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ABSTRACT: Imposition of large amplitude oscillatory shear (LAOS) on
crystallizing polymer melts results in lamellar orientation in the shear gradient
direction, in contrast to the flow-orientation observed for steady shear. LAOS
enhances the formation of plate-like nuclei and orients their normals in the
gradient direction. An Arrhenius temperature dependence (with activation energy
≈ 226 kJ/mol) characterizes the relaxation of crystal orientation with annealing.

Semicrystalline polymers, such as polyethylene (PE) and
isotactic polypropylene (iPP), account for over half of all

synthetic polymers produced globally. Melt processing is
predominantly employed to convert these polymers into
products: the polymer is melted and subjected to forming
operations.1 Subsequently, as the melt solidifies, polymer chains
crystallize. Often, the stresses generated in the polymer melt
during forming are not fully relaxed as the melt cools and
chains crystallize.1,2 These unrelaxed stresses play an important
role in governing polymer crystallization and can accelerate
crystallization kinetics by several orders of magnitude relative to
quiescent. At the high deformation rates experienced in routine
polymer processing operations, oriented crystals form with
polymer chains aligned in the flow direction.2,3 The orientation
distribution of polymer crystals significantly influences material
properties. For example, highly oriented uniaxially drawn tapes
of disentangled ultrahigh molecular weight PE, show a tensile
modulus of ≈200 GPa in the drawing direction, 200 times
higher than the modulus of conventional high density PE.4

Ultradrawn PE nanofibers exhibit thermal conductivities ≈100
Wm1− K−1 in the fiber direction, 1000-fold higher than “bulk”
samples.5 Therefore, understanding how flow induces crystal
orientation is of considerable technological importance.
Semicrystalline microstructure development during various

polymer processing operations, such as film blowing, fiber
spinning, and injection molding, has been extensively
documented.1 However, the complex thermal and flow
conditions that characterize these operations preclude using
such experiments to develop a fundamental understanding of
flow-induced polymer crystallization. Therefore, researchers
have devised model experimental protocols to probe flow-
induced crystal nucleation and growth, where isothermal
polymer melts are subjected to well-defined flow fields. Several

investigators6 have employed the “short term shearing”
protocol, where stress is applied to an isothermal melt for a
brief duration (relative to the crystallization time at that
temperature). Short-term shearing experiments probe the
effects of stress on early stages of crystallization and, have
shown that shear increases the number density of crystal nuclei,
consistent with older studies.7 Above a critical shear stress,6

highly oriented “shish kebab” crystals develop, with polymer
chains oriented in the flow direction forming “shish” that
nucleate lamellar “kebab” crystals. The mechanism of shish
formation and the factors that govern shish-kebab development,
continue to be hotly debated.6 The exact mechanism of
oriented “shish” formation and elaboration in strong flows
remains contentious,6 but there is consensus that when
anisotropic polymer crystals form, they align in the flow
direction.
Here, we demonstrate that subjecting a polymer melt to large

amplitude oscillatory shear (LAOS) results in unusual crystal
orientation, with the crystal chain axis oriented along the flow
gradient direction. Polymer dynamics theories suggest that, on
average, steady shear orients polymer chains along the flow
direction.8 In LAOS experiments, too, orientation of polymer
chains in the shear direction has been reported.9 Therefore, the
gradient orientation that we observe is highly unusual. In our
experiments, a semicrystalline polymer is melted above its
equilibrium melting point and, subsequently cooled to a
temperature where it is subjected to several cycles LAOS in a
25 mm cone−plate fixture on an ARES strain-controlled
rheometer. The shear temperature is selected such that the
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quiescent crystallization time significantly exceeds the shearing
time. Thus, our experiments represent an oscillatory shear
analog of the aforementioned short-term steady shear experi-
ments (Supporting Information, Figure S1). After short-term
LAOS, the polymer is allowed to crystallize. We report
experiments on isotactic polypropylene homo- (iPP) and
propylene-ethylene random copolymers (RCP, containing ≈2
mol % ethylene, detailed characterization in SI, Figures S2−S4).
RCP was melted at 240 °C, then cooled to 132 °C, where it

