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The mechanism of primary nucleation in polymer crystallisation has been investigated
experimentally and theoretically. Two types of experiments have been performed on
polypropylene, polyethylene, and poly(ethylene terpthalate). Crystallisations with long
induction times, studied by small and wide angle X-ray scattering (SAXS and WAXS),
reveal the onset of large scale ordering prior to crystal growth. Rapid crystallisations
studied by melt extrusion indicate the development of well resolved oriented SAXS
patterns associated with large scale order before the development of crystalline peaks in
the WAXS region. The results suggest pre-nucleation density Ñuctuations play an integral
role in polymer crystallisation. A theoretical model has been developed which qualitatively
describes the experimental results.

Introduction
Processing of semicrystalline thermoplastics relies on the shaping of molten material in either
moulds or dies and the stabilisation of the shape produced by crystallisation.1 During crys-
tallisation a microstructure develops which can control the mechanical and aesthetic properties of
the polymer. To produce useful materials it is essential to understand and predict this process.

Polymers in solutions and melts can be regarded as random objects whose size and shape is
governed by inter- and intra-molecular interactions but is dominated by entropy. In the crystal
this is no longer true and the behaviour of the chain is now inÑuenced by the proximity of the
neighbouring chains and the van de Waals forces which act between them. The Gibbs free energy,
G, is a balance between entropy, S, and the enthalpy, H \ U ] pV , where U is the internal energy,
p the pressure and V the volume of the system, thus

G(T , p) \ (U ] pV ) [ T S (1)

In the melt, entropy dominates and the polymer has a Gaussian (random) structure. Crys-
tallisation is a process involving the regular arrangement of chains and is consequently associated
with a large negative entropy change. For the free energy change upon crystallisation to be
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favourable there must also be a large negative enthalpy change, generally associated with an
increase in density and a reduction in internal energy

The creation of a stable 3-D structure from a disordered state (i.e. a polymer melt) is generally
considered a two step process. The Ðrst step is called nucleation and involves the creation of a
stable nucleus from the entangled polymer melt. Most technical processes involve secondary or
heterogeneous nucleation either from specially added surfaces, nucleating agents, or adventitious
surfaces, such as dust particles.

In primary (homogeneous) nucleation, creation of a stable nucleus is brought about by the
ordering of chains in a parallel array stimulated by intermolecular forces. As a melt is cooled there
is a tendency for the molecules to move toward their lowest energy conformation, and this will
favour the formation of co-operatively ordered chains and thus nuclei. However two factors
impede the ordering required for nucleation ; cooling, which reduces di†usion coefficients, and
chain entanglements. In fact the thermal motion needed for di†usion may be enough to cause the
incipient nuclei to melt. The second step is growth of the crystalline region by the addition of
other chain segments to the nucleus. This growth is impeded by low di†usion coefficients at low
temperatures and thermal redispersion of the chains at the crystal/melt interface at high tem-
peratures. Thus, the crystallisation process is limited to a range of temperatures between the glass
transition temperature, and the melting point, The alignment of polymer chains at speciÐcTg Tm .
distances from one another to form crystalline nuclei will be favoured when intermolecular forces
are strong. The greater the interaction between chains and the easier they can pack the greater the
energy change will be. Thus symmetrical chains and strongly interacting chains are more likely to
form stable crystals.

Despite the maturity and market penetration of the polymer industry one aspect of polymer
processing, primary nucleation, is little understood. Whereas the growth of polymer crystals is well
established in literature, and there are usable theories to predict the kinetics of crystallisation,
understanding of the initiation or nucleation step remains somewhat of a mystery. The available
theories are complicated and somewhat unphysical.2 There is good reason for this, experimental
access to the nucleation step is very difficult whereas studies of crystal growth are simple enough
to be used in undergraduate laboratory classes.3

Upon cooling a crystallisable polymer melt a hierarchy of ordered structures emerges. Elegant
experimental and theoretical work (on melt and solution crystallised materials, especially single
crystals) in the 1960s and 70s allowed useful models to be developed.4,5 First there are crystalline
“ lamellae Ï, comprising regularly packed polymer chains, each of which is ordered into a speciÐc
helical conformation. These lamellae interleave with amorphous layers to form “sheaves Ï, which in
turn organise to form superstructures, e.g. spherulites. These structures may be probed by various
techniques : wide-angle X-ray scattering (WAXS) is sensitive to atomic order within lamellae
(giving rise to Bragg peaks), while small-angle X-ray scattering (SAXS) probes lamellae and their
stacking. Electron microscopy is useful for visualising the crystal structure (by selected area elec-
tron di†raction), the lamellae morphology (by transmission microscopy of surface replicas, or
direct scanning electron microscopy) and spherulites (by scanning electron microscopy) and this
has been reviewed in some detail.6 The growth of crystals by secondary nucleation have been
explained by various versions of ““ regimeÏÏ theories.2

