at room temperature and annealing
tals. The co-crystallization behaviour involving match- at 60°C; these gave a diffraction pattern with three
ing alignment of comonomers is analogous to that seewell defined meridional peaks at 0.96 nfn2.9 nnt?,
in thermotropic liquid crystalline polyesters (eg randomand 4.8 nmt, and a broad peak on the equator. En-
copolymers of hydroxy benzoic and naphthoic acids)ergy minimisation on PET monomer units revealed
It is significant that the molten state of these liquid nine minimum energy conformations, which could be
crystal polymers also exhibits a meridional reflectioncharacterized by nearly all-trans conformations ex-
indicating a smectic mesophase structure [11], whictcept for the CO-O-C-C dihedral angles which could
can influence crystal formation on subsequent coolinghave values close to 180~ +80° and —8(°. Fig. 1

This study is based on copolymers covering theshows PET monomers with the CO-O-C-C dihedral
full range of compositions enabling the effects of angles at+-80° and —80°, a conformation found by
comonomers on the two extreme homopolymer beAuriemmaet al. [16] to have a length of 1.04 nm,
haviours to be explored. It involves WAXS and SAXS very close to the PET mesophase repeat length. A
observation on fibre samples that have been hot drawmodel consisting of a regular isolated chain in this
followed by immediate quenching. This work is supple-conformation which gave a diffraction pattern with
mented by real time WAXS observation of fast drawnstrong diffuse layer lines was rejected as a model
film samples using a synchrotron radiation source.  for the structure of the mesophase, for the intensity

2. Background
2.1. Observation of mesophase structures
in oriented PET and PEN
Our observation of transient mesophases across the
composition range of the PET/PEN random copolymelsigure 1 Two PET units with the CO-O-C-C dihedral angles (marked
system, announced in [1] and reported in fuller detailoy arrows) set close t80°.
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in experimental PET mesophase diffraction patterndo account for the aperiodic pattern. The non-periodic
is concentrated onto the meridian. Diffraction pat-layer (NPL) model, e.g. Hanna and Windle [20]is based
terns were then calculated from models of isolated exen lateral matching between short but identical ran-
tended linear chains consisting of random sequencedom sequences of monomers on neighbouring chains
of monomer units in different minimum energy con- involving crystallographic register. An alternate model
formations, with no correlation between the planesof Blackwell and Biswas [21] proposed a “plane start”
of the phenylene rings along the chains. The simu-<onceptin which random sequences are positioned and
lated patterns showed meridional maxima in the corheld in register only on one single plane perpendicu-
rect positions, but because of a reported ‘absenchr to the chains. It is difficult to distinguish between
of layer lines off the meridian’ Auriemmat al. models on diffraction evidence alone since both ac-
[16] concluded that the observed PET mesophaseount for discrete sampling on aperiodic layer lines,
pattern could be qualitatively accounted for by aalthough further studies by Welsh and Windle [22] sug-
model of isolated chains with monomer units in ran-gest that a crystalline region based on many short se-
dom minimum energy conformations. Nicholsetnal.  quence matches with faults in between, is particularly
[17] also performed energy minimization on PET consistent with the experimental evidence. Later stud-
monomer units and found energy minima with theies of the melt state of the HNA-HBA copolymers re-
CO-0O-C-C dihedral angles close t0°80 vealed a diffraction pattern associated with a smectic
More recently, Jakeway®t al. [18] reported a mesophase [11] which could be interpreted as a random
mesophase in PEN fibres prepared by spinning at aequence matching of neighbouring chains but without
wind up speed of 500 mm/min followed by drawing lateral crystallographic register in the packing of the
at 120 C. These fibres gave diffraction patterns with achains. The presence of a smectic order in the melt
series of relatively sharp meridional peaks, and diffusenelps explain the rapidity with which crystallographic
equatorial peaks. In a further study of this mesophaseegister can occur on cooling to the solid state. How-
by Carret al.[19], it was reported that low temperature ever, in the case of this (HBA-HNA) system it should
and high strain rate encouraged mesophase formatiobe noted that the sequence matching which aligned the
However they found that the mesophase was not verghemical repeats in layers normal to the chain axes was
stable and that it could be removed by annealing. Theyhe same as that in the orthorhombic crystal structure
interpreted the fibre diffraction patterns from the PENwhich formed on cooling.
mesophase as being from a nematic structure in which The studies of Lu and Windle [9,10] on highly crys-
substantial lengths of individual chains are fully ex-talline fibres of PEN/PET copolymers have demon-
tended but do not pack laterally in crystalline register.strated fibre patterns with sampling on aperiodic layer
It was envisaged that there was random conformationdines across the whole composition range. They have
disorder along the PEN chains. shown that the patterns can be accounted for with an
Mahendrasinganet al. [5] have recently reported NPL, sequence-matched crystal in which the matching
evidence for a transient mesophase structure in PEplanes are parallel to treeb plane of a triclinic crystal
during real time fast drawing synchrotron experi- rather than planes perpendicular to the chains. The po-
ments similar to those carried out on PEN and thesition of the first layer line varies with composition and
PEN/PET copolymers [1] and reported in detail here.s related to the mean period of the monomers in a crys-
A faint meridional reflection consistent with a smectic tallographic conformation. Lu and Windle also showed
mesophase was seen during the last stages of drawirtlgat the triclinic cell also varies with composition and is
and was then seen to decay on a similar timescale to theither based on the cells of PET or PEN depending on
appearance of diffraction from a crystalline phase, imthe predominant comonomer, the transition occurring
plying that the mesophase structures had transformeak about 70% PEN. When the PET cell is adopted, the
into crystals. patterns show a systematic displacement of reflections
above and below the layer lines. This feature indicates
a significant tilt of the chain axis with respect to the to
2.2. Crystal structures of PET/PEN the fibre axis. When the PEN cell is adopted, the reflec-
copolymers tions are closely aligned onto the layer lines, but tend

