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Abstract

Two types of SAXS and WAXS experiments have been made using synchrotron radiation to observe the transformation from smectic to

crystalline phases in oriented poly(ethylene terephthalate) (PET). In step-anneal experiments, PET was drawn slowly at 30 8C and then

observed after annealing at 5 8C steps up to 100 8C. In the other experiments, time-resolved observations were made while drawing at 90 8C

at rates up to 10 s21. Up to 70 8C the WAXS data in the step-anneal experiments showed the smectic meridional reflection reducing in lateral

width, indicating an increase in lateral long range order with annealing. Between 70 and 100 8C, there was a reduction in the intensity of the

smectic reflection which correlated with an increase in the intensity of crystalline reflections. The SAXS from the step-anneal experiments

showed an intense equatorial streak which has a correlation peak around 20 nm and which diminishes with annealing above 70 8C. It is

concluded that this feature is a characteristic of the presence of the mesophase in oriented PET and is due to elongated domains of smectic

mesophase with a length .75 nm and with an interdomain spacing of around 20 nm. Between 70 and 100 8C the SAXS data showed

additional diffuse diffraction which correlated quantitatively with the crystalline phase and evolved from a cross-like appearance to a well

resolved four-point pattern. The time-resolved drawing experiments were limited by the time resolution of the SAXS detector. They showed

the same development of four-point diffuse SAXS patterns as was observed in the step-anneal experiments and a very weak equatorial streak.

Differences in phase transformation kinetics between the two types of experiment are attributed to the different chain relaxation processes

available under different conditions.

q 2003 Published by Elsevier Ltd.
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1. Introduction

Oriented poly(ethylene terephthalate) (PET) is used

extensively in the manufacture of films, bottles and fibres.

The enhanced properties resulting from high orientation rely

on crystallisation ‘fixing’ the chain orientation and provid-

ing dimensional stability. This paper is a continuation of our

previous studies of oriented PET [1,2]. It reports on

observations from recent synchrotron WAXS and SAXS

experiments of the development of crystallinity via pre-

crystalline structures. The observations of pre-crystalline

structure are also relevant to the current general debate on

the role of an intermediate mesophase acting as precursor of

the crystalline phase during polymer crystallization [3–6].

In a previous paper, we have reported a time-resolved

WAXS synchrotron study of the strain-induced crystal-

lisation process during the orientation of PET [7], in which a

transient, smectic mesophase was seen to be created during

drawing before being transformed into an oriented crystal-

line phase. The mesophase is characterised by a sharp

meridional reflection at ,1.03 nm and by diffuse equatorial

diffraction lobes. The diffuse equatorial diffraction is

consistent with the parallel alignment of chains packed in

a liquid like manner. The meridional spacing is smaller than

the c-axis repeat of the triclinic crystal phase (1.075 nm) and

has been shown to be consistent with a random chain

conformation with CO–O–C–C dihedral angles close to

808 [8,9]. The meridional reflection has a narrow lateral

spread which indicates a degree of correlated registration
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between monomers of adjacent chains such that the plane of

registration is perpendicular to the chain direction. This

differs from the triclinic crystal structure of PET where the

plane of registration of monomer units is on a slant with

respect to the chain direction. Such a correlation between

monomer segments of aligned chains has been termed a

‘chained smectic’ structure [10]. A diffraction pattern with

diffuse equatorial lobes but without this meridional feature

would indicate a lack of correlated registration between

units of adjacent chains such that the arrangement of

monomer units would be characteristic of a nematic phase.

In a separate study, Welsh et al. [11,12] have shown

evidence of the smectic mesophase occurring as a transient

state in the oriented crystallisation of a range of poly-

(ethylene terephthalate)/poly(ethylene 2,6 naphthalate)

(PET/PEN) copolymers. An associated real time study of

the deformation of a 50% PET/50% PEN copolymer

demonstrated that in the absence of crystallisation the

smectic mesophase can attain a degree of self-stability

which resists decay from chain relaxation processes, thus

supporting the view that this mesophase represents a

thermodynamic state [13].

There have been several reports of a mesophase

occurring in oriented PET when prepared under specific

conditions. Bonart [14] recognised both nematic and

smectic states in a series of stretching experiments on

PET and originally suggested that these mesophase states

characterise stages in the crystallisation process. Later

Bonart carried out cold drawing under various conditions

and claimed to be able to produce all-nematic or all-smectic

forms [15]. Asano and Seto [16] observed similar patterns in

cold drawn and annealed fibres. Recently Asano et al. [17]

have expanded the study on cold drawn PET that is

subsequently annealed and demonstrated with increasing

temperature a progression from nematic to smectic and from

smectic to crystalline order. There have also been

speculations of the smectic state influencing the orientation

texture of the subsequent crystals such as the tilt of the chain

axis away from the draw direction [12,17].