In the classical picture of polymer melt crystallisation we expect and observe Bragg peaks in
WAXS after an induction period SAXS accompanies the WAXS, corresponding to interleavedqi .crystal lamellae and amorphous regions.7 No SAXS is expected during However, recentqi .experiments8h12 have reported SAXS peaks during the induction period and before the emergence
of Bragg peaks. Initially the SAXS peak intensity grows exponentially, and it may be reasonably
Ðtted to CahnÈHilliard (CH) theory13 for spinodal decomposition ; that is the spontaneous growth
of Ñuctuations indicative of thermodynamic instability. The peak moves to smaller angles in time,
stopping when Bragg peaks emerge. By Ðtting to CH theory an extrapolated spinodal temperature
(at which the melt Ðrst becomes unstable towards local density Ñuctuations) can be obtained.12
Spinodal kinetics have been reported in di†erent polymer melts : poly(ethylene terphthalate)
(PET),8h10 poly(ether ketone ketone) (PEKK),11 polyethylene (PE) and isotactic polypropylene
(iPP).12 An argument has been made against the spinodal crystallisation mode, by Janeschitz-
Kriegl,14 who invoked a variety of liquidÈgas analogies and consideration of surface tensions, in
spite of considerable experimental evidence for spinodal modes. To explain recent results, a spino-
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dally assisted crystallisation (SAC) model has been developed,15 which deals with the contribu-
tions to the free-energy in terms of coupled order parameters of density and chain conformation
and predicts a liquidÈliquid phase diagram buried in the liquidÈcrystal coexistance region.

Recent rheological studies16 show that gelation occurs in crystallising melts at very low degrees
of crystallinity, typically \3%, shortly after This means that there is a percolating networkqi .formed that is observed in the dynamic mechanical response of the system. This is not consistent
with impingement of spherulites which only occurs at much higher (typically [40%) degrees of
crystallinity. Furthermore, there are also anomalies in the measurements of spherulite growth
rates,17 whilst heat capacity, volume change and X-ray experiments observe an induction time, a
plot of the variation in spherulite radius with time is seen to pass through the origin, indicating
that spherulites started to grow without an induction period being observed. Both pieces of evi-
dence indicate that large-scale structure is formed prior to the appearance of Bragg peaks or
evolution of appreciable enthalpy.

In this paper we present new experimental evidence for precrystallisation density Ñuctuations in
a range of polymer melts. In order to separate nucleation from growth, two types of experiments
have been performed on polypropylene, polyethylene, and poly(ethylene terepthalate). Rapid crys-
tallisations studied by melt extrusion indicate the development of well resolved oriented SAXS
patterns associated with large scale order before the development of crystalline peaks in the
WAXS region. Crystallisations with long induction times, studied by small and wide angle X-ray
scattering (SAXS and WAXS), reveal the onset of large scale ordering prior to crystal growth. The
experiments are compared to the SAC model and discussed in light of other experimental evidence
for large scale structure prior to formation of crystals with Bragg peaks.

Experimental
Materials

The polypropylene used was a commercial grade, S-30-S (DSM), which was free from any addi-
tives. The number-average molar mass (GPC) and the polydispersity were 52 kg mol~1 and 2,
respectively, and the melting point (DSC) was 165^ 2 ¡C. The as-received iPP pellets had a degree
of crystallinity of 0.6 as determined from measurements of the heat of fusion. The HDPE was a
commercial extrusion grade (Shell), which was free from any additives. The melting point (DSC)
was 135 ^ 2 ¡C.18 The PET was a gift from ICI and was an experimental grade which was free
from any additives. The melting point (DSC) was 265^ 2 ¡C.18

Fast cystallisations by SAXS/WAXS/extrusion

Simultaneous SAXS/WAXS/extrusion measurements were made on beamline 16.1 of the SRS at
the CCLRC Daresbury Laboratory, Warrington, UK. The details of the storage ring, radiation
and camera geometry and data collection electronics have been given in detail elsewhere.18 An
extruder above the X-ray position was used to provide a steady stream of crystallising polymer
past the X-ray beam. Tape extrusion is a steady-state process which shows post-die plug Ñow,
therefore the distance down the spinline where the observation was made correlates with the time
since the material left the extruder die. The material in the X-ray beam is continuously replaced by
material with the same shear and temperature history. A tape of polymer melt was extruded from
a die (of dimensions 0.5] 3 mm at and collected via a wind up mechanism below theTm] 40 ¡C)
X-ray beam. The extruder used was an AXON BX18 which operated in starve-feed mode to
minimise the time the polymer spent in the melt. The experimental set-up is shown schematically
in Fig. 1. The distance from the die head to the beam could be varied between 0.3 and 1.8 m. The
camera is equipped with a multiwire area detector (SAXS) located between 3 and 8 m from the
sample position with Ñight path between the WAXS and SAXS detector being under vacuum.
Two types of area detector were employed for the WAXS. In order to observe the development of
structure during an extrusion experiment a second multiwire area detector was used which was
o†set from the centre line of the beam and located approximately 20 cm from the extruded tape.
Time resolved SAXS/WAXS measurements were made with the multiwire area detector intersec-
ting either the meridian or the equator. The spatial resolution of the electronic area detectors is
400 lm and they can handle up to D500 000 counts s~1. To probe a wide range of reciprocal
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Fig. 1 Schematic diagram of the SAXS/WAXS/extrusion experimental set-up.

space an image plate with a hole was used to record Ñat plate WAXS patterns contemporaneously
with SAXS. The exposure time was set at 30 s using a mechanical shutter. A4 size Fuji and Kodak
image plates were read with a Molecular Dynamics image plate reader with a spatial resolution of
176 lm.

