
Published: September 13, 2011

r 2011 American Chemical Society 7704 dx.doi.org/10.1021/ma201263z |Macromolecules 2011, 44, 7704–7712

ARTICLE

pubs.acs.org/Macromolecules

Extension Flow Induced Crystallization of Poly(ethylene oxide)
Nan Tian,Weiqing Zhou, Kunpeng Cui, Yanping Liu, Yuye Fang, XiaoWang, Liangbao Liu, and Liangbin Li*

National Synchrotron Radiation Lab and College of Nuclear Science and Technology, CAS Key Laboratory of Soft Matter Chemistry,
University of Science and Technology of China, Hefei, China

’ INTRODUCTION

During processing polymer melts are generally subjected to
different types of flow field. Flow field affects crystallization of
polymer through inducing orientation and stretch of chain,
whose effects show up in different ways such as accelerating
crystallization kinetics,1,2 modifying the morphology from spher-
ulite to shish-kebab,3,4 and inducing new crystal forms.5,6 Con-
sequently, the final performance of the resulting product depends
strongly on the flow field during processing. Flow induced
crystallization (FIC) is considered to be a promising approach
for tuning the properties of polymer products, which has been
extensively studied in the past decades.

As almost all effects of flow on crystallization are directly
related to nucleation, flow induced nucleation is the focus in
studies of FIC. Nevertheless, due to its complexity, contradictory
views have been reported regarding several fundamental issues.
These include the initial response of the chain under flow, effects
of possible preordering, models for nuclei, and the role of
molecular and external field parameters. A brief summary of
these issues will be given here. (I) The first point regards the
occurrence of coil�stretch transition (CST) of a single chain or a
stretched network upon imposing a strong flow. Since the first
observation of Pennings7 and Keller,8 this has been a matter of
debate. Pioneer work by Keller et al.9,10 on dilute and semidilute
solution indicates an abrupt CST in extensional flow. This
idea has been extended to the interpretation of shish forma-
tion in the polymer melt. In the latter any flow induced stretch
is expected to relate to the transient network of entanglement.
Recent rheo-SAXS experiment excludesCST of the whole chain.11

Nevertheless, the idea of CST may be still valid at the level of
segments3 though the CST is already different from its initial
definition. (II) The next question is whether preordering is a
necessary step in nucleation. Classical crystallization theory
assumes an abrupt transition from melt to nuclei, while increas-
ing evidence has become available pointing to the existence of
an intermediate state, generally referred to as preordering or
precursor. These results include flow induced conformational
ordering,12,13 the existence of a memory effect,14�16 spinodal
decomposition,17�21 and evidence from computer simulations.22

Though in-situ small- and wide-angle X-ray scattering experi-
ments give some evidence,23�27 it is still disputed. The existence
of preordering seems to be widely accepted now; questions
regarding the structure of the preordering and its transformation
to nuclei are left. (III) The next point is the correct description of
the structure of nuclei. Can the folded-chain model or better the
fringed-micelle model be used? The low end surface free energy
of folded-chain model, corresponding to a low nucleation barrier,
has been used to exclude fringed-micelle model in quiescent
nucleation, which has been reiterated with the presence of
preordering or entropy consideration.28�30 However, in the
presence of strong flow, a polymer melt will be highly oriented
and stretched. The extra barrier in fringed-micelle model, which
originates in entropy loss, then could be overcome by the flow.
The initial concept of a shish with a structure of extended-chain
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ABSTRACT: Crystallization of poly(ethylene oxide) (PEO) induced by extensional flow
has been studied by in-situ small-angle X-ray scattering (SAXS). A constant Hencky strain
was applied to the melt with strain rates varying in 3 orders of magnitude. The evolution of
the long period with crystallization time is qualitatively different for high and low strain rates.
In the region of high strain rates the long period first increases, reaches a plateau, and
decreases in the later stage of crystallization. In contrast, for low strain rates only amonotonic
decrease is observed. Given the high orientation in the high strain rate region, we propose a
localized nucleation mechanism (like row-nuclei). The initial increase of the long period for
high strain rates indicates a decrease of nucleation density, which is the inverse of the long
period. On the basis of the microrheological model proposed by Coppola et al., in which the
flow induced free energy change under steady state flow is calculated with the Doi�Edwards
model, we develop a framework describing the nucleation after a step strain with high strain
rates. By introducing the memory function, the dynamic process of relaxation is taken into
account, leading to a continuous decrease of the nucleation density. Numerical fitting the model to the experimental data gives a
good agreement with the terminal relaxation time τd, the volume filling rate B, and a constantC3 determined by surface free energy of
the nuclei as fitting parameters. The results confirm the localized nucleation mechanism in highly oriented melt. Furthermore, the
fitted value of C3 indicates a drop in surface free energy of nuclei under strong flow.
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crystal matches in this limit well with the fringed-micelle model.
The correlation between an isolated single nucleus, a series of line
nuclei, and shish still has to be determined. (IV) Whether long
chains dominate in flow induced nucleation or synergy of long
and short chains is essential? In line with the early CST concept
of shish formation, long chains relax slowly and the residual
orientation leads to a lower nucleation barrier, a higher thermo-
dynamic driving force, and a faster nucleation rate. This seems to
be largely confirmed by various experiments.31�34 However, the
difficulty to control molecular parameters of long and short chain
in experiments makes unambiguous evidence scarce to be found.
Recent evidence suggests that synergy between the effects of long
chains on the nucleation barrier and of short chains on fast
diffusion may be decisive for accelerating nucleation.35�37 (V) It
is difficult to link flow parameters to the deformation of chains. In
a FIC experiment apparent parameters are set, and the resulting
crystallization is monitored. However, the actual deformation of
chains is unknown. Shear flow, which is commonly used in FIC
experiment, can be inhomogeneous.38�42 Moreover, molecular
relaxation plays an important role in nucleation during and after
flow.42 All these factors make it difficult to link the apparent flow
parameters directly to chain deformation.