In the case of unoriented PET, Imai and coworkers [18]

have presented clear evidence from SAXS of density

fluctuations developing via a spinodal process which they

have interpreted as precursors to the crystal nucleation

process. Olmsted et al. [5] have rationalised the formation of

an intermediate mesophase via a spinodal process in terms

of an assisted crystallisation model involving a buried

liquid–liquid phase. There is therefore an impetus to

integrate SAXS information with WAXS data in order to

elucidate the evolution of the crystalline structure that is

specific to oriented PET.

The majority of previous SAXS studies of oriented PET

have been based on the post analysis of previously oriented

and crystallised samples. In most cases the SAXS patterns

of uniaxially oriented PET exhibit a four-point pattern of

diffraction maxima. Explanations of the origin of the four-

point pattern include a checker-board arrangement of

crystallites and lamellar like crystals with sloping end

surfaces [19].

This paper describes two types of real time X-ray

scattering experiments that have been carried out on

oriented crystallisation of PET using a synchrotron source.

The first type involves time-resolved SAXS observations

during fast, uniaxial deformation. These experiments were

carried out under the same conditions as used in our

previous WAXS studies [1,2]. These studies used strain

rates up to ,10 s21 in order to simulate conditions used in

many industrial film and bottle fabrication processes. The

studies identified two main regimes of behaviour which

depended on the drawing conditions and which correlated

with the chain relaxation modes. In regime I, when the

deformation rate was faster than chain retraction modes, it

was found that the onset of crystallisation was delayed until

the end of the deformation process, irrespective of the draw

ratio achieved. However, in regime II, when the strain rate

was slower than chain retraction, crystallisation started to

occur during the deformation process once sufficient chain

segment orientation had been achieved. However, these

experiments were only able to resolve the meridional

smectic reflection while drawing at the lowest temperature

(90 8C) and fastest strain rate of 10 s21 [7]. It is not known

whether this is due to limited resolution or because the

smectic reflections only occur under limited conditions. All

these previous WAXS observations were made using a CCD

camera and frame grabber configuration that enabled the

recording of successive frames every 40 ms. This provided

the time resolution that was needed to record the events

occurring during the fastest draw rates. The new SAXS

experiments reported here were carried out at the ESRF in

Grenoble on beamline ID2A, since this was regarded as the

facility which has the most appropriate configuration for the

continuous time resolution of SAXS and which therefore

was most able to capture these faint transient diffraction

effects. However the configuration of the CCD on this

beamline has a dump time between frames of 0.1 s and thus

precludes resolution of the fastest draw rates. Nevertheless

it is still adequate for resolving the slower draw rates of

regime I conditions at 90 8C.

The second type of experiment attempted to reproduce

the experiments of Asano et al. [17] in which the PET is

slowly cold drawn and is then progressively annealed at

5 8C increments during which there is a gradual ordering of

structure resulting in oriented crystallisation. WAXS and

SAXS diffraction were recorded in two separate exper-

iments using the same procedure. Although this experiment

does not fully simulate events occurring during the time-

resolved fast drawing experiments, it has the advantage of

not being limited by time resolution and hence provides

useful insight into the structure evolution.

The main objectives of this work are to look for evidence

in the SAXS of density fluctuations that correlate with the

smectic meridional reflection and to follow the evolution of

the four-point pattern during the build up of the crystalline
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phase. It will be shown that the smectic phase gives rise to

equatorial diffraction lobes indicating a columnar-like

morphology.

2. Experimental

Experimental data were collected at the ESRF in

Grenoble using X-rays of wavelength 0.095 nm on beamline

ID2A. The SAXS patterns were collected on a CCD with a

sample to detector distance of 2.5 m. Variations in beam

intensity before and after the sample were monitored in real

time with pin diodes. The ratio of the two readings enabled

corrections to be made for sample absorption in order to

obtain appropriate subtraction of the background signal.

During the SAXS experiments, a second CCD was

positioned at an oblique angle at a distance of around

150 mm to enable the part of the WAXS diffraction on the

equator to be recorded simultaneously with the SAXS

pattern. This subsidiary WAXS pattern allowed the crystal-

lisation process to be correlated with the changing SAXS

patterns. Full WAXS patterns were recorded in separate

experiments using a Photonics Science CCD with a

specimen-detector distance of 60 mm in order accurately

to record the meridional reflection associated with the

smectic phase.

All the deformation experiments were carried out in situ

with the samples mounted in the jaws of a stretching X-ray

camera that had been purpose designed and constructed in

the Keele Physics Department workshops [20,21]. The

temperature of the oven could be controlled to within 1 8C.

The jaws of the camera were attached to stepper motors

which allowed uniaxial, bi-directional drawing allowing

effective strain rates up to ,10 s21.

The PET polymer was supplied by Goodfellow and was

in the form of an amorphous sheet of thickness 1 mm.

Specimens 10 mm wide were cut from a sheet and ink

reference stripes were drawn with a separation of 1 mm on

the specimen at right angles to the draw direction to enable

the degree of extension to be deduced from the video

camera image. The specimen was mounted in the jaws of the

camera with a 10 mm gauge length.