The scattering pattern from an oriented specimen of wet collagen (rat-tail tendon) was used to
calibrate the SAXS detector and HDPE, aluminium and an NBS silicon standard were used to
calibrate the WAXS detectors.19 Parallel-plate ionisation detectors, placed before and after the
sample, recorded the incident and transmitted intensities. The experimental data were corrected
for background scattering for sample thickness and transmission, and for the positional alinearity
of the detectors.

Slow crystallisations by SAXS/WAXS/DSC

Simultaneous SAXS/WAXS/DSC measurements were made on beamline 8.2 of the SRS at the
CCLRC Daresbury Laboratory, Warrington, UK. The details of the storage ring, radiation and
camera geometry and data collection electronics have been given in detail elsewhere.20 The
camera is equipped with a multiwire quadrant detector (SAXS) located 3.5 m from the sample
position and a curved knife-edge detector (WAXS) that covers 120¡ of arc at a radius of 0.2 m. A
vacuum chamber is placed between the sample and detectors in order to reduce air scattering and
absorption. The WAXS detector has a spatial resolution of 100 lm and can monitor up to
D50 000 counts s~1 ; only 60¡ of arc are active in these experiments with the rest of the detector
being shielded with lead. A beamstop is mounted just before the SAXS exit window to prevent the
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direct beam from hitting the SAXS detector which measures intensity in the radial direction (over
an opening angle of 70¡ and an active length of 0.2 m) and is suitable only for isomorphous
scatterers. The spatial resolution of the SAXS detector is 200 lm and it can handle up to
D500 000 counts s~1. Disk specimens of polymer (thickness D1 mm, diameter D6 mm) were cut
from pre-moulded sheet. A disk specimen for SAXS/WAXS/DSC was encapsulated in a TA
Instruments DSC Ðtted with mica windows (thickness D25 lm, diameter D7 mm), and the pan
was inserted into a Linkam DSC apparatus of the single-pan design that has been described in
detail elsewhere.20 The cell comprises a silver furnace around a heat-Ñux plate containing 3] 0.5
mm slot, for X-ray access, and the sample is held in contact with the plate by a spring of low
thermal mass. The temperature was calibrated using the melting points of high purity indium and
tin. In the present study, a multi-stage temperature programme was used as follows : for iPP and
HDPE (i) heat to 200 ¡C at 50 ¡C min~1 ; (ii) hold at 200 ¡C for 1 min ; (iii) cool at 60 ¡C min~1 to
the crystallisation temperature and hold for 10È120 min depending on the temperature. The PET
samples were heated to 290 ¡C. The crystallisation time at each temperature was chosen so that at
least half primary crystallisation kinetics were observed. Data accquisition strategies were chosen
so that for the longer crystallisations the samples were only exposed to the X-ray beam for 10% of
the time after crystallisation had started, to limit beam damage. Data were reduced to intensity
versus scattering vector using the CCP13 programme xotoko.21 The peak intensities and areas
were calculated using the CCP 13 programme Ðt.22 For the SAXS data a Gaussian peak (whose
position was a variable) was Ðtted on top of a Porod background. For the WAXS Gaussian peaks
were Ðtted on top of a Gaussian background. In iPP the positions of the 4 Gaussian peaks were
set according to the positions of the iPP reÑections at hkl values of 110, 040, 130, (111, 131, 041).
Two Gaussian peaks were Ðtted at the positions of the 110 and 200 reÑections for HDPE and for
100 and 110 reÑections for PET.

Results

The crystallisation curve shown in Fig. 2 was obtained in a SAXS/WAXS/DSC experiment from
iPP (ref. 23) and shows the classic features of primary crystallisation. The detailed molecular
structure of the polymer, the speciÐc nature of the nucleation process and the degree of under-
cooling determine the magnitude of the lamellar thickness and the degree of crystallinity within
the lamellar stacks. The crystallisation kinetics are analysed using the Avrami model,24 expressed

Fig. 2 The degree of crystallinity, X, versus crystallisation time for PP at 110 ¡C. The solid circles are SAXS
and the open squares are WAXS measurements. The solid line is a Ðt of the Avrami equation to the average
degree of crystallinity. The inset shows a conventional Avrami plot of [ln(1[ X)] versus ln t, the line has a
slope of 3.
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in terms of the equation

1 [ Xs \ ektn (2)

where k is a rate constant and n is an integer which is sometimes interpreted in terms of the
growth dimension. Fig. 2 shows a plot of versus t from SAXS and WAXS in which the experi-Xsmental data have been Ðtted with the Avrami expression over the whole of the primary crys-
tallisation process. The Ðt to the data gives a value for the exponent, n, of 3.0 ^ 0.1 and the inset is
the conventional form of the Avrami plot. The value of n obtained is consistent with random
nucleation of spherulites, and is in good agreement with the crystallisation kinetics data obtained
from dilatometric and calorimetric studies on iPP.25 It is interesting to note that there are signiÐ-
cant deviations of the model from the data at the extremes of crystallisation and that the evolution
of the structure probed by SAXS and WAXS is also di†erent at the beginning and end of the
primary crystallisation process. The long time di†erences have been reviewed in some detail26
whereas the initial di†erences have been largely ignored.