was sheared at a frequency, ω = 1 rad·s−1 and amplitude, γ =
500% for 8 cycles of shear (viz., 50.3 s). We carefully examined
the sample edge during shearing and note that the sample did
not visibly suffer free-surface instabilities or edge failure. The
stress response to the imposed oscillatory strain was
predominantly at the imposed shearing frequency. The
amplitude of the third harmonic of the stress response was
over 100-fold weaker, and even harmonics were not observed.
Thus, we believe that melt flow instabilities are not responsible
for the reported results. After shearing, small amplitude
rheology was used to probe the sample as it was isothermally
crystallized for 14400 s. At 132 °C, (i) RCP crystallizes in an
experimentally tractable time (SI, Figure S5) and (ii) the
crystallization time significantly exceeds the shearing time (50.3
s). Imposition of LAOS decreases the time for onset of
crystallization (tc, characterized by a rapid increase in solid
modulus, G′) to ≈4300 s, from the quiescent value ≈11500 s.
Subsequently, the sample was cooled to room temperature and
we examined sections cut in the flow-vorticity and gradient-
vorticity planes (Figure 1a). Small angle X-ray scattering

(SAXS) on samples in the flow-vorticity plane (Figure 1c)
showed an isotropic ring at a (Lorentz-corrected) peak
position, q ≈ 0.45 nm−1, corresponding to crystal lamellae
with a long period ≈14 nm. Remarkably, pronounced
anisotropy in the scattering pattern was observed in the
gradient-vorticity plane (Figure 1b), with strong lobes along the
gradient direction, peaked at q ≈ 0.4 nm−1. SAXS in the flow-

shear gradient direction also showed anisotropic scattering,
with lobes along the gradient direction (data not presented).
Thus, our SAXS data suggests that imposition of LAOS results
in uniaxial orientation of crystal lamellae with their axes in the
gradient direction. In contrast, imposition of steady shear
results in uniaxial orientation in the flow direction, qualitatively
different from what is observed for LAOS (SI, Figures S6−S8).
Wide angle X-ray diffraction (WAXD) indicates unit-cell level
anisotropy, that qualitatively mirrors the lamellar-level aniso-
tropy observed in SAXS (Figures 1d,e and S7). Diffraction rings
observed in the flow-vorticity plane correspond to α-phase iPP
reflections (110, 040, 130, 111, and −131). However, in the
flow gradient-vorticity plane, we observe anisotropic crystal-
lization with c-axis orientation in the gradient direction,
mirroring the gradient direction lamellar orientation observed
in SAXS.
We have systematically investigated the influence of LAOS

conditions on crystal orientation. When RCP was subjected to
LAOS (γ = 500%; ω = 1 rad·s−1) for increasing cycles of shear,
tc decreases from ≈11500 s for quiescent crystallization to
≈9000, 6300, and 4300 s for 1, 2, and 8 cycles of shear,
respectively (SI, Figure S5). We have calculated the orienta-
tional order parameter, f = ⟨1/2(3 cos2 ϕ − 1)⟩ from the
azimuthal angle (ϕ) dependence of the q = 0.4 nm−1 SAXS
peak. Corresponding to the decrease in tc, f increases from 0 for
quiescent crystallization to 0.003, 0.08, and 0.14 for 1, 2, and 8
cycles of shear, respectively (SI, Figure S9). Increase in γ from
125%, 250% to 500% (8 shear cycles, ω = 1 rad·s−1) results in a
systematic decrease in tc, and increase in f (SI, Figure S10). The
trends in f and tc, with γ and cycles of shearing are as
anticipated. The influence of frequency is more interesting. We
observe that a decrease in LAOS ω from 10 rad·s−1 to 1 rad·s−1

to 0.1 rad·s−1 (γ = 125%, 8 shear cycles) results in an increase in
f (from ≈0.05 to 0.06 to 0.09, respectively) and a decrease in tc
from ≈9200 s (viz., only slightly lower than the quiescent tc) to
8400 and 4000 s, respectively (Figure 2 and SI, Figure S11).