For the real-time SAXS drawing experiments, the

specimens were heated in the camera to the drawing

temperature and allowed to equilibrate for 2 min before

being drawn. They were then drawn to the final draw ratio of

around 3.5:1 by stepping the motors with pre-defined steps.

A sequence of 0.1 s SAXS frames were collected every

0.12 s over the time scale of the experiments. The drawing

experiments were carried out at 90 8C at various defor-

mation rates between 0.1 and 10 s21.

For the slow drawing and step-annealing experiments,

the specimens were first drawn at 30 8C at a deformation

rate of 1023 s21 to a final draw ratio of ,3.5:1. The

temperature was then raised in 5 8C steps to 100 8C with

diffraction patterns being recorded over 10 s at each

temperature while the sample was firmly held in the jaws

of the stretching rig. One set of data recorded the full WAXS

pattern using the Photonics CCD at 60 mm and a second

separate experiment recorded the SAXS patterns with the

CCD at 2.5 m path length.

Before analysis of the patterns, the background scatter

with an empty camera was subtracted taking account of the

transmission factor determined from the pin diode signal on

the backstop. Estimates of the invariant integral from the

SAXS patterns were obtained by assuming the intensity

function had uniaxial symmetry around the draw axis. The

two-dimensional pattern was projected on to the equatorial

axis to obtain a one dimensional intensity profile JðsÞ; where

s is the scattering vector defined by s ¼ 2 sin u=l: Since the

signal to noise of the pattern did not allow the high-s part of

the profile to be analysed in detail, it was assumed for

simplicity that the decay of the JðsÞ profile had a 1=s3

dependence. A constant background value, B; due to

random density fluctuations, was therefore chosen for

subtraction from JðsÞ so as to give the 1=s3 dependence.

The invariant, Inv, was then calculated from a summation

based on

Inv ¼ 2p
ð1

0
ðJðsÞ2 BÞs ds ð1Þ

where JðsÞ was calibrated in absolute units from a secondary

intensity standard.

The development of crystallinity and orientation was

obtained from macro programs using the methods devel-

oped previously [1,2,22]. Estimates of crystallinity were

obtained from radial scans of the WAXS patterns by fitting a

Pearson VII function to crystalline reflections [2]. Infor-

mation on orientation before the onset of crystallisation was

obtained from azimuthal circular scans around the amor-

phous halo at a reciprocal space vector of 0.028 nm21. The

profile was used to calculate an orientation order parameter

P2ðcos fÞ where f is the angle between the chain axis and

draw direction [1].

3. Results

3.1. Real-time drawing experiments

An example of the results from the real time drawing

experiments is shown in Fig. 1 which illustrates selected

SAXS patterns from the experiment carried out at 90 8C at a

strain rate of 1 s21 and a final draw ratio of 3.3:1. Fig. 2

shows the simultaneous WAXS pattern in the region of the

equator. In this experiment, frame 1 shows the initial pattern

of the undeformed sample. Frame 8 is near to the end of the

deformation. The frames between 9 and 49 show patterns

after the deformation process while the sample is at its final

length.

There are two main features in the SAXS patterns: an

intense diffraction close to the beam stop and diffuse
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diffraction at higher scattering angles. The intense central

scatter is initially isotropic. During the deformation, a

second component in the form of a weak, narrow equatorial

streak is superimposed on the intense central feature.

Diffuse diffraction at higher angles could not be detected

during the deformation phase between frames 1 and 8.

However, a clear diffuse pattern develops with 4-point

maxima between frames 9 and 49 after the deformation.

During this time there are small, significant changes in the

4-point pattern. In the early stage in frame 9, the pattern is

closer to the main beam and gives the appearance of a

diagonal cross. The WAXS patterns in Fig. 2 show the

development of crystalline diffraction spots between frames

9 and 49. These spots correlate closely with the appearance

of the four-point SAXS pattern. Experiments which were

carried out at other draw rates show SAXS patterns with the

same features at corresponding stages in the experiment.

However the time resolution of the effects becomes

progressively poorer at the faster draw rates.

In these experiments, as well as our previously reported

WAXS experiments, no meridional smectic diffraction

could be resolved at strain rates below 10 s21. Unfortu-

nately, for the highest strain rate of 10 s21, there was not

sufficient time resolution in the current SAXS experiments

to capture any effects associated with the previously

reported, transient, mesophase at the onset of crystallisation

[7].

3.2. Step-annealing experiments

Fig. 3 shows the WAXS patterns at selected temperatures

from the step-annealing experiments. The smectic meridio-

nal reflection is highlighted as an insert. Fig. 4 shows

corresponding frames from the associated SAXS exper-

iment carried out under identical conditions.