The principles of enabling crystallization in random 5 show a ‘streaking’ along the layer lines.
copolymers by sequence matching has been explored

in detail in studies of liquid crystal polyesters such

as poly(HNA-HBA). This copolymer system can be

regarded as an all-aromatic analogue of PEN/PEB. Experimental

copolymers. Conventional concepts of crystallization3.1. Sample preparation

in copolymers envisage a segregated exclusion ofmorphous monofilaments of random copolymers
monomers to enable the formation of crystals essenwere drawn by hand in a silicone oil bath at a rate of
tially comprising one monomer species. Such conceptapproximately 2 st. Most of the samples were cooled
cannot explain the high levels of crystalline type orderrapidly by quenching into iced water; these will be re-
found in HNA-HBA copolymers. Fibre patterns of well ferred to as quenched samples. Draw ratios were mea-
crystallised HNA-HBA samples show discrete diffrac- sured by marking the monofilaments with ink stripes
tion sampling on aperiodic layer lines with the first layer separated by 5 mm; the stripe separation after drawing
line equivalent to a the mean spacing of the monomewas measured and averaged for all samples in a batch
composition. Two main models have been proposegrepared under the same conditions. The draw ratios
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did not vary by more than 10% within a batch of sam-using a Photonics Science CCD detector, with an ex-
ples, and were reproducible in other batches of samplgsosure time of 40 milliseconds for each frame. 124
prepared in the same way. When drawing samples bframes were recorded sequentially, with essentially no
hand there is a maximum draw ratio at which the fibresdead time between frames. The variation in size and
become suddenly too stiff for further elongation. Forshape of the specimen during drawing was recorded by
50% T/N the maximum draw ratio is about 10, so it is the video recorder, also as a series of 40 millisecond
possible to draw samples to half this draw ratio. Theframes. The collection of the video recorder and X-ray
maximum draw ratio for PET and PEN rich samples isdiffraction frames was synchronized.
only about 5, but the samples can be quenched before The experiments were carried out on amorphous 50%
strain hardening is detected. T/N films, 810m thick which were obtained by melt
The advantages of hand drawing is the speed witlpressing at 17C; amorphous cast PEN films 520n

which the samples can be quenched under load, thinick were provided by W. A. MacDonald (Dupont
transfer time from oil to iced water being of the order Polyester Films). 10 mm wide samples cut from the
of 100 ms. The oil bath also provides a very accurateamorphous films were used. Ink reference stripes were
control of draw temperatureH0.1°C). drawn onto the films with a separation of 1. mm right an-
gles to the draw direction, to allow the draw ratio to be
calculated from the video camera images. The samples
3.2. Wide angle X-ray scattering were mounted in thejaws of the camera with a 10 mm
V\'/idle angle X-ray fibre diffraction patterns were ob- gauge length. A nominal draw rate of 12 swas us_ed

for all the samples although during the deformation of

tained from bundles of fibres using beamline 7.2 ata neck the local draw rate differed from this. The 50%

the Synchrotron Radiation Source at Daresbury with )
/N sample was drawn at 12C; PEN samples were
wavelength of 0.1488 nm. The patterns were coIIecte%raWn at 130C and 150 C.

on MAR image plates and were quadrant averaged an
mapped into reciprocal space using the CCP 13 soft-
ware, which uses the methods of Fraseral. [23]. 4. Results
Diffractometer scans were performed on rafts of par-,* o . .
allel fibres, using a Siemens D500 diffractometer in4'1' 50% T/N mesophase WAXS diffraction

transmission mode. Ni filtered Cu,Kradiation was Fi 2psar;£(§$vrsn:xam les of fibre diffraction patterns from
used, with 0.1 divergence and anti-scatter slits, and aSO%/ TIN fibr wFr)ﬂ h have been dr V\?n t 100
0.15 receiving slit. The samples were calibrated with 0 €s ch have bee awn a

o s to a draw ratio (DR) of 6 and ice quenched, b) to
silicon powder giving peaks at 0.314 nm and 0.192 nma) : :
Data pE))ints wegre c%ll?ected fron? £60 to 50 209, at DR 10 and ice quenched, ¢) to DR 10 and air cooled
intervals of 0.1 20 ' and, for comparison, d) to DR 10, air cooled and an-

Selected samples were also examined by SAxéwaled at constant length at 2@for 24 h; inset boxes
beamline 2.1 at the Synchrotron Radiation Source usin how expanded views of the first meridional reflections.