It is difficult to separate nucleation from growth in crystallisation experiments due to the low
concentration of nuclei which gives rise to poor counting statistics in a scattering experiment. One
potential method is to borrow from elementary chemical kinetics27 and use a Ñow apparatus. An
extruder operating at steady state provides such a set-up (see Fig. 1). Polymer above the melting
point is extruded from a die, the tape or Ðbre cools in the air (in our case in a column of chilled
nitrogen) prior to being wound up as a solid. Extrusion of tape or Ðbre is a steady-state process
where the crystallisation time increases down the spin-line. This allowed long data collection times
(minutes) for very early stages of crystallisation (milliseconds).

Prior to the development of crystals, well resolved, oriented small-angle patterns could be
observed with length scales (50È200 and intensities that grew down the spin-line, the corre-A� )
sponding WAXS showed no Bragg peaks due to crystals. Fig. 3 and 4 shows the scattering pat-
terns collected during extrusion of iPP and HDPE. At short times these early patterns have two

Fig. 3 Data taken during extrusion of iPP with a low wind-up speed. 2-D wire chamber to collect the SAXS
data and an image plate to collect the WAXS data. (a) Close to the die head tear shaped scattering features are
observed in 2-D SAXS with only an amorphous halo in 2-D WAXS. (b) At the furthest position from the die
head, when crystallisation starts, isotropic rings from crystals can be seen in SAXS and in the WAXS.
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Fig. 4 Data taken during extrusion of HDPE with a low wind-up speed. 2-D wire chamber to collect the
SAXS data and an image plate to collect the WAXS data. (a) Close to the die head tear shaped scattering
features are observed in 2-D SAXS with only an amorphous halo in 2-D WAXS. (b) At the furthest position
from the die head, when crystallisation starts, isotropic rings from crystals can be seen in SAXS and there are
oriented arcs in the WAXS (due to preferential chain orientation in the spherulites).

SAXS peaks at Ðnite q and no WAXS peaks. We interpret this as a signature of density Ñuctua-
tions. The orientation observed in the scattering is caused by coupling of density Ñuctuations with
the slight elongational Ñow-Ðeld (the take-up speed was approximately twice the extrusion speed).
Once crystallisation had been observed in the wide-angle region, the shape of the small-angle
pattern changed from that characteristic of sinusoidal density Ñuctuations to that typical of lamel-
lar crystals. Since the elongational Ñow was weak the crystallisation process dominated and only
weakly anisotropic crystals were produced. The SAXS peaks shown at early times in Fig. 3 and 4
were approximately 100 times weaker than the di†raction ring observed in SAXS once spherulitic
crystallisation had occurred.

There are a number of other possible interpretations of the data : (1) The SAXS peak could be
due to the formation of oriented nuclei, the precursor to the ““ shish ÏÏ in ““ shish-kebabÏÏ crystals and
row nucleation,28 but this should also lead to orientation in the WAXS which is not observed,
furthermore, the elongation is less than a factor of 2 which is very low for formation of such
structures.1,4

(2) Nucleation could have formed poorly ordered crystals which do not di†ract. This would
account for the lack of Bragg peaks in the WAXS (peak broadening due to small crystallites), but
does not account for the peak in SAXS, the scattering from a low concentration of randomly
oriented objects would give a peak at q \ 0 from the shape factor of the scatterers.29 GuinierÈ
Preston zones, which form in systems with conserved order parameters,30 have nuclei surrounded
by a depletion layer. These would give a peak in SAXS at low concentration due to the shape
factor. However, in this system with a non-conserved order parameter, the nuclei are not sur-
rounded by a depletion layer, as regions of high density grow from a background of low density
with an overall increase in density, as shown in Fig. 5, and the electron density proÐle does not
have a peak at Ðnite q. [In crystallisation of real systems there is a non-conserved order parameter
(the crystals) which is coupled to a conserved order parameter (the density).]
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Fig. 5 Schematic diagram of the electron density proÐle of a GuinierÈPreston zone and a nucleus for a
polymer crystal.

(3) The most obvious alternative explanation of the observation is that there is an outer skin of
crystalline material, due to the temperature gradient across the tape, which is giving rise to the
SAXS. In this situation the crystals formed would be well ordered and one would expect them to
di†ract at wide angles, which is obviously not the case. Under the current experimental conditions,
it is possible to observe di†raction from 1% by volume of a crystalline oleÐn dispersed in oil.31 In
order to check the temperature of the melt in the scattering volume a number of techniques were
tested, an optical pyrometer indicated that the data taken close to the X-ray position [in Fig. 3(a)]
had a temperature in excess of 120 ¡C. Whilst it is undoubtedly true that at long times crys-
tallisation proceeds from the exterior of the tape, is unlikely that it has occurred in the data
presented here.