The WAXS patterns correspond well with the effects

seen in the study by Asano et al. [17]. One exception is that

at the lowest annealing temperature of 35 8C a faint smectic

reflection can be discerned, whereas Asano et al. report its

complete absence. This could be due to our cold drawing

being carried out at a higher temperature and faster draw

rate than used by Asano et al. Up to 70 8C the equatorial

diffraction remains unchanged in the form of a diffuse spot,

indicating well aligned chains without crystallographic

register. Azimuthal scans through the equatorial diffuse

scatter indicate that the P2ðcos fÞ orientation parameter

between 35 and 65 8C has a value close to 0.65. This is

significantly larger than was found in previous time-

resolved drawing experiments [1]. For example, while

drawing at 90 8C, P2ðcos fÞ at the end of the draw was

Fig. 1. Selected SAXS frames from the time-resolved drawing experiment at 90 8C and 1 s21, where frames were collected in 0.12 s intervals. Frame 1 undrawn

sample. Frame 8 is near the end of deformation process. Frames 9, 10, 11,12, 20 and 49 at fixed length after deformation.

Fig. 2. Selected WAXS frames from the time-resolved drawing experiment at 90 8C and 1 s21, where frames were collected in 0.12 s intervals. Frame 8 is near

the end of deformation process. Frames 9, 10, 11, 12, 20 and 49 at fixed length after deformation.
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previously found to have reached values of 0.47 and 0.23

with strain rates of 10 and 1 s21, respectively. When the

temperature reaches 70 8C, the meridional reflection

increases in visibility but crystalline reflections are appear-

ing within the equatorial diffuse diffraction. Between 70 and

100 8C, the crystalline reflections become stronger while

there is a corresponding wane in the meridional smectic

reflection. At 100 8C the smectic reflection is no longer

visible.

The SAXS patterns in Fig. 4 are broadly similar to those

in the time-resolved drawing experiments and show central

scatter near the beamstop as well as higher angle diffuse

patterns. The central scatter consists of an isotropic

component and an equatorial streak. However, the equator-

ial streak is more pronounced than in the time-resolved data

in Fig. 1. Scans along the equator are shown in Fig. 5 at

selected temperatures. At 35 8C, the diffraction profile

appears to have a broad shoulder suggesting a structure to

the scattering. The lateral spread of the scattering curve

becomes sharper with increasing temperature and the

profiles appear to converge beyond 90 8C, due to a

weakening of the equatorial streak. Fig. 6 shows a

comparison of the 100 8C scan with equatorial scans from

some of the patterns from the fast draw experiment.

Significantly, these scans include the isotropic undrawn

sample as well as the fully drawn, crystallised sample. Each

of the scans from the fast draw experiment have been

rescaled in order to compensate for intensity differences due

to differences in orientation and scattering power. It will be

noted that after rescaling, these monotonic scattering

profiles are all identical within experimental error. The

fact that one of these scans is from the unoriented sample

indicates that this monotonic scatter is mainly due to the

isotropic component with very little contribution from

the equatorial streak. It is therefore reasonable to regard the

isotropic scatter as a spurious feature that is not related to

the development of oriented structure of the polymer. One

possibility is that it is caused by particulate additives from

the manufacturing process of this material. More impor-

tantly, one can conclude that the equatorial streak can be

Fig. 3. Selected WAXS full patterns from step-anneal experiment after annealing at 35, 60, 65, 70, 75, 80, 90 and 100 8C. The inserts in the top right hand

corner show the central region containing the smectic meridional reflection.

Fig. 4. Selected SAXS full patterns from step-anneal experiment after annealing at 35, 60, 65, 70, 75, 80, 90 and 100 8C.
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attributed to a structure in the polymer that is introduced by

the cold drawing process. Fig. 7 shows the result of

subtracting the profile at 100 8C from the profiles at lower

temperatures in order to extract the contribution from the

equatorial streak. The resulting diffraction profiles now

show clear correlation peaks corresponding to Bragg

spacings of 19 nm at 35 8C increasing to around 24 nm at

80 8C. Some corresponding subtractions of the 100 8C two-

dimensional patterns are shown in Fig. 8. These patterns

clearly show the nature and the changes of the equatorial

streak as a function of temperature. Vertical scans through

the equatorial streak show a meridional width of around

0.013 nm21 which indicates that the structure causing the

scatter has a vertical spread of at least 75 nm.

At larger scattering angles beyond the central region of

the beamstop, there is no discernable SAXS diffraction at

temperatures below 70 8C. Above 70 8C, a four-point diffuse

pattern develops in prominence and correlates closely with

the developing crystallinity. The earliest appearance of this

diffuse pattern at 70 8C is more compact and resembles the

diagonal cross pattern in frame 9 of Fig. 1 for the real time

drawing experiment.

4. Discussion

4.1. Development of smectic structure

The overall observations from the step-anneal exper-

iment agree well with the work of previous authors, in

particular that of Asano et al. [17]. The meridional reflection

from the smectic state reaches a maximum in prominence at

around 70 8C and thereafter diminishes and becomes

unresolvable at 100 8C. Along with this, discrete reflections

from the triclinic crystalline phase become resolvable at

70 8C and grow in strength. The present experiments

however do show some differences as well as some

additional information.