a wavelength of 0.1544 nm. The SAXS patterns were he three patterns from unannealed fibres all show a

collected with a 2D multiwire detector and analysedSharp and intense low angle meridional rgfl_ection at
using EIT2D software 0.86 nnt!, and a broader high angle meridional re-

flection at 4.8 nm?. Only the edge of the high angle
meridional peak can be seen because of the curvature
of the Ewald sphere.
3.3. In situ hot drawing and wide angle The main equatorial feature on these patterns is a dif-
X-ray scattering fuse peak at about 0.4 nm although in patterns b) and
The time-resolveth situhot drawing experiments were c) crystal peaks are superposed upon it. Fig. 3 shows
carried out on the microfocus beamline ID13 at theequatorial scans taken from the fibre diffraction pat-
European Synchrotron Radiation Facility (ESRF), usterns of Fig. 2 by vertically integrating the first twelve
ing the same experimental procedure recently used irasters of each averaged quadrant of the patterns. The
the study of fast drawn PET [24, 25]. The experimentssample which had been drawn to DR 6 has no crystal
made use of a purpose designed, X-ray diffraction cameomponent, whilst those drawn to DR 10 have started to
era constructed at the University of Keele [26]. Thecrystallize. The annealed sample, Figs 2d and 3d, has
camera consisted of an oven with a viewing port insharp crystalline peaks from a non periodic triclinic
which a video camera was mounted. The oven temstructure. Significantly, there is no sharp meridional re-
perature could be controlled to withirf@. Samples flectioninthe region of 0.86 nrit in its fibre diffraction
cut from polymer films were clamped between two pattern. Annealing, again at 10C and 24 hours, the
jaws attached to stepper motors which allowed uniaxiakample drawn to DR 6 and ice quenched (diffraction
drawing. pattern 2 a), resulted in crystallization and, as with the
The microfocus beamline had a highly collimated DR 10 sample, in the loss of the low angle meridional
beam with a diameter of approximately a@n at the peak.
specimen, with a wavelength of 0.092 nm. A minimum A pattern indistinguishable from Fig. 2a was ob-
specimen to detector distance of 60 mm was availablgained from a 50% T/N fibre drawn to DR 6 at T2D,
atwhich d spacings outto 0.15 nm could be recorded. Anstead of 100C, and ice quenched. However, drawing
continuous series of diffraction frames were recordecht 110 C gave fibres whose diffraction patterns showed
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Figure 2 Wide angle x-ray diffraction patterns from 50% T/N fibres drawn at@@a) drawn to DR 10 and quenched into iced water; (b) drawn to

DR 10 and quenched into iced water; (c) drawn to DR 10 and air cooled; (d) drawn to DR 10 air cooled and anneal€ffat 28(. The diffraction

patterns have been mapped onto a planar section of reciprocal space and quadrant averaged, the blank region about the meridian is inaccessible due
to the curvature of the Ewald sphere. The fibre axis is vertical and the patterns extend to 5. Theninset is a magnification of the marked region

containing the first meridional reflection.

crystalline peaks, superposed upon a mesophase pgtattern shows no sign of orientation, but by the 4th
tern, similar to Fig. 2c; it appears that at this inter-frame the intensity of the main diffraction halo has
mediate temperature 50% T/N fibres crystallize toostarted to become concentrated onto the equator. The
fast to enable a pure mesophase state to be caught lbgncentration of intensity onto the equator becomes
quenching. more marked in the 5th frame, this corresponds to a
draw ratio of about 3 in the necked region that was be-
ing penetrated by the microbeam. There are no sharp
4.2. Real time WAXS diffraction from 50/50 reflections in the frame 5 diffraction pattern, the broad
copolymer equatorial peaks indicate a structure in which there are
Fig. 4 shows series of diffraction patterns from an amor-highly oriented parallel chain segments packed laterally
phous 50% T/N film recorded during hot drawing atin a liquid like manner.
120°C. Fig. 5 shows the corresponding video images A distinct, albeit faint, meridional reflection first be-
of the film as it was stretched. The initial diffraction come visible in the frame 6 diffraction pattern. Fig. 6

5229



The changes in this last stage of the experimental ob-
servation indicate a gradual reduction in the number of
extended, oriented chains with a corresponding loss of
axial register between them. A more detailed analysis
of the quantitative changes during the growth and decay
of the meridional reflection is reported separately [2].
During the 5 seconds of the recorded diffraction
of this experiment, no crystalline reflections were de-
tected. It is possible that the sample did not crystallize
during this timescale because it was being drawn quite
a close to its melting pointTy, = 135°C for 50% T/N).
However a diffraction pattern collected from this sam-
ple after it had been removed from the drawing rig and
allowed to cool down showed three strong Bragg peaks
b on the equator, indicating that the sample had crystal-
lized after the experimental recording had ceased and
possibly during the subsequent cooling of the sample.
During the corresponding drawing experiments on
PEN, the crystallization process was too rapid to resolve
the exact sequence of structural changes at the start of
the crystallization processes. However the meridional
reflection associated with the mesophase was visible
for a few frames during the initial stages of the crystal-
lization near the end of the draw and then diminished as
the crystallization proceeded. Although no frame shows
solely the mesophase reflection without any accompa-
Equator (nm’) nying crystalline reflections, the sequence of events is
consistent with the similar time resolved experiments
Figure 3 Equatorial scans from the diffraction patterns of Fig. 2a—-d. Thegn PET where the mesophase was observed as a pre-
vertical axis is intensity in arbitrary units. cursor to crystallization [5].