(4) A caveat to the interpretation of the data concerns the intensity (solid angle) on the Ewald
sphere. Assuming peaks of equal strength, the measured intensities scale as 1/d2, typically 100 and
5 for SAXS and WAXS respectively. The SAXS detector is 5 times further away from the sampleA�
so, for the same detector efficiencies, the intensities scale as the reciprocal of distance squared.
Overall the measured WAXS intensity will be approximately 0.06 (\52] 52/1002) of the SAXS
intensity for peaks of equal strength. For semicrystalline polymers, not withstanding the argument
above, when compared to the background intensity, WAXS peaks are generally very strong and
SAXS peaks are often quite weak.

Previous SAXS/WAXS studies on polymer extrusion have concentrated on the growth and
orientation of crystals.32,33 Interestingly both studies, Cakmak et al.32 on the extrusion of PVDF
tape (using synchrotron radiation source and electronic detectors) and Katayama33 on the extru-
sion of PET Ðbres (using a sealed tube source and Ðlm as a detector), showed SAXS before WAXS
down the spin line, but made no comment on its signiÐcance.

Slow crystallisations with long induction times have been studied by simultaneous SAXS and
WAXS. These experiments, on quiescent samples, show a clear development of a SAXS peak, due
to electron density Ñuctuations, prior to the presence of crystals identiÐed by WAXS. The peak
area versus time data in Fig. 6 for iPP at 137 ¡C show, unequivocally, that the SAXS peak grows
before the WAXS peak. This whole of this data set corresponds to the Ðrst 100 s in Fig. 2 and the
crystallinity at 1200 s in Fig. 6 is B0.1. In the Ðrst 200 s of the experiment there is no scattering
above the background intensity. Between 200 and 400 s there is a measurable SAXS intensity
above the background with no WAXS, after 400 s Bragg peaks are observed and after 800 s the
growth in SAXS and WAXS map onto each other. The inset to Fig. 6 shows the logarithm of the
peak intensity versus time, for the period where there is SAXS without WAXS, and it gives a good
straight line Ðt. Similar behaviour has been reported previously for semi-rigid polymers crys-
tallised by devitrifying a glass8h11 and the kinetics of crystallisation after devitriÐcation were
analysed in terms of the CahnÈHilliard13 theory for spinodal decomposition.

It has been shown that the general form of the variation in scattered intensity, I(q, t), following a
quench is given by the following equation :

I(q, t) \ I(q, 0)exp[2R(q)t] (3)

20 Faraday Discuss., 1999, 112, 13È29



Fig. 6 Integrated intensity data for a crystallisation at 128 ¡C. The open symbols are WAXS and closed
symbols SAXS intensities, respectively. The inset is a plot of the logarithm of the SAXS peak intensity versus
time.

The variation in I(q) at a given time interval is determined by the scattering law, P(q), in the
homogeneous state. R(q) is termed the growth rate constant and is given by eqn. (4)

R(q)\ [Mq2
CL2G

Lo2
] 2iq2

D
(4)

where M is the mobility term, G is the Gibbs free-energy, and i is a gradient free-energy term.
ModiÐcations to eqn. (4) have been discussed previously by Cook34 which take into account
random thermal Ñuctuations (inclusion of a Brownian motion term). In employing eqn. (4) to
analyse the data, the extremums are not strictly correct. The q dependence of the Onsager coeffi-
cient, relating the di†usive Ñux of polymer molecules to the local chemical potential has beenL 0 ,
neglected. This may be valid for the early stages of phase separation and a shallow quench. It
should be noted that generally does have a q dependence. This dependence has been calculatedL 0by Pincus35 for a polymer blend but not for a homopolymer. Neglecting the Onsager(L 0 P q~2)
coefficient, R(q)/q2 can be taken as a measure of the dynamic driving force for the growth of the
concentration Ñuctuation with wave vector q/2p. There is a region of q in which R(q), and thus
R(q)/q2, are positive and the concentration Ñuctuations do not decay but grow and give rise to
phase separation. These growing concentration Ñuctuations have upper and lower critical bound-
aries to their wavenumbers. Outside these limits, the concentration Ñuctuations decay and do not
contribute to the phase separation dynamics. As originally published, the CahnÈHilliard theory13
of spinodal decomposition is a macroscopic description and has no direct relation to events at
molecular level.

The thermodynamic driving force for the growth of the concentration Ñuctuation with wave
vector q/2p, R(q)/q2, becomes a maximum at Thus, the wavelength, q/2p, of theq \ qm\ JGA/i.
dominant Fourier component of the growing Ñuctuations in the early stages of phase separation is
determined by the Fourier component that exhibits maximum dynamic driving force. is timeqmindependent in the early stages of phase separation and is controlled by thermodynamics.36 R(q) is
further controlled by the transport properties.