One of the differences is that the smectic meridional

reflection is already faintly visible in the ‘as-drawn’ state at

30 8C. Asano et al. were unable to resolve this reflection and

therefore classed their starting material as effectively

nematic in nature with no longitudinal correlation between

neighbouring chains. In order to clarify this situation, we

made scans laterally across the whole meridional reflection

using a scanning width that fully encompassed the

meridional spread of the reflection. The resulting intensity

profiles were analysed by fitting the peaks with a Pearson

VII function. Fig. 9 shows the peak height and lateral width

at half height of the fitted profiles. The data show an

increase in peak height up to 70 8C but also a compensating

narrowing of the lateral width of the reflection. In order to

assess the total intensity associated with the smectic

reflection one needs to integrate the intensity function

over the three dimensions of reciprocal space. It is necessary

to recognise that the observed diffraction patterns are related

to the intersection of the three-dimensional intensity

function by the two-dimensional surface of the Ewald

sphere. On the assumption that the structure of the sample

Fig. 5. Equatorial scans from SAXS of Fig. 4 for the step-anneal

experiment. (A) 35 8C; (K); 65 8C; ( £ ) 75 8C; (þ) 85 8C; (S) 100 8C.

Fig. 6. Comparison of equatorial scans demonstrating similarity of profile

between step-anneal and time-resolved experiment. (A) undrawn sample in

time-resolved experiment; (K) end of draw in time-resolved experiment;

(line) step-anneal experiment at 100 8C.

Fig. 7. SAXS equatorial scans from Fig. 4 after subtraction of profile for

100 8C. An axial Lorentz correction has been applied to the SAXS data. (A)

35 8C; (K) 65 8C; ( £ ) 75 8C; (þ) 85 8C.
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has uniaxial symmetry, the total intensity can therefore be

estimated by multiplying the peak height by the square of

the lateral peak width. As is shown in Fig. 9, the resulting

integrated intensity shows a barely significant decrease up to

70 8C followed by a steep fall to zero at 100 8C. The

decrease in lateral width between 30 and 70 8C can be

visualised either as an increase in the size of domains of

smectic order or as an improvement in longitudinal register

increasing the range of lateral correlation of smectic order.

The slight fall in total intensity up to 70 8C suggests that the

improvement in lateral coherence of smectic order is gained

at the expense of the overall amount of smectic mesophase.

An analysis of the lateral peak width using the Scherrer

relationship indicates an increase in lateral coherence or

domain size from 2 to 4 nm, which is equivalent to an

increase from about 5 to 8 chain widths. Therefore up to

70 8C, approximately the same number of chains are

involved in a smectic type of structure but that there is a

significant increase in the lateral range of smectic

correlation. One therefore concludes that the lateral

coherence of the smectic regions increases by a smooth

ripening process during annealing up to 70 8C. Scans

through the smectic reflection in the meridional direction

show that the half-width in this direction does not change

with temperature. This measured half-width is close to the

angular resolution of the beam configuration and is therefore

insensitive to changes. On the basis of the Scherrer

relationship, the merdional width indicates that the short

range coherence of the smectic order in the chain direction

is at least 15 nm.

The equatorial streak in the SAXS scatter shown in Fig. 8

occurs over the same temperature range as the smectic

meridional WAXS reflection. This is a strong indication of a

direct link between the smectic mesophase and the super-

structure associated with the equatorial scatter. More

information on the nature of this superstructure can be

obtained from the absolute intensity of the equatorial streak

shown in Fig. 7. An estimate was therefore made of the

Invariant integral over the central region of the SAXS

pattern using the relationship Eq. (1). In view of the very

low intensity of this component, the calculation of the

integral given in Eq. (1) was restricted to a limited range of s

without a contribution from a 1=s3 tail. Since the excess

scatter shown in Fig. 7 is already the result of the subtraction

of two frames with the same background component, the

background B was taken to be zero.

Estimates based on this calculation indicate that the

Invariant integral decreases from 6 £ 1026 (mole elec-

trons/cc)2 at 35 8C to 4 £ 1026 (mole electrons/cc)2 at

70 8C. Equatorial scatter in the form of a narrow streak can

generally be attributed to either elongated microvoids

formed as a result of the cold deformation process or to a

density fluctuation from a needle-like phase structure. The

former possibility can be shown to be unlikely by

considering the scatter in terms of a two phase model in

which the Invariant would be given by [19]:

Inv ¼ xð1 2 xÞDr2
e ð2Þ

where x is the volume fraction of one of the phases and Dre

Fig. 8. Result of subtracting the SAXS pattern at 100 8C from selected lower temperature patterns of the step-anneal experiment showing the central scatter near

the beamstop. (a) 35 8C, (b) 65 8C, (c) 70 8C, (d) 75 8C, (e) 80 8C, (f) 100 8C.