Since we seek to keep the shearing times ≪tc in our short-term
LAOS experiments, imposing a lower ω is not practical. We
reiterate that the influence of LAOS is qualitatively different
from steady shear. In short-term steady shear experiments,
increasing the shear rate results6 in a dramatic nonlinear
decrease in crystallization time and an increase in crystal
orientation. For LAOS, not only does the crystal c-axis orient in
the gradient direction, but f increases as ω decreases. Thus,

Figure 1. (a) Schematic of orientations, obtained by sectioning
rheometer samples. X-rays are incident normal to the face shaded
yellow. (b, d) SAXS and WAXD, respectively, from the gradient−
vorticity plane, while (c) and (e) are the corresponding data in the
velocity−vorticity plane.

Figure 2. LAOS ω dependence of crystallization time and f. Scale bar
in the inset (SAXS) corresponds to 0.1 nm−1.
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equivalence between LAOS and steady shear (like the Cox−
Merz rule10) is inappropriate.
How can we rationalize the unusual gradient orientation and

ω dependence in short-term LAOS? In short-term steady shear
experiments,6 active “point” nuclei form due to the flow-
induced orientation of the chain segments. Long chain
molecules in the melt, either adsorbed or associated with
these point nuclei are stretched in strong flow fields. These
initiate the growth of linear “shish” nuclei aligned in the flow
direction, that nucleate lamellar “kebab” structures.6 Thus, the
imposed deformation directly couples to polymer chain
conformation, explaining the strong nonlinear effect of shear
rate. This mechanism cannot explain the LAOS results: (a) in
LAOS, chains have been reported9 to orient in the flow
direction, while crystals orient with their chain axis in the
gradient direction, and (b) decrease in LAOS ω results in
greater crystal orientation. We anticipate that imposition of
LAOS generates local chain orientation and activates point
nuclei (as in steady shear). For polymer crystals, it is reasonable
that “point” nuclei have a plate-like geometry and that
oscillatory flow might couple to their orientation. This coupling
might account for the observed gradient orientation of lamellar
structures. Indeed, for oblate (plate-like) ellipsoids subjected to
shear in a viscous liquid, minimum energy arguments by
Jeffery11 suggest that the particles would eventually align with
their axis in the gradient direction. This was experimentally
verified by Taylor.12 In more recent experiments on dense
colloidal dispersions of plate-like particles, oscillatory shear has
been demonstrated to be highly effective in aligning the
particles with their axes along the flow gradient direction.13

Flow gradient orientation has also been demonstrated for a
variety of ordered lamellar systems, from block copolymers14 to
small molecule and lyotropic smectic liquid crystals.15 In
lamellar diblock copolymers, it is well established that LAOS
aligns the layers along the flow gradient at low ω, along the
vorticity direction at intermediate ω and, in the gradient
direction at higher ω. In the LAOS experiments reported here,
increasing ω retards crystallization kinetics and decreases f,
suggesting that the effect of LAOS on crystal orientation does
not arise from shear-induced deformation of chain conforma-
tions. Rather, once plate-like nuclei form, it is likely that LAOS
couples hydrodynamically with these to reorient them with
their chain axis along the flow gradient direction. This also
suggests that crystal lamellae will not be oriented as their
Brownian reorientation time scale10 approaches ω−1.
We explore the nature of the point nuclei, by imposing

LAOS at different temperatures. There is currently no direct
experimental evidence for the existence of flow-activated point
nuclei. In isothermal LAOS experiments on RCP at 132 °C, we
can detect no change in the melt rheology on imposition of
LAOS. Our rheological measurements, however, show that the
onset of crystallization occurs several thousand seconds after
cessation of LAOS. When tc is compared with the relaxation
time ∼ O(0.1 s) of the RCP melt at 132 °C (SI, Figure S2), it is
clear that imposition of LAOS must have resulted in the
formation of structures that persist well beyond melt chain
relaxation time scales. In our experiments, the formation of
LAOS-induced structures is manifested at much later times
after the cessation of shear in the orientation of the RCP
crystals and in the decreased tc. Such effects have been reported
previously in the literature6,16,17 and have been termed “melt
memory”. We believe that this melt memory refers to the
presence of shear-induced structures that defy direct detection