Deff \ [
2R(q)

q2

q ] 0 (5)

The e†ective di†usion coefficient, can be determined from an extrapolation to q \ 0 of theDeff ,straightline portion of R(q)/q2 during phase separation using eqn. (5) and the linearity holds for
qm\ q \ )2qm .
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Values of the ampliÐcation factor R(q), for the early stage of crystallisation where we observe
SAXS but no WAXS, were determined by plotting ln I versus t for discrete wave vectors and
Ðnding the slope.36 Fig. 7(a) shows a typical plot of R(q)/q2 versus q2. The solid line is a Ðt to the
data to allow estimation of from the q \ 0 intercept. The inset is a plot of R(q) versus q whichDeffshows the errors in R. Similar R(q)/q2 versus q2 plots were constructed for each polymer at a range
of temperatures and those for iPP are shown in Fig. 7(b), the data have been truncated at low q as
the down turn has been previously shown to be an experimental artefact.36 As the crystallisation
temperature is increased it should be noted that the data get less noisy (as the kinetics slow down
and counting statistics improve) and the linear part of the graph is reduced, this is because qmmoves to lower values.

Fig. 8È10 show plots of versus 1/T from which the spinodal temperature is determined byDeffthe intercept. For example, in polypropylene at 410 K, we could estimate both the domi-Deff \ 0
nant length scale L B 175 and the e†ective co-operative di†usion coefficientA� Deff \ [4.5

s~1. By conducting these experiments at a series of temperatures the stability limit could beA� 2
found at 415 ^ 5 K (ref. 37) by extrapolation of to zero. The stability limits obtained in thisDeffway are compared to the melting point of an inÐnite crystal, in Table 1.T m0 ,

The stability limit is the temperature below which the polymer spontaneously separates into
two phases. One of which is rich in polymer segments of the appropriate chain conformation to
crystallise (transÈgauche arrangement of the carbon backbone in isotactic polypropylene, all trans
in polyethylene38) and the other is depleted in polymer segments with the appropriate chain
conformation to crystallise and is concentrated in sequences near entanglements and other defects
which cannot crystallise. The stability limit is 7 K below the measured melting point for poly-

Fig. 7 (a) CahnÈHilliard plot to estimate the e†ect di†usion coefficient, from the q \ 0 intercept ofDeff ,R(q)/q2 versus q2. The solid line is a linear Ðt to the data. The inset shows R(q) versus q with error bars. (b)
CahnÈHilhard plots to estimate the e†ective di†usion coefficient, for iPP at 120, 125, 130, 135 and 140 ¡C.Deff ,

Table 1 Stability limits and ther-
modynamic melting points39 for
the polymers studied

Ts T m0 Ts/T m0

HDPE 408 417 0.98
iPP 415 459 0.90
PET 499 573 0.87

22 Faraday Discuss., 1999, 112, 13È29



Fig. 8 Plot of versus 1/T (for iPP) to allow calculation of the spinodal temperature from extrapolation toDeffDeff \ 0.

propylene with a long spacing of 175 and 44 K below the thermodynamic melting point ofA�
isotactic polypropylene.39 The measured stability limits are given in Table 1. Once WAXS from
crystals (atomic order on the 1 scale) was observed, the kinetics reverted to those of nucleationA�
and growth, that is Avrami kinetics with an exponent n B 3 (see Fig. 2). Similar behavior has also
been observed in devitriÐed glasses of PET, by Kaji and co-workers,8h10 and PEEK, by Ezquerra
and co-workers11 however, as the measurements are made close to the glass transition and the
dynamics are dominated by the viscosity, estimation of the stability limit is not possible as Deffincreases with temperature.

For each of the polymers studied, the quiescent time-resolved SAXS/WAXS and extrusion
suggest that a process that strongly resembles spinodal decomposition of chain segments with
di†erent average conformations is the nucleation step in polymer crystallisation. That polymer
crystallisation occurs with phase separation is in no doubt, since at the end of the process regions
of well ordered crystalline polymer coexist with regions of disordered polymer in a layered mor-
phology (lamellae) with a spherulitic super-structure. Sequences that can be oriented with the right
conformation and incorporated into the crystal separate from sequences near entanglements and

Fig. 9 Plot of versus 1/T (for HDPE) to allow calculation of the spinodal temperature from extrapo-Defflation to Deff \ 0.
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Fig. 10 Plot of versus 1/T (for PET) to allow calculation of the spinodal temperature from extrapolationDeffto Deff \ 0.

other defects which can not crystallize and can only be part of the amorphous regions. The trans-
formation from the disordered phase to the better ordered partially crystalline phase proceeds
continuously passing through a sequence of slightly more ordered states rather than building up a
crystalline state instantaneously, this is consistent with the evolution of SAXS but at some stage
secondary nucleation must form crystals directly from the melt. A mechanism of continuous trans-
formation could be consistent with a fast homogeneous nucleation process. However, it is difficult
to make a clear distinction between spinodal decomposition and nucleation and growth with
nucleation barriers smaller than Polymer crystallisation, like any other phase separation, iskB T .
kinetically controlled. The structure formed is the one with the highest growth rate. Once a crys-
tallite is formed, its lateral growth rate is much higher than that of the Ñuctuations and so domi-
nates. In this case the growth mechanism of semi-crystalline polymer lamellae, in the form of
spherulites, takes over because the lateral growth rate of crystals (typically lm s~1) is 104 faster
than the growth rate of the Ñuctuations (typically s~1). Thus the combination of the steady-A� 2
state extrusion and the high intensity synchrotron X-ray source allows nucleation phenomena to
be observed.