Incorporating external work quantitatively into the free energy of
molecular chains is a first step to establish a thermodynamic model
of flow induced nucleation. This remains a challenge even without
taking conformational order and other preordering with enthalpy
change into account. Restricting entropic loss to the chain orienta-
tion and stretch is still problematic due to the complication of
inhomogeneous flow and a rudimentary state of theory of nonlinear
chain dynamics. Phenomenologically, a link can be constructed
between crystallization kinetics and flow field. In the modified
Nakamura’s approach43 flow parameters such as strain,44 strain
rate,45 and stress46 are linked to factors in the crystallization kinetic
function. This approach provides an empirical relation between
flow parameters and crystallization kinetics but without any
molecular information. Correlating external work from flow with
crystal orientation shows a critical specific work is required to form
oriented nuclei when the strain rate is higher than the inverse
of the Rouse time of long chains.47,48More general, but alsomore
complicated, descriptions based on continuum theory49�51 have
been widely used to relate the elasticity of themelt and the energy
stored in chain. In this way parameters reflecting the stress and
strain state of the melt can be related to the driving force of flow
induced nucleation. This approach gives more information on
the crystallization process, such as nucleation density and half-
time of crystallization.

A molecular theory would involve chain dynamics and a
specific nucleation model. An attempt has been made using the
dumbbell model52�54 and the Doi�Edwards model. The micro-
rheological model based on the Doi�Edwards model incor-
porating independent alignment approximation (IAA) seems
promising to predict the enhancement of crystallization kinetics
for a large range of strain rate.55,56 The introduction of the
memory function clearly declares the effect of relaxation in FIC
andmakes quantitative prediction possible. Themodel, however,
so far analyses only steady-state flow. The dynamic character of
relaxation and the corresponding nucleation after flow, generally
faced in the step-strain experiments, is not embodied. Thus, a
more comprehensive analysis is required to cover the whole
nucleation process in FIC.

In this work, a combination of extensional rheology and in-situ
synchrotron radiation SAXS measurements has been used to

investigate flow induced nucleation of PEO. The emphasis is on
the correlation between strain rate and nucleation rate. The
evolution of the long period during crystallization shows different
trends at high and low strain rates. An extension on the original
microrheological model is developed to describe the nucleation
after a step strain with high strain rates. A good agreement
between our experimental results and theoretical calculation is
obtained.

’EXPERIMENT

PEO was used in this work for a relatively narrow molecular weight
distribution compared to commercial polyethylene and polypropylene,
which is important for modeling on molecular level. The sample was
purchased from Lian Sheng Chemical Co. of Shanghai. The molecular
weight distribution was determined by gel permeation chromatography
using a Waters 1515 isocratic HPLC pump and water as solvent. The
weight-average molecular weight (Mw) was 1070 kg/mol, and the
polydispersity index was 1.4. The melting point was determined to be
66.2 �C by differential scanning calorimetry (DSCQ2000, TA In-
struments) at a heating rate of 10 �C/min. The terminal relaxation time
τd was determined by small-amplitude oscillation shear (SAOS), using
the rheometer AR2000EX equipped with parallel plates with a diameter
of 25 mm. The result was 4 s at 100 �C (see Figure 1) and 10 s at 90 �C.
PEO powder was dried under vacuum at 55 �C for 12 h and thenmolded
to a plate with a thickness of 1 mm by a vulcanizing press at 80 �C. The
samples to be studied were cut into rectangular shape with dimensions of
30 � 20 � 1 mm3.

