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Abstract

Small angle light scattering has been used to probe structure formation during isothermal crystallization of an ethylene-1-hexene copolymer
(EH064, Mw¼ 70,000 g/mol, r¼ 0.900 g/cm3, Mw/Mn w 2, 6.4 mol% hexene). It is shown that clear structural information on size scales rang-
ing from hundreds of nanometers to several micrometers during early stage crystallization can be obtained by this method when crystallizing the
polyethylenes at the high temperatures (above the peak melting temperature of a rapidly crystallized polymer sample) required for resolving
early stage crystallization without the influence of the crystal growth. The results show that the early stage crystallization is characterized by
large scale orientation fluctuations that precede the formation of local crystalline order manifest in X-ray scattering and the initial collapse of
these large scale anisotropic/ordered domains. The scattering intensity increases exponentially with time initially, and the wave vector depen-
dence of the growth rate of fluctuations is consistent with predictions for initial stages of a phase transformation process. However, the detailed
mechanism cannot be described by existing models. The implications of our results are discussed within the context of proposed models for early
stage crystallization.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer crystallization is an industrially and scientifically
important phenomenon that has eluded detailed molecular
description. The chemical structure of the polymeric chain,
combined with morphological features acquired during pro-
cessing, governs the properties of semicrystalline polymers.
Investigations of the details of liquidesolid transformation
have closely paralleled the development of polymer science,
and interest in understanding the details of crystalline structure
has arisen from the well known fact that the crystallinity con-
trols the properties of the material. Polymer crystallization is
believed to follow the classical nucleation and growth theory
of the crystal nuclei into a hierarchy of ordered structures,
which involves the growth of lamellar crystals and the
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aggregation of these lamellae into superstructures, such as
spherulites and axialites [1e3]. The primary lamellar habit
formed is a consequence of the anisotropic growth of crystal
nuclei. However, the fundamental mechanisms of polymer
crystallization, especially at the early stage, are still poorly un-
derstood [4e8]. While considerable theory [5e13] of crystal-
lization kinetics has been developed, there is concern as to
whether the predicted mechanisms are unique.

For many years, nucleation and growth as a stepwise pro-
cess has dominated the discussion of polymer crystallization
[1,6]. In contrast to this view, Olmsted et al. [11,14,15] pro-
posed a theory, based on spinodal decomposition of a melt,
to explain the observations of peak in SAXS experiments
before the emergence of crystalline structure [14e21]. On
the other hand, Strobl [8,12] proposed a multistage process
to explain polymer crystallization, which concludes that a me-
somorphic melt formed as precursor of crystallization. Com-
mon to both views is that the crystallization is preceded by
an ordered precursor (so-called pre-ordering). However, clear
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structural information about such possible precursors e
necessary to verify these hypotheses e is still scarce. As a re-
sult, during recent years an important and still open debate has
been going on regarding polymer crystallization. Interestingly,
pre-ordering was already implied in some rather early studies
of polymer crystallization, but it did not receive much atten-
tion. As early as 1967 Katayama et al. [22,23] observed a small
angle X-ray scattering (SAXS) peak significantly earlier than
the appearance of the corresponding crystalline Bragg peaks
in wide angle X-ray scattering (WAXS). They proposed that
density fluctuations occurred before the formation of any crys-
tals. The idea of a multistage process dates back to 1967 in
a study by Yeh and Geil [24], while in 1981 Schultz intro-
duced a spinodal approach promoting orientation in polymer
systems [25]. Lindenmeyer suggested the idea that polymer
crystals grow by accretion of ‘‘prefolded’’ chains 30 year
ago [26], and shortly after that, Allegra [27] proposed a de-
tailed ‘‘bundle theory’’ for polymer crystallization of metasta-
ble, prefolded chains. However, the essential question about
the nature of pre-ordering still remained open. The description
‘pre-ordering before crystallization’ is often not used in a pre-
cise way. In spite of this, it is evident that the precursor should
possess some ordering intermediate between the liquid and the
crystal phase.