5.0

shows an expanded view of the frame 7 diffraction
pattern, in which meridional reflections can be seem.3. Mesophase diffraction patterns across
clearly; there is a very sharp meridional at the lower, the composition range
and a broader meridional at a higher angle. It shouldrig. 7 shows diffraction patterns from quenched sam-
be remembered that due to the curvature of the Ewalgles of a) 8416% T/N, b) PET, c) 16/84% T/N and
sphere, the meridian cannot be accessed completelg) PEN. In each case the draw ratio was 5 and the sam-
and the high angle peak is only the edge of a reflectiomples were quenched into iced water. The draw tempera-
which has been spread out, probably by disorientationtures were, a) 9@, b) 120C, c) 75C and d) 120C. As
The pattern in frame 7 is very similar to the diffraction in Fig. 2, the inset boxes show an expanded view of the
pattern obtained from 50% T/N fibres which have beerfirst meridional peaks. A broad and diffuse equatorial
extended to DR 6 and quenched before crystallizatiomeflection, a sharp meridional reflection at low angle;
could occur (see Fig. 2a). The sharp low angle meridand broader meridional reflections at higher angle, are
ional reflection and broad equatorial peak, indicate thavisible on all the patterns. The PEN rich samples have
the polymers are arranged in liquid crystal like pack-clearly started to crystallize as Bragg peaks are visible
ing, with some axial register between neighbouringon the equator of some of the layer lines.
chains, but with liquid like lateral packing of polymer  Most of the information in diffraction patterns from
chains. PET/PEN quenched fibres lies on the meridian. Fig. 8
Although the mechanical movement of the shows meridional diffractometer scans from quenched
crossheads ceased during frame 6, the part of thBbres of Fig. 7 with the addition of that from Fig 2a
sample in the X-ray beam continued to draw and thin(D.R.=6 and iced water quench). Strong peaks can
down at the same deformation rate to reach a drawwe seen corresponding to the first layer line mesophase
ratio of 9:1 at frame 11. During this period there peaks on the fibre diffraction patterns. Other peaks are
was both a significant intensification of the meridionalalso visible on the diffractometer scans, all the peak po-
reflection and an increase in prominence of the diffusesitions are tabulated in Table I. This table also gives the
scatter at the equator. After frame 11 and for theideal reflection positions calculated on the basis of the
remainder of the experiment, the local deformationhighest order observed meridional peak (a fifth order
rate then slowed down to reach a draw ratio of aboupeak for PET and a sixth order peak for PEN), which
13:1 in the final frame 124. Between frame 11 andshould give the most accurate value of the repeat. Dif-
124 there is a measurable reduction in the intensity oferences between the observed and ideal peak positions
the sharp meridional reflection relative to the overallwill be discussed below.
scattered intensity and there is also is also a reduction Fig. 9 shows an expanded view of the meridional
in the diffuse intensity concentrated on the equatordiffractometer scans in the region of the first peak.
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Figure 4 A sequence of wide angle diffraction patterns taken during the drawing of 50% T/N film & 1#ach exposure corresponds to a time
interval of 40 ms.

Background scattering was subtracted from this regiofine positions from the crystalline random copolymer
(0.6 nnT*to 1.0 nnTt) by combining the scaled diffrac- fibres. Fig. 10 shows an expanded view of the diffrac-
tometer data from the PET and PEN scans in the regiotometer scans in the region of the high resolution 5th/6th
in which each of these scans has no peak, and subtraarder peaks; like the corresponding layer lines in crys-
ing this from each of the diffractometer scans. Removatalline PET/PEN random copolymer fibre diffraction
of the steeply sloping background scattering from thepatterns, these peaks move very little with change in
diffractometer scans allowed the peak positions, of theeomposition. Itis clear that the mesophase patterns have
first meridional peaks, to be measured more accuratelyion- periodic layer lines.

The position of the first meridional can be seen to vary Fig. 11 shows a plot of the chain repeat distance cor-
with composition in a similar manner to the first layer responding to the first meridional maximum; the chain
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Figure 5 A sequence of video frames showing the deformation of 50% T/N film during uniaxial drawing &€ 12Re frames correspond exactly

by number to those of Fig. 4. The draw head motion was stopped during frame 6, although the sample continued to thin in the central shown until

frame 20.

repeats obtained from the first layer lines of annealedrystalline samples; in PET rich samples this reduction
crystalline fibres are also shown for comparison. Than length is about 3% of the fully extended monomer
chain repeat for the mesophase samples varies wittepeat distance which is in good agreement with Asano
composition in the manner characteristic of random coand Seto [14].