A schematic picture of the homemade two-drum extensional rhe-
ometer used in this work is shown in Figure 2. Its design is similar to the
Sentmanat extensional rheometer, and Hencky strain can be obtained.
The sample was secured on two geared drums by means of clamps.
Subsequently, stretching was carried out through the rotation of motor,
which drives the geared drums rotating in opposite directions. The
torque is measured through the torque sensor connecting the drums and
themotor. Note with strain rates higher than 50 s�1 themotor start gives
a shock on torque sensor, which reduces the accuracy of torque
measurements. The basic formula used is ε

·
= 2ν/l0, in which ε

·
is the

Hencky strain rate, v the linear velocity at the surface of the drum, and
l0 the length of sample being stretched (equal to the axes distance of the
drums). As l0 is kept constant during stretching, different values of strain
rate can be obtained by varying v.

Each sample was first heated to 80 �C and held for 10 min to erase
thermal history. Then it was cooled to the crystallization temperature of
58 �Cwith a rate of 2 �C/min. A nitrogen gas flow helped to homogenize
the temperature and prevent sample degradation. The temperature
fluctuations were within (0.5 �C. The extension by a step strain was
imposed on the supercooled melt immediately after reaching 58 �C. The
Hencky strain ε was kept as constant at 1.2, while strain rate was varied
from 0.1 to 100 s�1 (3 orders). Immediately after the cessation of
extension, the crystallization was monitored by in-situ SAXS measure-
ments at the beamline BL16B1 of Shanghai Synchrotron Radiation

Figure 1. Result of SAOS measurement at 100 �C.
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Facility. The X-ray wavelength was 0.154 nm, and a Mar165 CCD
detector (2048 � 2048 pixels with pixel size 80 μm) was employed to
collect time-resolved two-dimensional (2D) SAXS patterns. The sam-
ple-to-detector distance was 5145 mm. Fit2D software from European
Synchrotron Radiation Facility was used to analyze SAXS patterns in
term of the scattering vector q = 4π sin θ/λ with 2θ as the scattering
angle and λ as the X-ray wavelength. Lorentz correction was applied to
all the one-dimensional intensity profile.

’EXPERIMENTAL RESULTS

FIC experiments with extensional rheo-SAXS measurements
have been conducted with nine different strain rates from 0.1 to
100 s�1. The crystallization behaviors fall in two groups: high and
low strain rates. Figures 3 and 4 give the results for a strain rate of
1 s�1, typical for low strain rates. The engineering stress�strain
curve during the step strain is presented in Figure 3. Initially, the
stress increases almost linearly with strain. After passing the
linear viscoelastic region, the increase of stress with strain slows
down, leading to a stress maximum at a strain of 0.8. After
cessation of the step strain, it takes a relative long time before
crystallization starts. Several representative 2D SAXS patterns are
presented in Figure 4a. At the onset of crystallization, the 2D
SAXS patterns show an elliptic isointensity contour with its long
axis paralleling to the extensional direction. Increasing the
crystallization time the elliptic SAXS pattern transforms into a
spindle shape. Finally, a clear scattering maximum due to the

periodicity of lamellar crystals emerges, which is shifting gradu-
ally to the large-q side. One-dimensional (1D) SAXS intensity
profiles during crystallization are shown in Figure 4b, in which
the shift of the peak position is highlighted with a tilted line. The
evolution of the long period (L) during crystallization is shown in
Figure 4c. L is about 58 nm at the onset of crystallization and
shows amonotonic decrease reaching a plateau of about 50 nm at
the end of crystallization.