To verify the mechanisms proposed, many experimental
efforts [14,20,28e37] have been conducted. Simultaneous
SAXS and WAXS experiments with synchrotron source are
powerful tools to investigate the kinetics and morphological
features during crystallizations of various polymer systems un-
der different conditions [14e16,28,29,33,38e42]. Conflicting
results favoring various proposed models have been reported.
Imai et al. [16,17], Ezquerra et al. [18] and Terrill et al. [19]
reported the observations of SAXS peak preceding the devel-
opment of the crystalline peaks in WAXS region for poly-
(ethylene-terephthalate) (PET), polyetheretherketone (PEEK)
and polypropylene (PP), respectively. Others [28,40,42] re-
ported that no such preceding peak in SAXS before WAXS
can be observed for polyethylene (PE) and some other poly-
mers. The possibility that the observations may be due to the
detection limit of X-rays which has been discussed [14,40].
Atomic force microscopy (AFM) [32,34,43] has also been
used to investigate the structural evolution during polymer
crystallization, and recent studies [34] on a branched poly-
ethylene (3.8 mol% butene) shows that large scale structures
(1e3 mm) are formed before the formation of any local crys-
talline structure. The evolution of these large scale structures
during early stage crystallization is still unclear. Other tech-
niques including differential scanning calorimetry (DSC)
[34], small angle neutron scattering (SANS) [36], etc., have
also been used to probe the structure changes during early
stage crystallization, but until present, strong proof or disproof
for any of the models has been scarce. Also, computer simu-
lation has been employed to elucidate the possible mecha-
nisms for early stage crystallization [44e52]. Early stage
crystallization behaviors of single chain [44], multiple chains
[44,47,50e52], in melt [48,51] or in solution [45,46] have
been examined by various simulation methods, but no
convincing conclusion has been reached. It has been suggested
that growth rate (Uq) of scattering intensities during early stage
crystallization is a good criterion for distinguishing the pro-
posed mechanisms [7,15,47,50,51,53], since different models
predict different behavior for Uq/q2 versus q2. Ryan et al.
[14,15,53] used CahneHilliard analysis to fit the SAXS data ob-
tained before the emergence of WAXS peak in the framework of
spinodal decomposition model, and the ‘‘spinodal tempera-
tures’’ have been estimated. Muthukumar [50] has argued that,
if the mechanism for early stage crystallization is simply spino-
dal decomposition, the Uq/q2 versus q2 plots should show
a monotonic linear decrease from a finite positive value at
q / 0 with a slope independent of quench depth, which is not
experimentally observed.

To investigate the structural changes and evolution of fluc-
tuations during early stage crystallization of polyethylenes,
high crystallization temperatures are required. We have previ-
ously [54] shown that SALS under cross-polarized (HV) align-
ment and USAXS can be used to probe structural changes
during early stage crystallization of polymers by crystallizing
the polyethylene sample at temperatures higher than the peak
melting temperature. Our results showed that during early
stage crystallization of polyethyleneeolefin copolymers, large
scale (>1 mm) fractal domains with diffuse interfaces are
formed initially, and the interfaces of these domains sharpen
with time. In this paper, the nature of the fluctuations during
early stage crystallization is presented and discussed in the
context of the various proposed models.

2. Materials and methods

2.1. Sample preparation

The ethylenee1-hexene copolymer (EH064, Mw¼
70,000 g/mol, r¼ 0.900 g/cm3, Mw/Mn w 2, 6.4 mol% hex-
ene) studied was provided by ExxonMobil. The peak melting
temperature (Tp

m) and the final melting temperature (Tf
m) of the

rapidly crystallized EH064 sample are 95 �C and 103 �C, re-
spectively. The copolymer was prepared with a metallocene
catalyst. Before any further sample preparation, 3 g of poly-
mer was dissolved in 300 mL of refluxing toluene at 111 �C.
The solution was poured into an acetone/methanol (50/50)
mixture (800 mL) at 0 �C. The resulting precipitate was fil-
tered, washed, and dried under vacuum at 40e50 �C for
72 h [55].