Fig. 9. Variation of WAXS reflections from the smectic and crystalline

phases in the step-anneal experiment. (S) peak height of smectic

meridional reflection (a.u.); (K) lateral width of smectic reflection

(nm21); ( £ ) integrated intensity of smectic reflection (height £ (lateral

width)2) (a.u.); (A) crystalline peak intensity (a.u.).
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is the difference in electron density between the two phases.

In the case of microvoids the electron density difference

relative to PET would be about 0.7 mole electrons/cc.

According to relationship Eq. (2), one would therefore

predict that the voids account for a volume fraction of the

order of 1025. If such voids are to be arranged so as to give a

diffraction maxima with a correlation period equivalent to

the observed 20 nm, then the dimensions of the voids would

need to be about 2 £ 1024 nm. The concept of a void of this

size is meaningless relative to the size of an atom and it is

therefore reasonable to discount microvoids as the source of

the scatter. If on the other hand one assumes that the scatter

is due to density fluctuations, the two phase approximation

of Eq. (2) can also be used to estimate the magnitude of the

fluctuations. For a volume fraction of one of the two phases

anywhere between 0.1 and 0.9, Eq. (2) predicts an electron

density difference of around 0.005 mole electrons/cc or a

mass density difference of around 0.01 g/cc. This is of the

order of magnitude expected from an embedded mesophase.

It is in fact close to the difference proposed by Asano and

coworkers [17] between the density of the smectic

mesophase (1.38) and the density of oriented amorphous

PET (1.37). It is therefore plausible to attribute the

equatorial streak to an intrinsic lateral density fluctuation

resulting from the presence of the smectic mesophase.

Thus the equatorial SAXS suggests a needle-like or

columnar superstructure comprising regions of oriented

smectic order alternating with less ordered regions. The

intensity distribution of the equatorial lobes indicate smectic

domains which are at least 75 nm long in the draw direction

and which are separated from each other by around 20 nm.

The Scherrer analysis of the WAXS meridional reflection

indicates that the lateral spatial coherence between chains in

the smectic domains extends over 2–4 nm. One could

therefore regard the SAXS equatorial lobes as the signature

of the precursor smectic mesophase in oriented PET. It is

debatable how this scatter can be related to the isotropic

scatter associated with the precursor density fluctuations

observed by Imai et al. [18] during the crystallization of

unoriented PET.

It is a possibility that the formation of the needle-like

superstructure in the oriented case can be attributed to the

restricted molecular mobility at the low deformation

temperature. The initial 30 8C drawing process in the step-

anneal experiment occurs at 40 8C below the nominal Tg of

PET. This will involve higher levels of internal stress and

more severe restrictions on molecular motions compared

with the time-resolved drawing experiments at 90 8C. Our

previous time-resolved studies identified three regimes of

crystallisation behaviour [1]. For regime I, covering strain

rates from 1 to 10 s21 at 90 8C (as in the present time-

resolved experiments), the onset of crystallisation was

found to be delayed until the end of the deformation process.

An analysis of chain relaxation modes demonstrated that

this could be attributed to the draw rate being faster than

chain retraction motions. It was proposed that the oriented

chains are unable to achieved crystallographic packing of

the triclinic crystal cell without the ability to retract and slip

through restraining entanglements. Under the conditions of

draw at 30 8C in the step-anneal experiment, the hindrance

to relaxation will be even more severe. The thermal

activation of retraction motions would be effectively

inoperative and even the basic Rouse relaxation modes

would be expected to be severely restricted, if not

inoperative within the timescale of the experiment. Only

the faster localised motions of the relaxation spectrum

would be available from thermal activation. The elongation

of chains during plastic extension below Tg involves

conformational changes by stress activated processes. In

the absence of thermal activated chain relaxations, crystal-

lisation of the elongated chains is not possible. However, the

formation of the smectic phase is less demanding and does

not require that the neighbouring chains have identical

conformations and such precise register. It is therefore

conceivable that smectic order can be achieved between

neighbouring elongated chains by means of localised chain

motions. The presence of smectic regions while deformation

is still in progress could result in the formation of an

inhomogeneous superstructure comprising more rigid

regions which resist deformation and more mobile regions

that provide the compliance for continued plastic flow. Such

a flow induced segregation could be the origin of the needle-

like superstructure associated with the SAXS equatorial

scatter.

Motions associated with chain retraction would not

become operative until the temperature is raised in the

annealing stages of the experiment. Lower annealing

temperatures would be expected to only allow localised

chain motions to provide small adjustments to chain

conformation and packing. This would explain the improve-

ment in smectic order observed between 30 and 70 8C.

Higher annealing temperatures would enable the chain

retraction motions which on the basis of our previous

reasoning would allow the smectic chains to re-position and

stack in a crystallographic register.

It is worth noting that the 20 nm correlation distance is

consistent with the structures previously observed by

Prevorsek et al. [23] using electron microscopy of crystal-

lised PET fibres. Prevorsek et al. interpreted the data as a

matrix of extended non-crystalline chains in which there

were embedded microfibrils of alternate crystalline and

disordered chains. If their interpretation is relevant to the

present data, it could imply that the smectic structure is

associated with needle-like domains that are precursors of

the proposed microfibrils.