For high strain rates 100 s�1 is selected as the representative.
The stress�strain curve is not given here for the low reliability,
which comes from an increased influence of the motor start on
the accuracy of torque measurement. The SAXS results are
presented in Figure 5. Similar as for low strain rates, a quick
evolution from elliptic to spindle shapes is observed, which
eventually results into meridional streaks in the extensional
direction. Increasing the crystallization time, the streaks become
stronger and extend to larger q. Though the scattering streaks
in the extensional direction are rather similar to those from
shish, they can be explained either by Hsiao’s lamellae model34

with wide distributions of periodicity and lateral size or Stribeck’s
block model.57 1D SAXS intensity profiles are shown in
Figure 5b, where the intensity profiles at the beginning of
crystallization is enlarged as an inset. The scattering maximum

Figure 3. Engineering stress�strain curve at a strain rate of 1 s�1.
Figure 5. (a) 2D SAXS patterns of PEO after being stretched with a
strain and strain rate of 1.2 and 100 s�1, respectively. (b) 1D SAXS
intensity profiles. (c) Evolution of long period during crystallization
process.

Figure 4. (a) 2D SAXS patterns of PEO after being stretched with a
strain and strain rate of 1.2 and 1 s�1, respectively. The arrow indicates
the extensional direction. (b) 1D SAXS intensity profiles. (c) Evolution
of the long period during the crystallization process.Figure 2. Schematic drawing of the extensional rheometer for in-situ

SAXS measurements: 1, the servo motor; 2, the coupler; 3, bearings; 4,
gears; 5, The torque sensor; 6, the nitrogen gas flow; 7, drums; 8, clamps
fixed with screw; 9, sample; 10, the scattering window covered by
Kapton film; 11, the detection point at the middle of the sample; 12, the
heating oven.
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shifts first to low-q side and then back to large-q direction,
different from the situation for low strain rates. The evolution of
L follows a nonmonotonic process during crystallization as
presented in Figure 5c. In the early stage, the long period
increases from about 52 nm to a plateau level of about 56 nm.
At crystallization time of about 60 s, L decreases again and
reaches about 48 nm at the end of the experiment. The later
behavior is similar to that at low strain rates (see Figure 4c).

The effect of strain rate has been studied for seven other strain
rates. Figures 6a and 6b present the evolutions of long period
during crystallization after subjected to step strains with low and
high strain rates, respectively. The transition between the evolu-
tion of L for low and high strain rates occurs between 5 and
10 s�1 (see Figure 6). The rapid decreasing part of L has been
attributed to insertion of new lamellar into existing lamellar
stacks as also observed during crystallization of PEO at quiescent
conditions.58 With strain rates larger than 10 s�1, the initial rapid
increase of long period appears and the decrease of L occurs at a
later stage.

The maximum value of L is plotted in Figure 7 as a function of
strain rate. The trend is again nonmonotonic, similar to the
nonmonotonic evolution of L with crystallization time in high
strain rate region. Evidently, in this region two competitive
mechanisms govern the periodicity of the lamellar crystals. The
first mechanism is insertion of new lamellar crystals in the initially
formed stacks. This mechanism should work in both high and
low strain rate regions and governs the decreasing part of the
variation of L. The second mechanism is responsible for the
increase of L in the high strain rate region, which dominates the
evolution of L at early stage or the nucleation stage. The initial
increase of L is attributed to decreased nucleation density related
to the relaxation of polymer chain. This will be discussed later in
more detail using the extension of the microrheological model
proposed by Coppola et al.

The orientation of lamellar crystals in the final crystallized
samples can be characterized by Herman’s orientation parameter

f, which is defined as

f ¼ 3Æcos j2æ� 1
2

ð1Þ

Here j is the angle between the reference direction (extensional
direction) and the normal direction of the lamellae. Thus, f has a
value of 1 when all lamellae are perpendicular to the flow
direction, a value of 0 when the lamellae have no preferred
orientation, and a value of �0.5 when all lamellae are parallel to
flow direction. The result is presented in Figure 8. The orienta-
tion increase with strain rate but there is a small anomaly in the
trend around a strain rate of 5 s�1. Below 5 s�1 the orientation
increases sharply with strain rate, while above 10 s�1 the strain
rate leads to slower increase of the orientation parameter.
Evidently this transition coincides with the limits of high and
low strain rate regions as observed from the evolution of L.

’THEORETICAL MODELING

In order to explain the increase of long period in the early stage
of crystallization after subjected to a step strain with high strain
rates, we develop a theoretical model to capture the dynamic
character of nucleation after a step strain. A schematic illustra-
tion of the model is presented in Figure 9. After the cessation of
the step strain at time t0, the highly oriented molecular chains go

Figure 6. Time evolution of the long period. (a) Low strain rate region
including 0.1, 0.5, 1, 2, and 5 s�1. (b) High strain rate region including
10, 20, 50, and 100 s�1.