2.2. Simultaneous WAXS and SAXS

Samples were melt-pressed in a vacuum laboratory hot
press (Carver Press, Model C) at 160 �C for 30 min. The
molded films were then allowed to cool to room temperature
under vacuum. A dual temperature chamber for the melt crys-
tallization experiments consists of two large thermal chambers
maintained at the melt temperature (T1¼ 160 �C) and the
crystallization temperature (T2¼ 81 �C, 83 �C, 86 �C, 89 �C,
92 �C or 96 �C). After 5e10 min at T1, the copper sample
cell was transferred rapidly (w2 s) to the other chamber by
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means of a metal rod connected to a pneumatic device. A de-
tailed description of the arrangement of the sample and of the
two detectors used to measure WAXS and SAXS simulta-
neously has been provided previously [39]. Each polymer
sample within the copper cell was 1.5 mm thick and 7 mm
in diameter and was contained between two 25 mm thick
Kapton films. The actual sample temperature during crystalli-
zation (T2) and melting (T1) was monitored by means of a
thermocouple inserted into the sample cell. The crystalliza-
tion temperature was usually reached 120 s after transfer
without overshooting. Under isothermal conditions the fluctu-
ations in the sample temperature are less than 0.5 �C. The
references to time are times elapsed after transferring the sam-
ple to the crystallization chamber. Simultaneous WAXS and
SAXS experiments on some samples which were first main-
tained at T1¼ 180 �C instead of 160 �C were also performed,
and no difference was observed for both the time evolution of
invariant from SAXS and crystallinity determined from
WAXS. In this paper, the simultaneously WAXS and SAXS
data obtained for the samples first maintained at 160 �C are
presented.

Time-resolved simultaneous SAXS/WAXS data were col-
lected at the Advanced Polymer Beamline at Brookhaven
National Laboratory, X27C. The radiation spectrum from the
source was monochromated using a double multilayer mono-
chromator and collimated with three 2� tapered tantalum
pinholes to give an intense X-ray beam at l¼ 1.307 Å. Two
linear position sensitive detectors (European Molecular
Biology Laboratory, EMBL) were used to collect the SAXS
and WAXS data simultaneously. The usable span of scattering
vector magnitudes (q¼ (4p/l)sin(q/2), where l is the X-ray
wavelength and q is the scattering angle) for SAXS, was in
the range 0.01 Å�1< q< 0.3 Å�1, while that for WAXS was
0.7 Å�1< q< 2.9 Å�1. Data were collected in 15 s or 30 s
time blocks, depending on the crystallization rate. The peak
position, peak height and peak width for the crystalline and
amorphous reflections in WAXS were extracted by a curve fit-
ting program. A broad Gaussian peak was used to describe the
amorphous background. The crystalline peaks (110 and 200)
were also fitted with Gaussian functions. For SAXS, the scat-
tering intensity due to thermal fluctuations was subtracted
from the SAXS profile I(q) by evaluating the slope of I(q)q4

versus q4 plots [56] at large wave vectors (q [ 0.2 Å�1).

2.3. Small angle light scattering (SALS)

SALS measurements were performed on (90e200 mm
thick) film samples sealed between two round glass coverslips.
Before the measurements, the sealed samples were heated
from room temperature to 180 �C, held at this temperature
for 5 min, and then quenched to the crystallization temperature
(Tc). After reaching Tc, the samples were immediately heated
to 180 �C, held at this temperature for 10 min and then cooled
to Tc for measurements. The heating/cooling rate used was
about 50 �C/min. An Instec HCS600V hot stage was used to
control the temperature within 0.1 �C during crystallization
measurements. SALS patterns under cross-polarized (HV)
and parallel-polarized (VV) optical alignments and transmitted
light were recorded using a vertical light scattering apparatus
described previously [57]. For this work, the usable span of
scattering vector magnitudes was in the range 0.2 mm�1<
q< 2.4 mm�1. A mirror attached to the center of the screen
was used to reflect the light transmitted by the sample and
the intensity of this light was measured by means of a com-
puter controlled optical power meter. All measurements were
performed under nitrogen atmosphere.