polymers in which co-crystallization is occurring, at SAXS patterns are shown in Fig. 12 for samples pre-
least in the mid-range compositions. At all composi-pared under the conditions that give the WAXS pat-
tions the axial repeat in the mesophase is smaller thaterns, a), ¢) and d) shown in Fig. 7, namely draw to
that measured from annealed samples. The differendeR =5 and quench. In the quenched samples showing
is greatest for the samples rich in PEN, where the chaitthe mesophase reflection but no significant crystalline
repeat is reduced by about 5% from its length in thereflections, the SAXS patterns are isotropic, despite
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Figure 6 An enlargement of frame 7 of Fig. 6 in which the sharp meridional reflection is first clearly visible.

high chain orientation indicated by WAXS. The inten- of the first meridional reflection in the mesophase fibre
sity is low and does not show any maximum suggestingatterns corresponds to an axial crystallite size of 20 nm
there is either no separation into discrete mesophasa more; this could mean that the fibres consist predom-
and amorphous regions, or that there is no significaninately of highly oriented polymer chains, and there is
density difference between these regions. Accordingio two-phase microstructure. Alternatively, it is possi-
to the Scherrer equation, the width in tAedirection,  ble that such a microstructure does exist yet, the density
difference between the amorphous and mesophase re-
gions is insufficient to give significant contrast and thus
a SAXS signature..

Fig. 13 shows the SAXS of annealed fibres from
across the composition range. The WAXS patterns

TABLE | Peak positions (in nmt) from the meridional diffracto-
meter scans of Fig. 8

Peak Order 1 2 3 4 5 show well developed crystalline patterns without the
g"f—/le o g-gi i-gg ;-gi - i-;g meridional smectic reflection but the SAXS give strong

(] . . . - . H H H
deal 1.05 nmrepeat  0.95  1.90 286 381 476 gnd gnlsot_roplc patterns. The SAXS from composi-
Peak Order 1 _  _  _  _ 58 tions in which the structures are based on the PET tri-
50/50% T/N 0865 — — — — 480 clinic cell (70%—100% T/N) show a four point pattern
Peak Order 1 2 3 4 5 6 whereas for the samples with structures based on the
16/84% T/N 0815 — 232 316 38l 478 ppN triclinic cell the SAXS is a two-point pattern.
PEN 0.805 — 233 318 383 478

The other major aspect of SAXS of the annealed fi-

Ideal 1.255 nmrepeat 0.797 159 239 3.19 3.98 4.78 ; o
bres is that the 50% T/N composition does not show
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Figure 7 Wide angle fibre diffraction patterns presented in the same way as in Fig. 2./ 84N, D.R. 5 at 90C, quenched into iced water.
(b) 16/84 T/N, D.R. 5 at 120C, quenched into iced water. (c) PET, D.R. 5 at@5quenched into iced water. (d) PEN, D.R. 5 at®20quenched
into iced water.

any discrete reflections although the scattering is sigrection. For the PEN based (2 point SAXS) samples it
nificantly anisotropic. It would appear that the crystalsis interesting to compare the PEN homopolymer with
in the 50% sample, and to a lesser extent, those of thihe 5¢50 T/N random copolymer. The crystallinities
40% and 60% T/N samples, are not sufficiently reg-have been estimated at 50% and 30% respectively by
ularly arranged to give a completely discrete SAXSWelsh [27], which would imply crystal thicknesses of
interference peak. However, a more detailed investigathe order of 7.5 nm for PEN but 6.0 nm for £D fibre
tion, almost certainly involving electron microscopy, (each corresponding to 5-6 monomers thickness) but
would be necessary to obtain firm conclusions on thissmorphous region thicknesses of the order of 7.5 nm
matter. and 14.0 nm respectively.

The long periods measured from the two dimensional
SAXS patterns are listed in Table Il. It should be noted
that the transition from a two point diagram to a four 5. Discussion
point one as the T content reaches 70% is associateésl1. The structure of the mesophase
with a discontinuous drop in long period, but little dis- The X-ray diffraction patterns from PET/PEN random
continuity of the long period resolved in the axial di- copolymer monofilaments, which have been quenched
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Figure 8 Meridional diffractometer scans from quenched samples. They
are from the four fibre patterns of Fig. 7 and from Fig. 2a. The sharp
peaks are from silicon powder used as a calibrant and the vertical axis is

intensity in arbitrary units.
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—=—84/16 TN
—%—50/50 TIN
—+—— 16/84 TN
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Figure 9 An enlargement of the range 0.6—1.1hirom Fig. 8 to show

the positions of the ‘mesophase’ peak on the first layer line. The steepl

sloping background has been subtracted.

M PET
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16/84 [T/N
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Meridian (nm™)

Figure 10 An enlargement of the range 4-5.5 nifrom Fig. 8. The

meridional maximum corresponds to the 5th order from the PET sample% PET
and the 6th order from PEN. The PEN rich samples have a shoulder at

around 4.6 nm* because the samples have started to crystallise.

whilst drawing at temperatures close g, show a

mesophase pattern. The mesophase pattern consists ef
a strong, broad peak on the equator at a spacing corre?0
sponding of 0.4 nm, and a series of well defined merid- 8
ional peaks. At all compositions the first order merid-lgé
ional peakis especially sharp and varies in position with

1.35 T T T
1.30 i —8—Db) Annealed _|
E : —>— a) Quenched
£ 125
3
@ 1.20
[}
X 115
£
8410
o 0
1.05
1.00 ' ' ' '
0 20 40 60 80 100
% PET