Figure 7. Maximum value of the long period vs strain rate.

Figure 8. Orientation parameter vs strain rate.

Figure 9. Schematic illustration of the nucleation model after a step
strain. The nucleation density decreases (long period increases) with
nucleation time due to the relaxation of polymer chains.
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through a continuous relaxation process back to their equilibrium
state, during which flow induced nucleation takes place. No
enthalpy change (e.g., preordering) but only entropy loss is
considered here for simplification. The influence of orientation
on the growth kinetics is also not considered for no rigorous
evidence has been proposed. In the situation of high orientation,
nucleation is localized, as in the situation of row-nuclei or
shish-kebab. Thus, the long period is proportional to the inverse
of linear density of nuclei. Evidently, the nuclei density decreases
with time due to the relaxation of the oriented polymer network
or dispersing of free energy provided by the step strain, which
can be characterized with the so-called memory function. Corre-
spondingly, the long period increases with nucleation time, namely
Lt1 < Lt2 with t1 < t2 as schematically illustrated in Figure 9. The
long period obtained with SAXS is the inverse of the nucleation
density averaged over total nucleation time, which also increases
with time.

With the model in mind the long period can be predicted by
eq 2 if the nucleus number N(t) and the occupied one-dimen-
sional volume V(t) are known.

LðtÞ ∼ VðtÞ
NðtÞ ð2Þ

The microrheological model of Coppola et al. calculated the
entropy loss induced by flow using the Doi�Edwards theory
with independent alignment approximation, which has been
proven to predict the rheological behavior of polymer melts in
a quite reasonable (although not perfect) way. Though some
specifics of the chain are neglected compared to computer
simulation,59,60 the model can give an analytical and relatively
simple expression. In the following section, we will extend the
microrheological theory to interpret the evolution of long period
during the nucleation stage quantitatively. First, we will give the
expression of nucleation rate of unit volume after cessation of the
step strain. The deduction of original microrheological model for
arbitrary deformation history is given first, and then a modifica-
tion to include step strain is proposed. Subsequently, the volume
occupied by nuclei is derived with the assumption that the
volume filling rate B is constant. Finally, combining the nuclea-
tion rate and the filling rate, we obtain the expression of the time
dependent long period, which will be used to compare with our
SAXS results.
I. Calculation of Nucleation Rate of Unit Volume. Let us

first recall the microrheological model proposed by Coppola
et al. According to the theory of Lauritzen and Hoffman,61,62 the
nucleation rate can be expressed as

_N ¼ CkBTΔG exp � Ea
kBT

� �
exp � Kn

TðΔGÞn
� �

ð3Þ

where C includes energetic and geometrical constant, kB is the
Boltzmann’s constant, T is the crystallization temperature,ΔG is
the thermodynamic driven force (the volumetric free energy
difference between melt and crystal), and Ea is the diffusion
activation energy across the liquid�nucleus interface. Kn is a
constant containing energetic and geometrical factors of the
nuclei. n = 2 for primary nucleation and n = 1 for secondary
nucleation.62

When flow is imposed, the volumetric free energy of melt is
raised and ΔG changes into

ΔG ¼ ΔGq þ ΔGf ð4Þ

Here ΔGq is the thermodynamic driving force at quiescent
condition and can be written as

ΔGq ¼ ΔH0 1� T
Tm

� �
ð5Þ

where ΔH0 is the latent heat of fusion and Tm is the equilibrium
melting point. Furthermore, in eq 4 ΔGf is the driving force
contributed by external field such as the step strain in this work.
Note that FIC is a thermodynamically non-equilibrium process,
while adding an extra free energy term to account the effect of
flow is an approximation of the thermodynamically equilibrium
approach,53,63�65 which has been widely employed in the com-
munity though its validity is not fully proven yet.
If ΔGf can be evaluated, the nucleation rate under flow can be

predicted. The Doi�Edwards theory with independent alignment
approximation (IAA)was proposed to describe the effect of flow in
the linear region. The Hencky strain we used is 1.2, which is small
enough to disregard possible chain stretch at high strain rates. The
general form given by Marrucci and Grizzuti is written as