Due to the current limitations of time resolution it was

not possible to obtain SAXS data from real time drawing

experiments at 90 8C at 10 s21 which were the conditions

where meridional reflection of the transient mesophase was

observed in our previous experiments [7]. Further exper-

iments are therefore planned to examine real time drawing

using higher time resolution.
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4.2. Formation of crystal phase

The WAXS data from the step-anneal experiment

substantiates the observations of our previous fast drawing

experiments in providing further evidence of the mesophase

being an intermediate precursor to crystallisation in which

the crystalline phase forms at the expense of the smectic

mesophase. This is clearly shown in Fig. 9 which compares

the intensity of the crystalline reflections with the intensity

of the smectic meridional reflection. The comparison of the

intensities shows in a quantitative way the onset of the

crystallisation coinciding with the start of the decrease in

mesophase.

Both experiments also show a close correlation between

the diffuse, four-point SAXS pattern and the discrete

crystalline reflections in the WAXS patterns. Fig. 10

shows a comparisons of the SAXS invariant integral and

the intensity of the crystalline reflections derived from the

data shown in Fig. 1 for the fast drawing experiments. Fig.

11 shows a corresponding comparison for the step-anneal

experiments derived from the patterns in Figs. 3 and 4.

There are similar increases in both parameters. The absolute

intensity of the diffuse SAXS component is also consistent

with the crystalline phase. Using relationship [1], the

absolute SAXS invariant at 100 8C was estimated to be

9 £ 1024 (mole electron/cc)2. According to Asano et al., the

crystallinity after annealing at 100 8C will be around 22%.

Using this value in the two phase approximation of

relationship [2], the invariant would accordingly indicate

an electron density difference of ,0.07 mole electrons/cc;

i.e. an absolute density difference of ,0.14 g/cc. This is of

the order expected for the difference between the densities

[24] of the crystalline (1.455 g/cc) and amorphous (1.335 g/

cc) phases and is a further indication that the four-point

SAXS pattern is associated with the crystal phase and is not

associated with a mesophase precursor. This differs from the

view of Asano et al. [17] who propose that the earliest

diffuse SAXS scatter is attributable to a precursor state

before the appearance of crystallinity.

4.3. Kinetics of smectic-crystal transformation

Although both the step-anneal and the time-resolved fast

drawing experiments provide evidence of the smectic phase

occurring as a precursor to the crystalline state, there is a

clear difference in the transformation process. In the step-

anneal experiments, both phases have a stable coexistence

for times in excess of 10 min over the temperature range

70–95 8C. In contrast, in our previous fast drawing

experiments at a constant 90 8C, the smectic exists as a

transient which fully transforms to the crystal within about

0.25 s [7]. There is clearly a difference in the stability of the

smectic phase which must relate to the history of the two

types of sample. The kinetics of the full transformation from

oriented disordered chains to smectic state to crystalline

state are not understood and will vary according to the

conditions and restraints of each situation, including

differences in the degree of chain orientation. The size of

a smectic domain and the degree of imposed constraint

could also affect the stability of the domain and hence its

lifetime as an intermediate state. This difference between

the experiments may be a consequence of different regimes

of molecular relaxation processes. In the step-anneal

experiments up to 60 8C, the higher orientation and the

availability of localised motions coupled with insignificant

chain retraction relaxations enables the smectic regions to

build up in coherence and stability without the formation of

crystallisation order. In contrast, in the fast drawing

experiments, chain retraction and crystallisation can occur

before the build up of stable smectic regions.

It is also worth noting that the WAXS meridonal

reflection associated with the transient smectic mesophase

was only observable in our previous time-resolved drawing

experiments at 90 8C, while deforming at the highest draw

rate of ,10 s21 [7]. The inability to resolve the mesophase

reflection at the slower draw rates does not necessarily

preclude the generality of the smectic phase occurring as a

transient intermediate state during the formation of the

crystalline phase. At slower draw rates, chain retraction and

chain relaxation in general are more able to compete with

Fig. 10. Comparison of intensity of crystalline WAXS reflection with

SAXS Invariant Integral for the time-resolved drawing experiment. (Line)

crystalline reflection; (A) SAXS invariant.

Fig. 11. Comparison of intensity of crystalline WAXS reflection with

SAXS invariant integral for the step-anneal experiment. (Line) crystalline

reflection; (A) SAXS invariant.

A. Mahendrasingam et al. / Polymer 44 (2003) 5915–5925 5923



the mechanical elongation of chains. Crystallisation from an

intermediate smectic order would occur more readily so that

the lifetime of individual smectic regions would be reduced.

A reduction in lifetime would reduce the instantaneous

fraction of chains with smectic order during the early stages

of crystallisation and hence reduce the ability to detect

smectic reflections.