Figure 11 Variation of the chain repeat with composition from the
‘meridional ‘mesophase’ reflections where these were visible in quenched
Samples. They are compared with the repeats from the drawn and an-
nealed crystalline samples. In each case the repeats were measured from
the first layer line.

composition in a similar way to the first layer line in the
crystalline diffraction patterns from the random copoly-
mers; it also has a narrow lateral width concentrated
around the meridian. The fifth/sixth order meridional
peak is very strong, and varies little in position with
changes in composition. In addition, the PET rich sam-
ples give athird order meridional peak. This seemsto be
smeared out and shifted to higher angle on going to 50%
T/N. PENrich samples may give meridional peaks other
than the first and fifth order, but it is hard to distinguish
these from features arising from the scattering from
the crystalline components of the samples. The spac-
ing associated with the meridional peaks is less than
thec-axis repeat of the corresponding crystalline state.
Mhis indicates that the monomer units in the mesophase
are not as fully extended as the fully extended confor-
mation in the crystalline state. However the positions
and the appearance of the meridionals are consistent
with the aperiodicity associated with extended chains
with a random monomer sequence. In this respect the
mesophase of the random copolymers echoes the ape-
riodicity exhibited in the crystalline phase [9].

The patterns are reminiscent of those from the lig-
uid crystalline random copolymers HBA/HNA, partic-
ularly those observed by Hanatal.[11] in the sheared
melt, where there were sharp meridional peaks but no

TABLE Il The long period of annealed fibres across the full compo-
sition range. They are measured from 2D SAXS patterns, examples of
which are shown in Fig. 13;j(indicates increased uncertainty in this
measurement as the maximum was not especially obvious)

Long Period (hm 0.5 nm

0 14.7
8 15.2
16 16.1
40 19.4
50 19.7%
19.0

13.9

135

12.3

11.4
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¢) PEN d) 16/84 T/N

Figure 12 Small Angle X-ray Diffraction (SAXS). (a) Collagen used to calibrate the images patterns (vertical and horizontal patterns superimposed).
The strongest peak at the highest angle is 0.135™%.4 nm), (b) 84% T/N drawn at 9C and quenched, (c) PEN drawn at 180and quenched
and (d) 16% T/N drawn at 13@ and quenched.

Bragg sampling on the equator. The strong but diffuseover distances of the order of 7.0 nm, or ten chains or
equatorial peaks in the PET/PEN mesophase pattermaore. The first meridional mesophase peak thus cannot
indicate the parallel alignment of straight chains, butbe accounted for by the molecular transform of an iso-
since there is no Bragg sampling on the equator théated chain associated with the scattering from parallel
chains must be packed laterally in a liquid like man-but uncorrelated polymer chains [28]. This interpreta-
ner. The presence of sharp meridional reflections indition, in terms of smectic A organisation is in line with
cates that there is axial register between monomers oBonart [12] and a recent paper by Asastcal.[12]. It
adjacent chains, in which the plane of register is perdiffers from the conclusions of Auriemmet al. [16]
pendicular to the chain direction. This is different to who proposed that the mesophase structure of PET is
the crystalline structure of these polymers in which theessentially nematic, with no axial register between ad-
plane of register is on a slant consistent with the triclinicjacent chains or correlation between the planes of the
crystal structures. The structure of the mesophase coulghenylene rings. It also seems that Gatral. [20] pro-
be classified as smectic A, or ‘chained’ smectic A, asposed a nematic structure for the PEN mesophase.
the correlation is between chemical repeat units rather
than molecule ends. 5.2. Transient nature of the mesophase

While, the patterns from the quenched fibres havePrevious reports of mesophases in PET and PEN, with
key features of a smectic type of order, it is necessaryhe exception of Bonart [12], have been of a distinct
to counter suggestions that the mesophase meridionphase obtained by preparing samples using a partic-
peak is simply the transform of an isolated molecule,ular method, especially drawing at room temperature
and thus the structure should be classified as nematiend annealing belot,. Diffraction data from the PET
The full width at half height in theR direction (along and PEN quenched samples obtained here are in good
the layer line) of the first meridional peak is of the or- agreement with those reported by Bonart [12], Asano
der of 0.15 nm! except in the case of the strongly PEN and Seto [14] and Jakewags al. [18]. However, it is
rich samples where itis larger. The longitudinal registerproposed here that as well as a phase that can be ob-
between chains in the mesophase thus extends laterallgined by certain processing methods, this mesophase is
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c) 8416 T/N d)16/84 T/N

g) 60/40 T/N h) 70/30 T/N

Figure 13 Small angle diagrams corresponding to those of Fig. 12 from samples which have been drawn quenched and annealed for 24 h. (a) PET
drawn at 90C and annealed at 190, (b) PEN drawn at 13@ and annealed at 210, (c) 84/16 T/N drawn at 90C and annealed at 190,