ΔGf ¼ 3ckBT
Z t

�∞
μ·ðt, t0ÞA½Eðt, t0Þ� dt0 ð6Þ

where c is the primitive chain segment concentration, equivalent to
the entanglement density. It can be expressed as

c ¼ F
Me

Na ð7Þ

where F is the density of melt, Me the molecule weight between
entanglements, and Na the Avogadro constant.
TheDoi�Edwards memory function μ(t,t0) gives the memory

of flow at time t when flow was imposed at time t0. It can be
written as

μðt, t0Þ ¼ 8
π2 ∑

podd

1
p2

exp �ðt � t0Þp2
τd

" #
¼ 8

π2
Y

t � t0

τd

� �
ð8Þ

where τd is the terminal relaxation time and function Y has been
substituted for the sum.
The free energy changeof a primitive chain segment between times

t and t0 with E(t,t0) the corresponding deformation tensor is given by
3kBTA[E(t,t0)].We shall refer toA[E(t,t0)] as the free energy change
hereafter. Under the condition of uniaxial elongation and shear
deformation, E(t,t0) is equivalent to the stretch ratio and shear strain,
respectively, when describing the strain state. Hence, A[E(t,t0)] can
be rewritten for uniaxial elongation and shear deformation as

A½Eðt, t0Þ� ¼ A½λðt, t0Þ� ¼ A½expð
Z z

z0
De dz00Þ� ð9Þ

A½Eðt, t0Þ� ¼ A½γðt, t0Þ� ¼ Að
Z z

z0
De dz00Þ ð10Þ

Here λ(t,t0) and γ(t,t0) are the elongation ratio and shear strain
between t and t0. De is the Deborah number defined as the
deformation rate multiplied by the relaxation time. z, z0, and z00 are
the dimensionless timedefined as timedividedby the relaxation time.
For uniaxial elongation deformation with an elongation ratio λ

we have

AðλÞ ¼ ln λ þ tan�1ðλ3 � 1Þ1=2
ðλ3 � 1Þ1=2

� 1 ð11Þ
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and for shear deformation with strain γ we can write

AðγÞ ¼ 1
2

Z 1

0
ln

1þ γ2x2 þ ½x4ðγ4 þ 4γ2Þ�2γ2x2 þ 1�0:5
2

" #
dx

ð12Þ
The above deductions are the result of the microrheological

model proposed by Coppola and Grizzuti, which gives a general
description of an arbitrary deformation history. While in practice
the deformation is mostly imposed in a rather short time, thus
eq 6 has to be modified. For a relaxation process with the
deformation ceased at time t0, the free energy change decays to
zero in the following way:

ArelaxðtÞ ¼ A½Eðt0,�∞Þ�μðt � t0Þ ð13Þ
Making a differential to time t� t0, we get the relaxation rate:
_ArelaxðtÞ ¼ A½Eðt0,�∞Þ�μ·ðt � t0Þ ð14Þ

Note that the relaxation rate is the same independent of whether
relaxation or continuous deformation is considered. Hence, the
actual free energy change for a continuous deformation up to
time t can be calculated by subtracting the contribution of re-
laxation from that in absence of relaxation:

AðtÞ ¼ A½Eðt,�∞Þ��
Z t

�∞
A½Eðt0,�∞Þ�μ·ðt � t0Þ dt0 ð15Þ

Making the transformation

A½Eðt,�∞Þ� ¼
Z t

�∞
A½Eðt,�∞Þ�μ·ðt � t0Þ dt0 ð16Þ

eq 15 can be written as

AðtÞ ¼
Z t

�∞
fA½Eðt,�∞Þ� � A½Eðt0,�∞Þ�gμ· ðt � t0Þ dt0

¼
Z t

�∞
A½Eðt, t0Þ�μ·ðt � t0Þ dt0 ð17Þ

which is the same as eq 6. When a deformation with finite time is
considered, the free energy change can be calculated as

AðtÞ ¼ A½Eðt, 0Þ� �
Z t

0
A½Eðt0, 0Þ�μ·ðt � t0Þ dt0 ð18Þ

Further, when considering step strain with a strain rate much
higher than τd

�1, it is a good approximation that no relaxation
happens. This is the simplest case to treat and often encounters in
experiment. The free energy change at time t after cessation of the
deformation at t = 0 is the product of the memory function and a
constantA0, which is the free energy change in absence of relaxation:

AðtÞ ¼ A0μðtÞ ð19Þ
Using the expression for A(t), we can estimate the driving

force contributed by flow field:

ΔGf ¼ 3ckBTAðtÞ ¼ 24ckBTA0

π2
YðtÞ ð20Þ

Then the nucleation rate per unit volume can be calculated as

_Nunit¼CkBT exp � Ea
kBT

� �
ðΔGq þ ΔGf Þ exp � Kn

TðΔGq þ ΔGf Þn
" #

¼ C1½1 þ C2YðtÞ� exp � C3

½1 þ C2YðtÞ�n
� �

ð21Þ

where

C1 ¼ CkBT exp � Ea
kBT

� �
ΔGq,

C2 ¼ 24ckBTA0

ΔGqπ2
, C3 ¼ Kn

TðΔGqÞn ð22Þ

The evolution of the nucleation rate is dominated by the
exponential term in eq 21, so the time dependence of the
prefactor can be neglected and taken as constant. Now the
nucleation rate per unit volume can be expressed as

_NunitðtÞ ∼ exp � C3

½1 þ C2YðtÞ�n
� �

ð23Þ

The symbol “∼” means the coefficient is omitted.
II. Calculation of Occupied Volume V(t) and L(t). As

discussed above, the long period is proportional to the inverse
of the nucleation density or alternatively the volume occupied by
nuclei divided by the total number of nuclei. The volume can be
estimated as follows. Assuming the filling rate holds a linear
relation with the unoccupied volume, V(t) can be described as

dVðtÞ
dt

¼ B½V0 � VðtÞ� ð24Þ

where V(t) is the volume occupied by nuclei and V0 is the total
volume. B is a constant with dimension s�1 and reflects the speed
of nucleation, which naturally varies between (0, 1). B will be
referred to as the volume filling rate hereafter. Solving eq 24,
we get

VðtÞ ¼ V0½1� expð�BtÞ� ð25Þ
The total nucleation rate depends on the remaining volume

hence eq 23 has to be multiplied by exp(�Bt). Subsequently, the
number of nuclei N(t) can be obtained by integration as

NðtÞ ∼
Z t

0
exp � C3

½1 þ C2Yðt0Þ�n
� �

expð�Bt0Þ dt0 ð26Þ

Combining eq 25 and eq 26, for a given B and τd, the long period
can be expressed as

LðtÞ ¼ L0
1� expð�BtÞZ t

0
exp � C3

½1 þ C2Yðt0Þ�n
� �

expð�Bt0Þ dt0

ð27Þ
where L0 is a constant.

’COMPARISONBETWEENTHEORYANDEXPERIMENT

In this section, we will compare the theoretical model with the
long periods obtained from SAXS through numerical fitting.
There are six parameters in eq 27, listed as n, L0, B, C2,C3, and τd.
From these n can be fixed at n = 2 for primary nucleation. L0 is a
constant that is determined by the plateau value of the long
period. C2 is proportional to the ratio of the free energy change
induced by flow and that in quiescent. Its value can be calculated
from eq 22. C3 depends on surface free energy of the nuclei,
which varies with crystallization condition. Though τd can be
determined by SAOS measurement, the result can only be
considered as an estimate of the order of magnitude when a
polydispersed sample is used. Thus, we leave three adjustable
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parameters B,C3, and τd for a least-squares fitting of the theory to
the experiments.

Before we come to fitting, let us first calculateC2. TakingΔH0 =
266 J/m3,66 Tm = 69 �C, and a crystallization temperature T =
58 �C, we obtainΔGq = 8.56� 106 J/m3. The prefactor ofΔGf in
eq 6 is 3ckBT = 3FRT/Me = 4.64 � 106 J/m3, where R is the gas
constant, F the density of PEO melt (1.124 g/cm3), and Me the
molecule weight between entanglement, which is 2000 g/mol for
PEO.67 The Hencky strain 1.2 employed in the current work
corresponds to a stretch ratio λ = 3.32. Given that the strain rate
is much higher than τd

�1, which is smaller than 0.1 s�1, the
stretch ratio is considered to have the same value of 3.32 for all
four strain rates. So A0 has a value of 0.435. Insertion all these
values in eq 22, we arrive at

C2 ¼ 24ckBTA0

ΔGqπ2
¼ 0:191 ð28Þ

Finally, we simplify the DE memory function of eq 8 by
omitting high-order terms in the summation because they decay
rapidly with time:

μðtÞ ¼ 8
π2 ∑

podd

1
p2

exp

 
� tp2

τd

!