4.4. Development of four-point SAXS pattern

The SAXS results provide information on the evolution

of the diffuse scatter associated with the appearance of the

oriented crystalline phase. This is particularly pertinent to

the time-resolved drawing experiment where the process

occurs continuously at constant temperature and where

there is quantitative data from the WAXS on the develop-

ment of crystallinity [2,22]. In the early stages of crystal-

lisation (e.g. frames 9 and 10 in Fig. 1), the diffuse scatter

occurs at lower scattering angles giving the impression of a

diagonal cross rather than a four-point pattern. With further

crystallisation (e.g. frames 11, 12, 20 and 49 of Fig. 1), the

pattern expands outwards to produce the final, discrete four-

point pattern, which then increases in intensity. The exact

nature of the earliest pattern is difficult to discern in the raw

data because of the dominance of the intense, central

scattering. It can be clarified by subtracting frame 8 from

consecutive frames as shown in Fig. 12. This shows that,

although the scatter is concentrated along the diagonal

direction, the maxima in intensity occur along the arms of

the cross.

The concept of microfibrils, referred to above, is often

used as a framework for interpreting two-dimensional

SAXS patterns of crystalline polymers [19]. Two main

approaches have been used to explain the four-point patterns

from microfibrils. In one case, it is assumed that the crystals

within the fibrils are lamellae with inclined end-faces and

that there is no correlation of crystals between neighbouring

fibrils. In this model, the diffraction maxima from the long

period repeat in the fibril is moved away from the

meridional axis by an angle related to the inclination of

the lamellae end faces. In the other case, it is proposed that

there are correlations between crystals in neighbouring

fibrils giving a morphology similar to a three-dimensional

chess board. Both models can reproduce the main features

of the observed four-point patterns and it is likely that

elements of both could be present.

The development of the SAXS pattern should be related

to the crystallisation kinetics. Our previous synchrotron

WAXS studies of fast drawn PET have shown that the

kinetics of the crystallisation process closely follow a first

order transformation [22]. We proposed that it is appropriate

to interpret these kinetics in terms of a sporadic nucleation

of crystals within the extended chain network. Accordingly

in the earliest stages of the primary crystallisation such

crystallites would be spatially uncorrelated and the very

earliest SAXS pattern should therefore be associated with

the intensity function of an isolated crystal. As additional

crystal nuclei fill in the gaps, correlations between crystals

would develop, resulting in the appearance of the intensity

function of correlation peaks, which would move outwards

with progressive in-filling of crystals.

The earliest SAXS pattern shown in Fig. 12 corresponds

to the point where about 25% of the final crystallinity has

been achieved. The presence of intensity peaks shows that

correlations between crystals are already present at this

stage. This could be the consequence of the sporadic crystals

being located within fibrillar entities where there is a well

defined lateral correlation between fibrils. It would be of

interest to know the nature of SAXS at an even earlier stage

of the crystallisation process since this could help clarify the

nature of individual crystals. Further investigations are

therefore planned to resolve the development of the SAXS

pattern in more detail. It also worth noting that Fig. 12

shows evidence of a very weak equatorial streak which is

similar in character to that seen in Fig. 8 for the step-anneal

experiment and which may signify a very small amount of

smectic mesophase.

5. Conclusions

The step anneal experiment provides confirmation of the

smectic mesophase acting as a precursor state which

transforms to the triclinic crystal phase when annealed

Fig. 12. Early stages of development of four-point SAXS pattern in time-resolved drawing experiment obtained from data in Fig. 1 by subtracting frame 8 from

subsequent frames 9, 10 and 11.
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between 70 and 100 8C. The SAXS patterns exhibit two

components of scatter, comprising equatorial lobes close to

the main beam and diffuse scatter at higher angle with a

four-point character. The experiment demonstrates that the

equatorial scatter is associated with the smectic mesophase.

It shows that the smectic domains have a needle-like or

columnar morphology where the smectic domains are at

least 75 nm long and have an inter-domain separation of

around 20 nm. The lateral spread of the WAXS meridional

reflection shows that the lateral coherence of the chains in

the smectic domains increases from 2 to 4 nm when heated

from the 30 8C ‘as-drawn’ state to the 70 8C annealed state.

The diffuse SAXS evolves from a cross-like appearance to a

well resolved four-point pattern when annealing between 70

and 100 8C. This scatter is wholly associated with the

crystalline phase and correlates quantitatively with the

appearance and growth of the crystalline phase.

The time-resolved drawing experiments were restricted

to slower draw rates by the limiting time resolution of the

SAXS detector. These experiments show a similar devel-

opment of a four-point SAXS pattern, which correlates

quantitatively with the appearance of crystallinity. Although

the meridional smectic reflection could not be detected in

the WAXS data at these slower draw rates there is evidence

of a weak equatorial SAXS data indicating the transient

occurence of the smectic mesophase. Differences between

experiments in the stability of the smectic phase during the

transformation to the crystalline phase can be attributed to

different chain relaxation processes available under differ-

ent conditions.
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