(d) 16/84 T/N drawn at 130C and annealed at 210, (e) 4060 T/N drawn at 110C and annealed at 140, (f) 50/50 T/N drawn at 110C and

annealed at 1T%, (g) 60/40 T/N drawn at 110C and annealed at 130, (h) 7¢/30 T/N drawn at 100C and annealed at 140,.
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also a transient phase which occurs during hot drawingaught by the staggering. Consideration of the ways in
as a precursor to crystallization. which this stress might be relieved may be tentatively
The WAXS patterns for 50% T/N fibresin Fig. 2 illus- used to explain some of the features in the wide an-
trate different degrees of development of crystallinitygle X-ray diffraction patterns from crystalline PET and
depending on the drawing and quenching conditionsPEN fibres.
When the fibre is extended to DR 6 and then quenched As there is no evidence of tilt of theaxis away from
there are no signs of crystallinity; only scattering fromthe fibre axis in the mesophase patterns from PET rich
the mesophase is apparent. Annealing leads to full cryssamples, but on crystallization from the mesophase all
tallization and the disappearance of mesophase peakisese samples show this type of tilt, it seems reason-
from the fibre diffraction patterns. This suggests thatable to assume that the tilt occurs when crystallization
the mesophase forms before crystallization. When extakes place. It is possible that the tilt occurs as a means
tended to a larger draw ratio of DR 10 and quenchedof reducing the stress caused by the shape change of
weak crystal peaks appear in its diffraction patternthe crystal caused by staggering of successive chains
superimposed upon the broad equatorial peaks frorbeing opposed by the surrounding amorphous phase.
the mesophase. It would appear that the mesopha$tEN and PEN rich copolymers%30% N units) do
can be at least partly converted into crystalline matenot show tilts as in PET, however the crystalline PEN
rial as drawing progresses if the deformation is largebased fibre diffraction patterns show distinct streaks be-
enough. It could be argued that the first meridionaltween reflections on all the layer lines. Streaking of this
seen in these patterns was formed during cooling andlind can arise from faulting in the crystallites parallel
is not representative of the structures formed duringo the chain direction, this is demonstrated using optical
the draw. However the data from the time resolvediransforms by Harburet al. [29]. Faulting could also
wide angle diffraction/hot drawing experiments pro- be a means of reducing the stress caused by the sequen-
vide conclusive evidence that, for 50% T/N at least, thetial shear of chains when register becomes triclinic, as it
mesophase occurs during the drawing process whewill compensate for the crystal shape change caused by
a sufficient level of molecular orientation is achieved.change in register from smectic A to triclinic. Fig. 14 is
The transient appearance of the mesophase in the remkchematic diagram showing how either tilt or faulting
time experiment on PEN show that it not only forms would reduce the build up of stress caused by the smec-
during the draw but that it is replaced by crystalline tic A mesophase crystallizing into a triclinic structure.
reflections as crystallinity develops. The recent reporfThe stress relieving mechanism chosen will depend on
on similar experiments on PET by Mahendrasingam
et al. [5] shows a sequence of a mesophase forming
and then being replaced by crystals. There is therefor

Tilt
no doubt that at least under certain drawing conditions PET
that a smectic mesophase occurs as a transient interm |

diate of crystallization. |
these PET/PEN copolymers is in contrast to the stable

Triclinic
mesophase seen in the HBA/HNA thermotropic lig- Register plane | |
uid crystal copolyesters. In the more rigid chains of perpendicular to Build up of stress

chain axis

the HBA/HNA system it has been shown by Hanna h

et al. [11] that the mesophase forms spontaneously
in the melt state and that it can act as a template fo

The transient nature of the smectic mesophase i

rapid crystallization on cooling. In the case of PET, the
mesophase only becomes a viable structure in the pre:
ence of an externally applied strain field. The decay
of the mesophase in the real time 50%T/N experimen "Smectic A’
illustrates the fragility of the structure when chain relax-
ation mechanisms remove the local internal stresses [2

Triclinic

‘III |||| Faulting

5.3. Crystallization from the mesophase

Inthe smectic mesophase which forms during hot draw-

ing, longitudinal register between chains occurs in lay- PEN

ers which are perpendicular to the chain direction, i.e._ o _ _

smectic A order. On crystallization the register shifts t0F|gure 14 Schematic diagram showing how a co-ordinated c-shear re-

b triclini d th idi | h ulting from the mesophase to triclinic crystallization transition could

ecome trichinic, an . € meridional mesop ase.peagroduce oblique crystals, which, on account of the constraint of sur-

decays as the layer line, or at least one close to it COlrpunding material, leads to a tilt of the chain stems away from the fibre

responding to a slightly larger axial repeat, is sampledxis; or, alternatively, faulting which compensates completely for the
idi i ift in obliquity. Experimental evidence suggests that the first mode occurs in

by off meridional crystal reflections. Such a shift in obliquity. Experi | evid hat the fi d i

register requires axial staggering of successive ChamPSETalndthose PET/PEN random copolymers which have unit cells based

ithi tallite. S : t . Idlead t on the PET one (70%—100% T/N), while the second mode, which leads

withina crystallite. successive staggering would leadtq, layer line streaking but no axis tilt, corresponds to what is seen in