Theoretical model
To understand these observations we have developed a “minimalist Ï phenomenological model
which, we believe, accurately captures the physics involved. The essential observation is the exis-
tence of spinodal-like behavior in a supercooled melt. By analogy with similar observations from
metallurgy40,41 and recent experiments in colloidÈpolymer mixtures,42 as well as supercooled
water,43 we propose that a metastable liquidÈliquid (LL) phase coexistence curve (or “binodal Ï)
lies buried inside the equilibrium liquidÈcrystal coexistence region, as shown in Fig. 11. Quenching
sufficiently below the equilibrium melting point we may cross the spinodal associated with theTm ,
buried LL binodal at temperature A possible mechanism leading to such a buried LLTs \ Tm .
binodal is as follows.15

In order to crystallise, polymer chains must adopt the correct conformation. For example,
chains in crystalline PE have the all trans conformation and the chains in crystalline iPP are
alternating transÈgauche, but in the melt the conformation is randomly trans or gauche. Generally,
the preferred conformation is a helix. Furthermore, the radius of gyration of a (very long) chain
changes little during crystallisation, suggesting44 that neighbouring segments adopt the correct
conformation and crystallise in situ. While it is commonly assumed that conformational and crys-
talline ordering occur simultaneously, we suggest that these processes can occur sequentially.
Moreover, chains with di†erent conformations have di†erent densities, and therefore also di†erent
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Fig. 11 Proposed generic phase diagram for a polymer melt with a buried liquidÈliquid phase predicted by
the SAC model.15 and are the melting and spinodal temperatures encountered along the constantTm Tsdensity quench path (dotted line). Inset shows the measured induction time as a function of temperature for
iPP.

energy barriers for reorientation between rotational isomeric states (RIS).45 Such conformation-
density coupling can induce a LL phase transition. A phenomenological free energy which incorp-
orates these e†ects is a function of the mean mass density the coefficients of the Fouriero6 ,
expansion of the crystal density in the reciprocal lattice vectors (essentially the intensities of Bragg
peaks), and the relative occupancies of various RIS. Consider a free energy with a single Fourier
mode (corresponding to BCC symmetry46) and a pair of RIS, with g the population of theo

*ground (trans) state :

f\ f0(o6 ) ] f
*
(o6 , o

*
) ] fg(g, o6 , o

*
) (6)

The Ðrst term, is the free energy of a melt with random chain conformations.47 The (bare)f0 ,
Landau free energy of crystallisation is given by describes how the distribution of chainf

*
(o6 , o

*
). fgconformations varies smoothly from a random coil (g \ 0) to a helix (g \ 1) as the temperature is

lowered.48 In isolation, a polymer thermally populates its RIS with a Boltzmann distribution ; to
incorporate the coupling between density and conformation, we take the energy gap to have the
phenomenological form

E(o6 , o
*
) \ E0 ] vo6 ] jo

*
2 (7)

As more bond sequences occupy the ground state, monomers can rearrange to pack tighter and
reduce the excluded volume interaction (hence the perturbation vo6 ). A positive v encourages phase
separation to take advantage of this density-conformation coupling. Similarly, adjacent ground
state sequences enhance crystallisation (hence the term The j term is quadratic in byjo

*
2). o

*symmetry.46 To calculate the phase diagram we must minimize the free energy over the mean
polymer conformation, and then compare the free energy of amorphous and crystal branches of
the free energy, Ðnally using the common tangent contruction to Ðnd the equilibrium state.

Physically, this calculation says that at low enough temperatures, the system gives up conforma-
tional entropy to relieve packing frustration, and separates into a dense, more conformationally
homogeneous liquid and a less dense and more conformationally disordered liquid. In practice,
this happens only at appreciable rates by spinodal decomposition, giving rise to two coexisting
liquids, with a coarsening interconnected domain texture, as shown in Fig. 12. The dense liquid is
closer in density and conformation to the crystal phase than the original melt, with a lower energy
barrier D to crystallisation. We expect D to decrease with increasing quench depth below TheTs .induction time is then a sum of the time to coarsen into an intermediate spinodal texture, andqian exponential activation time determined by D. The strong temperature dependence of shouldqichange over to a much weaker dependence at some where This hasT o \ Ts , D(T o , o6 ) O kB To .
been found in iPP (inset, Fig. 11).12

Faraday Discuss., 1999, 112, 13È29 25



Fig. 12 Schematic diagram illustrating the continuous transformation from a Gaussian chain, through a
microphase separated liquid to a semi-crystalline polymer. Coexisting liquid phases with di†erent conforma-
tions, showing a single chain ; thin line \ disordered conformation, thick line\ correct (helical) conformation
for crystallisation. Each chain is a “conformational copolymer Ï.