¼ 8
π2

"
exp

�
� t
τd

�
þ 1
9
exp

�
�9t
τd

�
þ 1
25

exp

�
�25t
τd

�
þ 1
49

exp

�
�49t
τd

!#

ð29Þ

With all parameters as discussed above available, a fitting to the
experiment was made with the traversal method. The variation
range of parameters was set as 10 e τd e 100 s with step 5 s,
0.001eBe 0.5 s�1 with step 0.01, and 20eC3e 50 with step 1.
A good agreement with experiment was obtained with the
volume filling rate B depending on strain rate while the other
two parameters could be taken as approximately constant with τd =
81 ( 20 s and C3 = 28 ( 3. The fitted parameters are listed in
Table 1, and the corresponding fitted curves of the long period
are presented in Figure 10.

The fitted relaxation time varies between 60 and 100 s, which
is in accordance with the measurement of SAOS at higher
temperatures. The most relevant variable is the fitting parameter
B, which is supposed to reflect the speed of nucleation for
different strain rates. In fact, 1/B and the induction time of
crystallization should correlate positively. We compare the time
for the onset of a distinct scattering peak with 1/B in Figure 11.
Indeed, we find a good agreement in the trend with strain rate. In
the fitting, wemade the simplification that the free energy change
induced by the step strain in the high stain rate region does not
vary, which would lead a totally same nucleation behavior. By
introducing B the effect of the strain rate is incorporated, which
gives an explicit physical meaning to B. This also explains the
dominating role of B in fitting.

C3 is related to surface free energy of the nuclei. Recalling
eq 22, with C3 = 28 in average and K2 = 32σ2σe/kBF

2, we get
σ2σe = 3.70 � 102 erg3/cm6. Taking the surface free energy σ =
10.6 erg/cm2, σe = 22.4 erg/cm2 obtained at quiescent
conditions,68 we have σ2σe = 2.52 � 103 erg3/cm6. Evidently,
stretch at high strain rate leads to a sharp drop of the surface free
energy, which is in line with the general observation of enhance-
ment of nucleation rate. The decrease in surface free energy can
be attributed to a smaller difference in chain conformation
between melt and nuclei after deformation.

’CONCLUDING REMARKS

The crystallization of PEO induced by extensional flow has
been investigated by in-situ SAXS with the emphasis on long
period evolution. A monotonic decrease of the long period
presents for low strain rates while an initial increase occurs when
high strain rates imposed. In order to explain the increase of the
long period in high strain rate region, we propose a localized
nucleation mechanism. The microrheological model of Coppola
et al. used to describe the influence of steady-state flow on
nucleation rate has been extended to a step strain for a quanti-
tative description. Taking relaxation of free energy change into
account, the nucleation rate decays with nucleation time.
The assumption that the volume filling rate B is a constant
allows nuclei density to be calculated. The evolution of long
period, which is inversely proportional to the nuclei density, has
been fitted to our theoretical model, leading to a good agreement.
The result confirms the localized nucleation mechanism. It is

Table 1. Parameter Combination of Different Strain Rates

strain rate (s�1) τd (s) B (s�1) C3

100 85 0.24 31

50 100 0.14 26

20 80 0.11 30

10 60 0.06 27

Figure 10. Comparison of calculated and observed long period.

Figure 11. Comparison of 1/B and the time for the onset of
scattering peak.
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supposed to be universal for nucleation in a highly oriented melt.
Also, the surface free energy of nuclei induced by flow is lower
than that formed at quiescent conditions, which can be under-
stood by a smaller difference in conformation between melt and
nuclei after deformation.

Our model is certainly far from consummate. When modeling
FIC at molecular level, two grand challenges are confronted,
namely nonequilibrium thermodynamic phase transition and
nonlinear rheology. (i) FIC of polymer is a process far from
thermodynamic equilibrium while up to now no effective
approach is established to solve this problem. The thermodyna-
mically nonequilibrium process is a fundamental challenge of
condensed matter physics. The thermodynamic equilibrium
approach is used as an approximation, and an extra free energy
term is commonly added to account the effect of flow. We follow
this treatment in our model and some unknown error may be
involved, as the validity of this approach still needs to be proven.
(ii) The rheological description of the melt under strong flow is
still far from mature. It is difficult to describe the rheological
behavior in this region even if the inhomogeneity of flow and the
polydispersity of polymer are disregarded. At present, we can
only deal with the case of a relative small strain or strain rate with
some approximations. Additionally, no enthalpy change is con-
sidered in our model while the related preordering affects the
rheological behavior and phase transition mechanism, which
requires detailed structural information on the so-called preor-
dering. Unfortunately, the structures of preordering and even the
nucleus are still a puzzle.
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