abuild up of stress on a crystallite, from the amorphou$eN and PET/PEN random copolymers with crystal structures related
chains above and below it, which have been made more PEN (0-70% T/N).
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which of the triclinic cells (PEN or PET) is exhibited The two point diagrams for annealed fibres with com-
by the particular copolymer. Similar proposals to ex-positions around 50% T are not especially distinct. The
plain the axial tilt of PET fibres have been suggestedadial () sharpness of the meridional mesophase re-
[13, 15]. In this context, it is worth noting that the co- flection corresponds to a crystal thickness which is at
polymers in which the crystal structure is based on thdeast of the same order as the reported long periods of
PET structure (70%—100% T) show distinct four-pointthese materials, without taking into account the effect
SAXS diagrams which may be interpreted in terms ofof broadening due to the presence of random sequences
oblique crystallites such as envisaged in Fig. 14. Theof molecules. This observation may also suggest that
obliquity of the crystallite is of course of the order there is not a two phase microstructure associated with
of 45° against which the ‘fibre tilt' of a few degrees the mesophase state of the fibres.
(depending on composition [9]) is but a small ‘reac- The absence of oriented SAXS patterns for the highly
tion’ to the constraint of the surrounding amorphousoriented mesophase samples suggests, either that the
phase. Correspondingly, the copolymers based on themesophase is not associated with any recognisable two-
PEN structure (0-70% T), show a two point diagramphase structure, or that the densities of the mesophase
with no evidence of obliquity, but consistent with the and a surrounding amorphous phase are too similar to
c-shear faulting model. provide the contrast necessary for a clear SAXS pat-
Finally we wish to suggest that in the debate withtern (or both !). Further work is necessary to determine
respect to the presence of a third, ‘oriented amorphousihich. However, it is worthy of note that in this system
phase in PET type polymers, as enjoined for examthere is no SAXS evidence for the mesophase.
ple by Fuet al. [30], the possibility of the presence  The transformation from a smectic A phase to a tri-
of the orientation induced mesophases, and the possilinic crystal structure via a co-ordinated c-shear would
bility that the significant streaking of the reflections on cause the mesophase region to change shape. It thus
the layer lines in PEN based copolymers (and PEN) caprovides a mechanism which can explain the four point
also be interpreted as disorder, should both be borne iBAXS diagram and axial tilt well known for PET and
mind. seen [9] also for copolymers with crystal structures
based on the PET unit cell (70%—100% T). Similarly,
the two point SAXS diagrams together with the ab-
sence of tilt in PEN based (0-70% T) structures, are

6. Conclusions consistent with crystals with no obliquity to the fibre
As already understood, samples of PET, PEN and theifyjs. The presence of c-shear faults in such crystals

random copolymers, processed and cooled rapidly teeconciles not only these observations, but also that of
avoid crystallization, show stress-induced crystallizasignificant layer line streaking as well.

tion during subsequent drawing at temperatures be-
tween the glass transition temperature and the crystal
melting point.
Samples which are drawn to the point where crys-Dedication
tallization has not started or is just beginning, show aThis paper is dedicated to the memory of Andrew Keller
transient mesophase which appears to be the precursaho died last year. Andrew was one of the founding
of crystallization. This mesophase can be observed bfathers of Polymer Physics, and is famous for his discov-
guenching the sample into iced water, where it can bery of chain folding in polyethylene crystals. Working
examined at leisure, or by recording the stucture at temwith Charles Frank in Bristol University he built up a
perature as the sample is being drawn using synchrotromsearch school which led the subject over four decades.
radiation. In a lecture to mark his official retirement in 1991, he
The mesophase is apparent from fibre x-ray patterngjrew attention to the importance of mesophases to the
its signature being a comparatively weak, yet relativelymechanism of polymer crystallization citing Oswald’s
sharp meridional peak, corresponding to an axial repeattage rule. Indeed his ‘retirement’ coincided with a
a few percent less than that characteristic of the crystahew wind, as he took the understanding of polymer
This peak is observed in samples in which there is nogrystallization into new territory, seemingly leaving
or very little, crystallinity as evidenced by the broad many established polymer scientists panting to keep up.
but highly oriented equatorial peaks, and the absenc®f course, Andrew’s interest was especially focussed
of anyhkl reflections. on his beloved polyethylene, and he demonstrated the
The mesophase order is consistent with that of smecsignificance of the hexagonal phase of that polymer,
tic. The lateral width of the main meridional mesophasenormally only stable under extreme pressure, as a tran-
reflection would suggest that the sequence matching besient mesophase which acted as a precursor to the for-
tween neighbouring molecules extends laterally over anation of chain folded crystals. This paper reports a
distance of at least 10 molecule diameters. very strident example of a transient mesophase, in the
Samples in which the mesophase occurs in the alrandom copolymer system PET/PEN. In this case the
sence (or near absence) of crystallinity show no discretenesophase is stabilised by stress, however the Ostwal-
SAXS peaks. However samples which have been crysdian principles are similar, and it appears to act as a
tallised by annealing the mesophase, at constant lengtprecursor to crystallization induced by fibre drawing.
show either two point diagrams or four-point diagramsAndrew saw these results shortly before he died, but
depending on whether the crystal structure is based otwo of us (DJB and AHW) owe much more to him than
the PET cell (70%-100% T) or the PEN cell (0—70% T). simply thanks for his encouragement of this particular
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piece of work, as he was both teacher and mentor to uss.

throughout most of our professional careers.
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