Experimental scattering intensities from SALS were cor-
rected using procedures previously described [57]. The melt
contribution to the corrected HV scattering intensity was sub-
tracted after accounting for statistical fluctuations. The percent
transmission was determined from the ratio of the transmitted
light intensity measured with a sample in the beam path to that
measured without the sample.

Crystallization mechanisms can be determined by compar-
ing the time evolution of degree of crystallinity and the total
integrated scattering intensity or invariant [28,38]. In this pa-
per, we calculated the degree of crystallinity from WAXS
(wc) and the total integrated scattering intensities or invariant
from SAXS (QSAXS) and HV SALS (QHv

). The degree of crys-
tallinity is obtained by using the methods previously described
[28]. The uncertainty in wc by this method is about 2%.

The SAXS invariant (QSAXS) or HV SALS invariant (QHv
)

determined from measurements represents fluctuations in the
sample and will be referred to as relative invariants.

QSAXSf
�
h2
�

QHV
f
�
d2
�

where hh2i represents the nanoscale mean-square density fluc-
tuations of the system, hd2i represents the micro-scale mean-
square fluctuations in the averaged anisotropy of the system.

3. Results

When a crystallizable polymer is cooled below its equilib-
rium melting temperature, the hierarchical structure formed
can be probed by in situ scattering. Light scattering is sensitive
to the objects with sizes larger than several hundred nanome-
ters whereas the X-rays are sensitive to nanoscale structures.
The crystallization process can be described by two stages:
(1) primary crystallization with the growth of superstructures,
and (2) secondary crystallization during which the degree of
crystallinity within the morphological units increases. These
crystallization mechanisms can be determined by comparing
the time evolution of the degree of crystallinity (wc) deter-
mined from WAXS and the total integrated scattering intensity
or invariant during crystallization from SAXS [28,38].

Fig. 1 shows WAXS, SAXS and SALS results during iso-
thermal crystallization of EH064. When EH064 is crystallized
at temperatures lower than Tp

m ¼ 95 �C, primary crystallization
is rapid. At Tc¼ 90 �C, the percent transmission (Fig. 1(c))
reaches a constant value after going through a minimum
within 4 min, indicating that the spherulites become space-
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Fig. 1. Crystallization behavior of EH064 from (a) wide angle X-ray scattering (WAXS), (b) small angle X-ray scattering (SAXS) at various crystallization tem-

peratures and (c) small angle light scattering (SALS) at 90 �C, (d) at 99 �C, (e) at 103 �C and (f) at 109 �C. The time evolutions of WAXS crystallinity (wc) and

SAXS invariant (QSAXS) are shown. For light scattering, HV SALS invariant (QHV
) and percent transmission measured simultaneously with HV SALS are shown.
filling at very early time [58]. During this period, the sharp in-
crease in the HV SALS invariant (Fig. 1(c)) is consistent with
rapid growth of the spherulites. The slower increase in the HV

SALS invariant at longer times can be attributed to the domi-
nance of secondary crystallization. Thus, the increase in the
invariant from SAXS (Fig. 1(b)) and crystallinity from
WAXS (Fig. 1(a)) at longer times can be attributed to the sec-
ondary crystallization. These results are consistent with what
has been observed for other polyethylene [58] and polypropyl-
ene [31] samples during crystallization.