Our arguments so far have been based on conformation-density coupling. An analogous argu-
ment may be made in terms of a liquidÈcrystalline coupling, by which density-orientation e†ects
become more important as the polymer sti†ens upon cooling into the preferred helical conforma-
tion. This approach was adopted by Imai and co-workers,10 and probed by light scattering.
Indeed, the two mechanisms have, in the main, the same physical content.

Until recently, spinodal scattering was mainly observed in polymer melts crystallising under
shear.7,32,49 This may be understood in a natural way within the present framework. Shear (and
extensional) Ñow couples principally to the orientation of polymer segments, hence straightening
chains and enhancing g, thereby biasing the tendency towards LL separation. A simple way to
incorporate this is to renormalise the activation energy E as where p is the stress. It isE[ v0 p
highly suggestive that, for appropriate values of stress under strong Ñow (the plateau modulus G0)and volume above), the LL binodal of Fig. 11 is shifted upward signiÐcantly (by(v0 dTsDFlow will shift the liquidÈsolid coexistence curve much less because the regions with0.01E0/kB).crystalline order will resist deformation. This simple theory suggests several interesting experi-
ments. First, conformational Ñuctuations just above could be detected and studied, e.g. byTsRaman spectroscopy,7 perhaps simultaneously with depolarised light scattering (to monitor orien-
tational Ñuctuations). Second, upon approaching a spinodal line various properties (e.g. corre-
lation length) should exhibit power-law divergences. Third, the LL spinodal line can be modiÐed
by pressure. In particular, it may be possible to access the LL critical point, recent simulationsTc :suggest a massive enhancement of the nucleation rate in the vicinity of The e†ect of strain onTc .50
the crystallisation of PET close to the has been studied, using elegant time resolved scatteringTgexperiments, by Blundell et al.51 Crystallisation (determined by WAXS) occurred after the exten-
sion of 4 : 1 and followed Ðrst order kinetics (i.e. Avrami n \ 1 which is equivalent to spinodal).
Close to the the rate of the transformation was temperature insensitive as a reduction in tem-Tgperature caused an increase in the dynamic driving force but a reduction in mobility. These
authors interpret this data as the LL energy barrier being reduced by chain orientation in exten-
sional Ñow.

More generally, the coupling of density to (molecular) structural order parameters is an emerg-
ing generic theme in the study of supercooled liquids (waterÈamorphous ice ;43 polymer melts near
the glass transition52). Balsara and co-workers53 have described interesting behaviour in hexago-
nal rod forming block copolymers subjected to a deep quench. The microstructure formation in
the liquid and crystal directions is not correlated, the growth of crystalline order occurs before the
development of a coherent structure along the liquid direction and they argue that this may be a
signal of spinodal decomposition in liquid crystals. The ratio of observed is 0.977 which is inTs/Tmthe range described here for polymer crystallisation. The analogy for the case presented here
would be chains pack locally, in straight sections, prior to becoming oriented along their length
into lamellae.
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Fig. 13 Data from Ratajski and Janeschitz-Kriegl17 showing that a plot of spherulite radius versus time
passes through the origin for a wide range of crystallisation temperatures in iPP.

Discussion
It is obviously very difficult to make a clear distinction between spinodal decomposition and
nucleation and growth with nucleation barriers smaller than Crystallisations with longkBT .
induction times, studied by small and wide angle X-ray scattering (SAXS and WAXS), reveal the
onset of large scale ordering prior to crystal growth. Rapid crystallisations studied by melt extru-
sion indicate the development of well resolved oriented SAXS patterns associated with large scale
order before the development of crystalline peaks in the WAXS region. The results suggest pre-
nucleation density Ñuctuations play an integral role in polymer crystallisation.

An interesting observation is made by Ratajski et al.17 Extrapolated spherulite size curves for
temperatures below show no induction time, that is the line through the radius versus timeTocurve (Fig. 13) passes through the origin despite the fact that X-ray, heat and density measure-
ments show a clear induction time (see Fig. 2). Recent rheological studies16 show that gelation
occurs in crystallising melts at very low degrees of crystallinity, typically \3%, shortly alter qi .This means that there is a percolating network formed that is observed in the dynamic mechanical
response of the system. Both pieces of evidence indicating large-scale structure is formed prior to
the appearance of Bragg peaks or evolution of appreciable enthalpy. It is tempting to consider
setting up an instantaneous structure that in the conformation and density that comprises iso-
tropic sine waves with random phase and direction but Ðxed wavelength. This sets the subsequent
lamellar thickness or long spacing. The crystallisation process which forms the perfected crystals
which show Bragg peaks is a perfection and formation of grains, the growth of which we see as
spherulites.

In a technical context, Galilietner and co-workers have shown54 that nucleating agents are most
e†ective in the ““metastable supercooling zoneÏÏ. Nucleating agents cease to work in iPP at around
140 ¡C which is close to the measured and that homogeneous nucleation takes over at tem-Tsperatures below 110 ¡C which is close to This is in general agreement with our theoreticalTo .
model and experimental results, the crystallisation rate is vanishing above and homogeneousTsnucleation is very fast below To .
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