using currently available experimental techniques. We explore
the melt memory effect using homopolymer (iPP) by cooling a
melt at 240 °C to different shear temperatures and then
imposing LAOS (SI, Experimental Details). We choose iPP
with approximately the same Mw as RCP for these experiments
to facilitate comparison with the literature. After imposition of
LAOS, iPP is held isothermal for different time intervals, and is
then cooled to room temperature at 10 °C/min, for it to
crystallize. We do not perform isothermal crystallization
experiments since the crystallization rate of the iPP is very
slow at temperatures >140 °C.
In iPP, as in RCP, we observe that imposition of LAOS

results in crystal orientation in the flow gradient direction. For
8 cycles of LAOS (ω = 1 rad·s−1, γ = 250%), samples cooled to
room temperature immediately after imposition of shear show
crystal orientation in the gradient direction for shearing
temperatures as high as 180 °C, namely, 15 °C above the
iPP nominal melting point (Figure 3). This is in accord with

previous studies6 that have demonstrated the formation of
oriented shear-induced crystallization precursors for short-term
shearing at temperatures above the nominal melting point of
iPP. However, LAOS at 200 °C does not lead to the
development of crystal orientation when cooled to room
temperature. The orientational order parameter, f, for samples
cooled immediately after LAOS, decreases with increase in the
shearing temperature from ≈0.12 for 155 °C to ≈0.04 at 180
°C. When samples are annealed at the shearing temperature
after cessation of LAOS, f decreases with an increase in
annealing time. The decrease in f is more rapid at higher
temperatures.
Decrease in f could result from “melting” of the LAOS-

induced point nuclei or their orientational randomization by
Brownian motion. For “point” nuclei that are plate-like, with a
diameter, d, we estimate10 the time for Brownian rotational
diffusion to randomize their orientation as 3kBT/ηd

3, where η is
the matrix viscosity. At 160 °C, the decrease in f is characterized
by a time of ≈2860 s. For an iPP melt at 160 °C, η ≈ 6 × 103

Pa·s. This gives an aphysical value for d ≈ 4.7 Å, suggesting that
Brownian orientational randomization does not govern the
decrease in f on isothermal annealing. Further, we note that on
cooling the sample immediately after cessation of LAOS at 160
°C, the iPP crystallization temperature increases to 126.8 °C,
≈4 °C higher than if iPP was cooled directly from 160 °C,
without shearing (123.2 °C, SI, Figure S12). This increase in
crystallization temperature is not unexpected since we

Figure 3. Decrease in the orientational order parameter as iPP is
isothermally annealed after LAOS.
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anticipate that LAOS activated point nuclei would accelerate
crystallization. If, however, the iPP is held at 160 °C for 90 min
after imposition of LAOS, the iPP crystallizes at 123.8 °C.
Thus, annealing at high temperatures after imposition of LAOS
appears to melt the shear-activated point nuclei rather than
randomize their orientation. Remarkably, the time scale that
characterizes the decrease in f is similar for iPP and RCP (SI,
Figure S13).
The time scale for decay of f shows an Arrhenius temperature

dependence (activation energy ≈226 kJ/mol; SI, Figure S14).
Our results accord with literature values (between 150 and 300
kJ/mol) for relaxation of crystal precursors.16,17 Thus, the
LAOS-generated structures appear to be similar to previously
reported shear-induced crystallization precursors. While these
precursors initiate the formation of flow-oriented shish
structures in steady shear, LAOS appears to align the precursors
with their chain axis (viz., plate axis) along the gradient
direction.
These results provide insights into the nature of flow-

activated point nuclei, and suggest how hitherto unreported
crystal orientation can be obtained by imposition of LAOS.
Qualitatively similar gradient orientation is observed for RCP,
isotactic polypropylenes of different molecular weights and
HDPE, suggesting that the phenomenon reported here is valid
generally for semicrystalline polymers. (SI, Figures S15 and
S16). Our results have implications for understanding the
enhanced properties obtained from processing techniques such
as SCORIM18 (Shear Controlled Orientation Injection
Molding), where application of an oscillatory stress on the
crystallizing polymer melt during solidification in the mold
results in enhanced crystallinity, crystal orientation, and in a
simultaneous increase in the stiffness and toughness of molded
objects.
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