As the crystallization temperature is increased the crystallin-
ity decreases. At temperatures near the peak melting tempera-
ture, it is difficult to resolve changes in the SAXS invariant
and crystallinity determined from WAXS because crystallinity
is small (<5%) and close to the detection limits. As the crystal-
lization temperature is increased further, the very low crystallin-
ity attainable and large thermal fluctuations make it difficult to
detect the changes in crystallinity and structure by X-rays
[28,40,59]. However, if large scale fluctuations are present dur-
ing early stage crystallization, SALS can be used to investigate
the structural changes at these temperatures [54].

Fig. 2 shows SALS patterns for EH064 from SALS at var-
ious temperatures and crystallization times. As expected, the
typical anisotropic HV and VV patterns obtained at 90 �C indi-
cate the formation of space-filling spherulites at crystallization
temperatures below Tp

m ¼ 95 �C. When samples are crystal-
lized at temperatures above Tp

m ¼ 95 �C, the initial HV SALS
patterns exhibit circular symmetry consistent with the forma-
tion of anisotropic domains that are randomly oriented with
each other. Anisotropic four-leaf HV patterns and correspond-
ing isotropic VV patterns were obtained for crystallizations at
99 �C and 103 �C, indicating the formation of non-space-
filling spherulites or incomplete spherulites (axialites) at these
temperatures [60]. At 99 �C, the maximum attainable crystal-
linity is about 3% and it is about 1% for 103 �C (Fig. 3,
[61,62]). When the samples were crystallized at the tempera-
tures higher than Tf

m ¼ 103 �C (107 �C and 113 �C as shown
in Fig. 2), isotropic patterns are observed for both HV and
VV SALS scattering. At these temperatures, although the the-
oretical crystalline fraction of EH064 is less than 10�3 (Fig. 3,
[61,62]), polarized light scattering due to the organization of
crystals can be observed whereas the crystallinity cannot be
directly measured by DSC or X-rays. Thus analysis of the
SALS patterns can yield information regarding the nature of
the anisotropic domains formed during the initial stages of
crystallization.
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5 min 30 min 2 h 4 h 12 h 12 h

20 s 40 s 2 min 30 min 60 min 20 min

H
v

V
v

3 min 30 min 1 h 2 h 4 h 4 h

3 min 30 min 1 h 2 h 4 h 4 h

1 h 6 h 24 h 48 h 60 h 60 h

90 °C:

99 °C:

103 °C:

107 °C:

113 °C:

Fig. 2. HV and VV SALS patterns during isothermal crystallization of a polyethylene (EH064) at different crystallization temperatures. For all patterns, the scale bar

is equal to a scattering angle of 5�. From DSC, the peak melting temperature (Tp
m) and final melting temperature (Tf

m) of the rapidly crystallized EH064 sample are

Tp
m ¼ 95 �C, Tf

m ¼ 103 �C, respectively.
The circularly averaged intensity of the HV SALS patterns
at 113 �C monotonically decreases with scattering vector q
(Fig. 4(a)). The increase in intensity with time can be asso-
ciated with the increases in the number and/or the anisotropy
of the domains. In Fig. 4(b), the shape of the logelog plots of
scattering profiles indicates that the domains are fractal ob-
jects. Kratky plots have been used to examine the conforma-
tions of macromolecules [63], such as proteins [64] and
RNAs [65]. In (Fig. 4(c)), the Kratky plots shown indicate
that, initially, these domains are coil-like open structures. At
longer times (>6 h), the domains become more compact as ev-
ident by the changes in the overall shape of the Kratky plots.
The magnitude of limiting slope of logelog plots of SALS
profiles increase with time also indicates the interfaces of
these domains are sharpening with time. Our previous ultra-
small-angle X-ray scattering (USAXS) measurements [54]
during isothermal crystallization of EH064 at 99 �C also
showed that fractal objects with sizes larger than 100 nm are
formed during the initial stages. The magnitude of limiting
slope of logelog plots of USAXS profiles increases with
time, which is similar to the observation from SALS measure-
ment (Fig. 4(b)). At the same time, no structure change is
observed in the traditional SAXS region [54]. SALS experi-
ments on crystallization of other polyethylenes (an ethylenee
butene copolymer, EB059, Mw¼ 70,000 g/mol, r¼ 0.900 g/cm3,
Mw/Mn w 2, 5.9 mol% butene and linear polyethylene, Mw¼
32,100 g/mol) at high temperatures also show similar scatter-
ing profiles due to large scale fractal objects [54].

