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We make use of a specially synthesized linear high density polyethylene with a bimodal molecular
weight distribution (MWD) to demonstrate that it is possible to produce a suspension of extended-chain
(shish) crystals only. Such a suspension can be generated at high temperatures, above but close to the
equilibrium melting temperature of the unconstrained extended-chain crystals (T0

m � 141:2 �C) and
requires stretch of the longest chains of the MWD. After the application of a shear flow of 120 s�1 for
1 s at 142 �C, x-ray scattering suggests the presence of a large number of metastable needlelike precursors
with limited or no crystallinity. Precursors that are too small dissolve on a timescale that correlates
perfectly with the reptation time of the longest polymer molecules. Whereas, precursors that exceed a
critical size crystallize forming extended-chain shishes.
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Semicrystalline polyolefins are a widespread class of
polymeric materials. In the most common scenarios, these
materials are shaped into final products starting from the
melt and processing involves the application of flows.
Already in the 1960s, it was realized that the properties
of the final products depend on the crystalline morphology
of the material. Experiments prove that the final morphol-
ogy is often imposed by structures (crystalline or not)
present in the melt at the early stages of the crystallization.
These structures are referred to as precursors and are
problematic to study because of small dimensions and
fast dynamics. However, improving techniques such as
in situ small and wide angle x-ray scattering (SAXS and
WAXS) and ex situ microscopy together with increasingly
sophisticated simulations are contributing to a more thor-
ough understanding of the physics behind the early stages
of crystallization.

In this Letter, we discuss some peculiar aspects of the
early stages of flow-induced crystallization (FIC). One of
the seminal works for FIC is by Binsbergen [1]. He studied
FIC in isotactic polypropylene by means of cross polarized
optical microscopy. During cooling, after the application of
‘‘large strains’’ at 180 �C, he observed birefringent elon-
gated crystallites at temperatures as high as 172 �C where,
in quiescent conditions, no crystallization is observed.
Similar birefringence was also observed by Pennings in
stirred polyethylene (PE) solutions [2]. This morphology,
schematically reproduced in Fig. 1, was called shish kebab
and originates from the crystallization of polymer chains
stretched during flow. The structure of shish kebabs con-
sists of an extended-chain crystal (ECC) core, shish, that
supports disklike folded chain crystals (FCC), kebabs. The
nature of shish kebabs in polyolefin melts and the condi-
tions under which they form have been studied by several

groups [3–15]. Keller and co-workers [16] hypothesized
that, during flow, molecules can be coiled or stretched
depending on their molar mass M. Molecules with M
above a critical value M� are stretched and instantaneously
crystallize with an extended-chain structure, i.e., forming
shishes. In contrast, molecules with M<M� cannot be
stretched and relax immediately. These low-molar-mass
chains nucleate folding on the outer surface of the shishes
giving rise to the kebabs. Hypothesizing a critical M� for
chain stretch in an entangled polymer melt has some
limitations. In fact, in this model, all chains with M>
M� should stretch during flow, whereas molecular dynam-

FIG. 1. Schematic drawing of a shish-kebab crystallite.
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ics simulations by Muthukumar and co-workers [17] de-
scribe a different scenario. Molecules with a high molar
mass can retain a coiled conformation during flow. In fact,
because of the presence of entanglements, the conforma-
tions of neighboring chains are related to each other and,
ultimately, the stretch of a high-molar-mass chain can be
blocked by surrounding unstretched chains. Furthermore,
the hypothesis of a critical M� could suggest that shishes
are formed only by high molecular weight chains. In con-
trast, Kornfield and co-workers highlighted the presence of
low-molar-mass molecules within shishes. They used spe-
cial polypropylene (PP) melts containing deutereted mole-
cules [11]. These contradictory results point out the need
for well-defined samples in FIC studies. Recent advances
in catalyst science allow for a controlled ‘‘one pot’’ syn-
thesis of linear high density polyethylene (HDPE) having a
bimodal molecular weight distribution (MWD). The low-
and the high-molar-mass (respectively, LMW and HMW)
components of the MWD are generated at the same time
from two different precatalysts immobilized on the same
MgCl2 based support. A nascent blend of the 2 M masses is
produced with molecular scale mixing. More details on the
synthesis are presented elsewhere [18]. These materials
open new possibilities for FIC studies and, in this Letter,
we describe, the conditions for generating a suspension of
extended-chain (shish) crystals only out of a HDPE melt.
The specifications of the bimodal HDPE investigated in
this work are reported in Table I. The weight average
molecular weight of HMW (1:1� 106 g=mol) is �20
times higher than that of LMW (5:5� 104 g=mol) and
the concentration of HMW chains (7 wt %) is well above
the critical overlap concentration C� � 0:5 wt %. For these
reasons, a large influence of this Letter molecules on the
FIC of these blends is expected. However, before drawing
such a conclusion it is necessary to check some chain
dynamics parameters. In this blend, entanglements be-
tween LMW and HMW molecules have a very limited
lifetime. Constraint release (CR) could be so fast to lead
to dynamic tube dilution (DTD) and, hence, to reduce the
relaxation time of HMW molecules. DTD occurs when the
Struglinski-Graessley number, Gr � ZHMW=Z