Our results show that anisotropic large scale (size compara-
ble to the wavelength of the light used, 633 nm) fractal
domains are formed during early stage crystallization of the
polyethylene studied. The average size of the domains formed
can be obtained by performing Guinier analysis on the mono-
tonically decreasing HV SALS scattering profiles observed,
and the Guinier analysis is given by the following equation,

IðqÞ ¼ Iðq/0Þexp

"
�

R2
gq2

3

#
; ð1Þ

where Rg is the radius of gyration of these domains. The re-
sults for isothermal crystallization of EH064 at 107 �C and
113 �C are shown in Fig. 5. The results show good agreement
with Eq (1) in low q region (0.05 mm�2< q2< 0.4 mm�2).



5393Z. Xiao, Y.A. Akpalu / Polymer 48 (2007) 5388e5397
Similar results are obtained for crystallization at other temper-
atures (Tc¼ 109 �C and 111 �C). For all temperatures higher
than the final melting temperature (Tc¼ 107 �C, 109 �C,
111 �C, and 113 �C), the Rg value decreases initially and
then reaches to a relatively constant value (Fig. 6).

4. Discussion

Our results show that all stages of polymer crystallization
can be studied by the combinational use of X-ray and light
scattering. At temperatures below the peak melting tempera-
ture (Tc< 95 �C for EH064), the crystallization kinetics can
be resolved by comparing the time evolution of degree of
crystallinity determined from WAXS and the total integrated
scattering intensity from SAXS [28,38]. As temperature is in-
creased from Tp

m ¼ 95 �C, crystallization is increasingly dom-
inated by primary crystallization. During this process, the
formation of the initial lamella crystals and subsequent crystal
growth process can be probe by using real time SAXS
measurements [28,40]. When the crystallization temperature
is higher than Tf

m ¼ 103 �C (107 �C and 113 �C shown in
Fig. 2), the time variation of the degree of crystallinity from
WAXS and invariant from SAXS is not useful for elucidating
the crystallization mechanism because of the very small
volume fraction of crystals involved [40]. From SALS
(Fig. 2), the crystallization process at temperatures above

Fig. 3. (a) Typical differential scanning calorimetery (DSC) melting curve of

EH064 sample rapidly crystallized from melt. Heating rate: 10 �C/min. (b)

Overall distribution of n-sequences for random polyethyleneehexene copoly-

mer [62]. The arrows indicate the critical length of ethylene sequences which

is in equilibrium with undercooled melt at given temperatures, and the sum of

all weight fractions for n greater than this value is the theoretical crystallinity

for the corresponding temperatures.
Tf
m ¼ 103 �C is characterized by the formation of large scale

randomly oriented anisotropic domains before the formation
of any local crystalline structure. Large scale structures during
the early stages of crystallization have been observed by AFM
[13,34]. Thus, this behavior is a characteristic of the initial
stages of crystallization which we refer to as early stage
crystallization.