3
LMW, ex-

ceeds 0.06 [19]. ZHMW and ZLMW are the number of
entanglements in HMW and LMW chains. For the inves-
tigated material Gr � 0:005 and, therefore, DTD can be
excluded. In this case, the disengagement time, �D, and the
retraction time, �s, of a molecule can be calculated using

the Doi-Edwards (DE) model [20]:

 �D � 3�eZ
3�1� 1:51=

����
Z
p
	2 (1)

 �s � �eZ
2 (2)

where �e is the equilibration time (7� 10�9 s at 190 �C).
The values of �D and �s, for HMW and LMW chains, at
142 �C, are reported in Table II.

Structural and morphological developments after the
application of a shear flow were characterized with x-ray
scattering. WAXS was performed at the beam line ID11 of
the European Synchrotron Radiation Facility (ESRF)
(Grenoble, France) using a wavelength � � 0:495 �A and
SAXS at the beam line BM26 of the ESRF using � �
1:24 �A. Shear flow was applied by means of a modified
Linkam Shear Cell CSS-450. Crystallinity was calculated
form WAXS data as the ratio between the intensity scat-
tered by the crystals and the total scattered intensity.

According to classical thermodynamics [21], the driving
force for nucleation is the reduction of the Gibbs free
energy (G): �G< 0. In quiescent conditions, crystalliza-
tion leads to FCC and the corresponding free energy
change is �Gq � GFCC �G

q
melt � �H�1� T=T0

m	 where
�H (negative value) is the latent heat and T0

m the equilib-
rium melting temperature for unconstrained crystals (T0

m �
141:2 �C). Above T0

m, FCC cannot be formed because of
the lack of driving force (�Gq > 0). However, nucleation
is still possible when an extra driving is introduced, for
instance, with flow. Flow increases the free energy of the
melt (Gf

melt >Gq
melt) promoting orientation and stretch of

the molecules and tends to produce ECC that are more
stable than FCC, i.e., have lower free energy (GECC <
GFCC). Grizzuti and co-workers [22] accounted for the
extra driving force due to flow, introducing an additive
term (�Gf) in the free energy change: �G � �Gq 


�Gf. With this definition, the equilibrium temperature
rises to Tflow

m � T0
m�1
 �Gf=�H	 and crystallization be-

TABLE I. Summary of the specification of the investigated bimodal HDPE blend. The number of entanglements Z � Mw=Me is
calculated with Me � 828 g=mol.

GPC DSC (10 �C=min)

LMWa

[g=mol]
LMW
Mw=Mn

ZLMW HMWb

[g=mol]
HMW
Mw=Mn ZHMW

HMW
[wt%]

Tm
[�C]

Tc
[�C]

Crystallinity at room
temperature [%]

5:5� 104 3.4 67 1:1� 106 2.3 1338 7 134 118 76

aLow molecular weight.
bHigh molecular weight.

TABLE II. Relaxation times calculated with (1) and (2) at
142 �C.

�D [s] �s [s]

LMW 0.01 9� 10�6

HMW 140 0.04

PRL 100, 048302 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
1 FEBRUARY 2008

048302-2



comes possible even above T0
m. In these conditions, where

FCC cannot be formed and flow is the only driving force,
only ECC can be formed when the driving force is large
enough, i.e., when there is a sufficient degree of chain
orientation and stretch. The capability of the flow of in-
ducing orientation and stretch of the chains can be quanti-
fied defining two Deborah numbers [23]: Deor � �D _� and
Destr � �s _� that measure the ratio between flow and re-
laxation rates at chain and segmental level, respectively.
Chain orientation is achieved when Deor exceeds unity
while chain stretch when Destr exceeds unity. After cessa-
tion of flow a chain is confined in a virtual tube that limits
its conformations. The random coil conformation can be
attained again only by reptation of the chain out of the tube.
The fraction � of the chain that is included in the tube
decreases with time according to fading memory function:

 ��t; �D	 �
8

�2

X
podd

1

p2 exp
�
�p2 t� t0

�D

�
: (3)

Figure 2 shows x-ray scattering data after application of
shear with _� � 120 s�1 for 1 s at 142 �C. This flow is
efficient in orienting and stretching HMW chains as
DeHMW

or � 1:6� 104 and DeHMW
str � 4:5, while it can

hardly orient and surely not stretch LMW chains as
DeLMW

or � 1:5 and DeLMW
str � 0:01. Immediately after

flow (t � 0 s), SAXS images show an equatorial streak

indicating the formation of needlelike precursors aligned in
the shear direction. This scattering pattern is retained for
the whole experimental time (1600 s). Simultaneously,
wide angle x-ray diffraction (WAXD) images show the
fingerprint of an orthorhombic lattice (with 110 and 200
reflections) having a high degree of orientation.
Interestingly, the integrated intensity of the SAXS equato-
rial streak, ISAXS

eq , and the calculated WAXD crystallinity,
XWAXD do not follow the same trend during the initial
transient of �160 s�1. As shown in Fig. 3, ISAXS

eq builds

FIG. 2. SAXS and WAXD data recorded after the application of a shear of 120 s�1 for 1 s at 142 �C. In the two-dimensional
scattering images shown at the top, the flow direction is vertical. For the WAXD intensity, the scattering of the amorphous component
was subtracted and only the crystalline peaks are visible.

FIG. 3. ISAXS
eq and XWAXD as a function of time after step shear

at 142 �C. The initial drop of ISAXS
eq can be fitted with the

memory function of the Doi-Edwards (DE) model, the fit is
represented by the continuous line.
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up quickly reaching a maximum at tmax � 6 s and then
decreases exponentially while XWAXD builds up gradually
to the stationary value of 0.4%. This experimental evidence
suggests the formation of a polydisperse set of needlelike
precursors that, initially, are characterized by very limited
or no crystallinity. The stability of precursors is related to
their size. Those exceeding some critical size are stable and
have time to refine their structure to a proper crystal lattice
forming shishes, thus increasing the crystallinity. Those
that are smaller than the critical size dissolve back into the
melt state, decreasing ISAXS

eq . In the first 60 s, as shown in
Fig. 3, the drop of ISAXS

eq is well described with the Doi-
Edwards memory function with a vertical shift factor Sy:

 ISAXS
eq �t	 � Sy

X
podd

1

p2 exp
�
�p2 t� tmax

�HMW
D

�
(4)

where �HMW
D � 140 s, obtained from (1), is the only time

constant. Sy is used as fit parameter. The good correlation
between data points strongly suggests that dissolution of
the precursors involves reptation of HMW chains and,
ultimately, that stretched HMW chains are the precursor’s
backbones. For times longer than 60 s, dissolution of
precursors slows down dramatically and at�200 s a steady
state is approached: both ISAXS

eq and XWAXD remain con-
stant indicating the presence of stable and crystalline
shishes. The Bragg spacings corresponding to the 110
and 200 crystalline peaks are d110 � 4:14 �A and d200 �

3:86 �A and they are independent of time. Therefore, the
unit cell parameters a � 2d200 � 7:6 �A and b �
��d110	

�2 � �2d200	
�2��1=2 � 4:9 �A are also independent

of time. The (apparent) lateral size of the shishes in the 110
and 200 directions (calculated with Scherrer’s equation) is
D110 � 210 �A and D200 � 310 �A. At this high tempera-
ture, the stability of such a suspension of shishes is limited
to�400 s. When t  600 s, both ISAXS

eq and XWAXD start to
slowly decrease indicating that the shishes slowly melt.

In conclusion, we show that by applying shear flow to a
bimodal HDPE melt it is possible to generate a suspension
of only extended-chain shishes. This is feasible at high
temperatures, just above the equilibrium melting tempera-
ture of folded chain lamellae. As depicted in Fig. 4, the
x-ray data support a pathway for shish formation based on
the stretch of the HMW molecules and passing through
metastable needlelike precursors. These precursors can

crystallize forming shishes or dissolve via a mechanism
based on the reptation of their HMW backbone.
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FIG. 4. Crystallization or dissolution of flow-induced precursors depends on their size. The thick gray line represents the tube
containing the chain.

PRL 100, 048302 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
1 FEBRUARY 2008

048302-4