Our results show that the large anisotropic domains (or pre-
cursors) observed during early stage crystallization contract
initially, and then the size of these domains remains relatively
constant while associated orientation fluctuations increases,
indicating orientational ordering of the domains. Some recent
simulation studies [44,66e68] have suggested that crystalliza-
tion proceeds through a globally collapsed amorphous state,
the entire amorphous chain become compact, and subse-
quently transform to the stable crystalline state with ordering
in all parts of the system simultaneously. Our observation of
the initial decreasing in the radius of gyration of the domains
formed is consistent with this process (so-called ‘‘global col-
lapse’’). Thus it can be concluded that we do resolve early

Fig. 4. (a) HV SALS scattering profiles (I(q) versus q) for isothermal crystal-

lization of EH064 at 113 �C. (b) Logelog plot of HV SALS scattering profiles

for isothermal crystallization of EH064 at 113 �C. (c) Kratky plots (Iq2 versus

q) of HV SALS scattering for isothermal crystallization of EH064 at 113 �C,

dashed line represents a sphere with a diameter of 1.5 mm.
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Fig. 5. Guinier analysis of SALS scattering profiles obtained during early stage crystallization of EH064 at (a) 107 �C and (b) 113 �C.
stage behavior at crystallization temperatures higher than
Tf

m ¼ 103 �C.
As detailed in the introduction, several theoretical models

have been proposed for the densification process prior the for-
mation of crystals, which include the spinodal-assisted nucle-
ation model by Olmsted et al. [11] and the nucleation and
growth model by Muthukumar [7]. The evolution of density
fluctuation during early stage crystallization has been pre-
dicted by these models. The ‘‘spinodal-assisted’’ nucleation
model for early stage crystallization of polymer predicts
[11,14,15] that a metastable liquideliquid (LL) phase

Fig. 6. Time dependence of radius of gyration (Rg) values for crystallization at

107 �C and 113 �C.
coexistence curve lies buried inside the equilibrium liquide
crystal coexistence region, and the coupling between density
and chain conformation induces a liquideliquid binodal
within the equilibrium liquidecrystalline solid coexistence re-
gion. Experimentally, CahneHilliard [69] analysis for spino-
dal decomposition has been used to analyze the SAXS
profiles obtained during the ‘‘induction period’’ (from the
capture of the peaked profile in SAXS until the appearance
of crystalline peak in WAXS region) by Ryan et al. [14,15].
Generally, for a binary fluid undergoing a demixing instability,
fluctuations J(q) in composition grows exponentially, and the
variation in scattering intensity, Iðq; tÞ ¼ hjðq; tÞjð�q; tÞi,
also grows exponentially is given by the following equation:

Iðq; tÞ ¼ Iðq;0Þexp½2RðqÞt�

R(q), which is termed as the growth rate constant and it is
given by

RðqÞ ¼ �Mq2

�
v2G

vr2
þ 2kq2

�

where M is the mobility term, G is Gibbs free energy, and k is
gradient free energy term.

Thus, the R(q)/q2 term can be taken as a measure of
dynamic driving force for the growth of the concentration
fluctuation with wave vector q/2p. For the spinodal-assisted
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model, a plot of R(q)/q2 versus q2 is expected to be linear for
a given region of q [14,15].

It has been argued by Muthukumar that, the polymer crys-
tallization process is similar to the nucleation and growth in
small molecular systems, except that for the polymer system,
the polymer chain is long enough to participate in several nu-
clei. During the early stages of crystallization, several ‘‘baby
nuclei’’ are formed by the same single polymer chain. The
strands connecting these baby nuclei are flexible with consid-
erable configurational entropy. As time progresses, the mono-
mers in the flexible strands are reeled into the baby nuclei
while the orientational order in each nucleus increases. And
simultaneously, the competition between nuclei for further
growth dissolves some nuclei. As a result, a folded-chain
structure emerges. The average distance between baby nuclei
does not change with time in the initial times. Furthermore,
Muthukumar proposed that [47] the free energy of a system
with ‘‘baby nuclei’’ connected by strands comes from the
following three terms: (1) density difference j between the

‘‘baby nuclei’’ and the amorphous background giving a free
energy contribution that is proportional to �DTj2ðDT ¼
T0

m � TÞ; (2) interfacial free energy given by the square gradi-
ent of j, proportional to q2j2

q (where q is the scattering wave
vector); and (3) monomeremonomer correlation arising from
the chain connectivity of the connector participating in
multiple nuclei, leading to a free energy contribution that is
proportional to q�2j2

q (as in the Debye structure factor for
length scales shorter than Rg). Thus, it goes as

Fw
X

q

�
�DT þ q2þ q�2

�
j2

q;

where all the prefactors are left out. For the early stages of
nucleation and growth, j evolves with time, in accordance
with the relaxation of the chemical potential gradient, as we
see here:

vjðr; tÞ
vt

z�V

�
�V

vF

vT

	
; so that

vjqðtÞ
vt
¼�q2

�
�DT þ q2þ 1

q2

	
jqðtÞ:

Thus, the scattering intensity, I(q,t), proportional to hj2
qðtÞi,

is expected to be exponential with time, I(q,t) w exp(2Uqt),
with the rate Uq¼ q2(�DTþ q2þ q�2). Then, U(q)/q2 is ex-
pected to rise sharply with q2, and to reach a maximum and
then decrease at higher q values according to Muthukumar’s
model. This behavior is distinct from a spinodal-assisted
mechanism where U(q)/q2(R(q)/q2) is expected to vary linearly
with q2.
Fig. 7. Growth rate of the scattering intensity at various q values during crystallization of EH064 at (a) 107 �C and (b) 113 �C.
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For early stages of a phase transition process, the fluc-
tuations/intensities are predicted to be increased with time
exponentially for any proposed models. To facilitate the com-
parison of our results with the theoretical models for early
stage crystallization, the growth rates of scattering intensity
(Uq) at various q values are evaluated from the slope of ln I
versus time plots (Fig. 7) since the intensities exponentially in-
crease with time during initial times. Growth rate (Uq) versus q
profile expected for initial stages of a phase transition process
is obtained for crystallization at 113 �C, and the deviation of
growth rate (Uq) versus q profile observed (Fig. 8) for crystal-
lization at 107 �C indicates that there still might be some ef-
fect from crystal growth process present at this temperature.
At 113 �C, the growth rate reaches a peak value in mediate
q values, and it is relatively smaller in low q and high q region.
It has been reported that the Uq/q2 decreases with q2 linearly at
given q region from the analysis of SAXS profiles obtained
during early stage crystallization of PET [17], iPP [19,53]
and PEEK [18] as evidence of the presence of spinodal de-
composition during early stage crystallization. Our analysis
(Fig. 9) shows no linearity on Uq/q2 versus q2 plots. The re-
sults show that Uq/q2 value decreases sharply with q2 at low
q region and is relatively constant at medium and high q
region.

It must be noted that we have obtained similar SALS scat-
tering profiles for crystallization of linear polyethylene and
other branched polyethylenes (ethylenee1-butene copoly-
mers) [54], indicating that this densification process observed
is a universal process for polyethylenes. For EH064 used in
this study, ethylene sequences with less than 185 carbons are

Fig. 8. Dependence of growth rate (Uq) of the scattering intensity on scattering

vector q for crystallization of EH064 at (a) 107 �C and (b) 113 �C.
not crystallizable at 113 �C as indicated by Fig. 3 [62]. At
these high crystallization temperatures, since only a very small
portion of long ethylene sequences can crystallize (maximum
attainable crystallinity at 113 �C is less than 10�4 [62]), it is
unlikely that the chain length distribution of crystallizable spe-
cies will influence the crystallization behavior. Our results
clearly show that early stage crystallization is characterized
by large scale orientation fluctuations that precede the forma-
tion of local crystalline order. A second characteristic is the
initial ‘‘global collapse’’ of these large scale anisotropic/
ordered domains. Although these observations are consistent
with the predictions of current theoretical models [7,8,11,68]
and simulations [44,66,67], new models are required to cor-
rectly predict the spatial dependence and time evolution of
these orientation fluctuations characteristic of the initial stages
of polymer crystallization from the melt state.
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