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ABSTRACT: Both the nonisothermal and isothermal crystal-
lization kinetics under the influences of different shear
conditions for poly(lactic acid) (PLA) were investigated by
rheometry. The nucleation and growth of PLA spherulites
during isothermal crystallization with different shear con-
ditions were observed by polarized optical microscopy (POM).
Shear-induced nucleation rate enhancements of PLA were
studied on the basis of the prerequisite determination of the
critical shear rates, for which the stretch of the longest chains
(high molecular mass tails) of PLA would be expected. The
transitions between different shear flow regimes for shear-
induced crystallization of PLA at the temperature of 135 °C
were determined by two characteristic Weissenberg numbers on the basis of reptation time and Rouse time for the high
molecular mass tails, which were determined through combination of the discrete Maxwell relaxation time spectra of PLA at the
reference temperature of 190 °C and the Arrhenius type of temperature dependence for the horizontal shift factor, aT. It was then
found that the crystallization process of PLA was greatly enhanced by shear compared to the quiescent condition, and the
crystallization kinetics could be accelerated by the increased shear rate and/or shear time. It was more interesting to find that
there existed a critical shear time under a certain shear rate, and a further increase in the shear time did not lead to further
acceleration of the crystallization kinetics. POM observation indicated that the acceleration of crystallization kinetics was
obviously brought about by the enhanced nucleus density under the application of shear and the subsequent spherulitic growth
rates kept about constant. Thus, a kinetic model based on directly relating the extra number of activated nuclei promoted by
shear to the shear rate was further applied to well predict the effects of shear time on the shear-induced isothermal crystallization
kinetics of PLA.
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■ INTRODUCTION

The vast majority of existing polymer materials, notably
poly(vinyl chloride) and polyolefins, are made from non-
renewable fossil resources, which will be eventually extin-
guished. In addition, both the manufacture of these synthetic
polymers and their disposal by incineration produce CO2,
which contributes to global warming. Consequently, there is a
need to develop new synthetic polymers based on renewable
resources due to the pressing environmental and economic
concerns. For this reason, poly(lactic acid) (PLA) received
great attention in recent years because of its biodegradation,
biocompatibility, and appropriate mechanical properties.1−9

PLA can be synthesized from a renewable agricultural resource
(corn) and can easily degrade through simple hydrolysis.
Although PLA has been traditionally used for biomedical
applications such as implant devices, tissue scaffolds, and
internal sutures, PLA has now rapidly gained recognition as an
important biodegradable thermoplastic in the medical,
agricultural, and general purpose plastic fields because the
reasonably good optical, physical, mechanical, and barrier

properties of PLA can be well compared to that of existing
petroleum-based polymers.10−15

However, because of the slow crystallization rate, the PLA
products often exhibit an amorphous state, resulting in
relatively poor physical properties such as poor dimensional
accuracy and stability and low modulus and strength, which
consequently limits its practical applications, and various
chemical modification and blending methods were used to
improve the physical properties of PLA.11 Understanding the
crystallization behavior of PLA is crucial to controlling its
microstructure and providing guidance for industrial processing
conditions. To date, many efforts have been devoted to
investigating the crystallization kinetics and crystalline
morphologies of PLA under different conditions.16−23 How-
ever, these crystallization studies were mostly carried out under
quiescent crystallization conditions, which avoided the
influences of different levels of flow field such as elongation,
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shear or mixed elongation, and shear subjected on the molten
PLA for the factual polymer processing such as injection
molding and fiber spinning. With respect to the effects of flow
field on the crystallization behaviors of polymers, most of the
studies usually selected isotactic polypropylene (iPP) and
polyethylene (PE) as the materials, and the results showed that
flow field can drastically enhance the crystallization kinetics,
mainly through an acceleration of the nucleation process.24−27

At the appropriate shear conditions, the crystalline morphol-
ogies can be altered from the spherulites to a shish-kebab
structure.25−34 Unlike flexible chain polymers such as PE and
iPP, PLA might exhibit different shear-induced crystallization
kinetics and crystalline morphologies, which is mainly due to
the nature of semi-rigid and stereocomplex chain structures for
PLA.35 Obviously, for PLA to be adapted at a wide scale for
uses as a conventional thermoplastic, the subject on
crystallization behaviors of PLA under flow field has the
practical significance for guiding its forming and processing.
Despite this crucial need, only sparse studies on the effects of
shear flow on PLA crystallization were reported in the
literature, and these studies mainly focused on the shear-
induced crystalline morphologies of PLA.35−43 For examples,
Fitz et al. found that the step shear at the condition of shear
rate of 1 s−1, shear strain of 125%, and shear time of 1 s does
not affect any of the crystalline morphology of PLA.36

Mahendrasingam et al. found that the shish-kebab crystalline
morphology of PLA forms during rapid tensile deformation.37

The formation of PLA fibrillar crystals is relevant to the flow
fields that exist in the fiber spinning processing.38,39 Li et al.
recently studied the steady shear-induced isothermal crystal-
lization (with a single shear rate of 1 s−1 below 140 °C)40 and
nonisothermal crystallization of PLA under quiescent and
steady shear conditions (with three shear rates of 4, 5, and 6 s−1

at slow cooling rates below 5 °C/min)41 by using polarized
optical microscopy equipped with a shear hot stage and off-line
wide-angle X-ray diffraction technique, which demonstrated
that both the shear rate and cooling rate play significant roles
on the final crystalline morphologies and crystallinities of PLA.
Yamazaki et al. recently reported steady shear-induced
isothermal crystallization of PLA (with a single shear rate of
5 s−1 mostly at temperatures higher than 140 °C),42 in which
the “shish-like” fibril crystals were observed by polarized optical
microscopy, SEM, and small-angle X-ray scattering (SAXS).
Huang et al. recently reported the crystalline structure,
morphology, and melting behavior of PLA under shear
conditions by wide-angle X-ray diffraction (WAXD), differential
scanning calorimetry (DSC), and in situ polarized optical
microscopy (POM),43 in which cylindric morphology with
arranged spherulites was observed in PLA films at high
crystallization temperature (Tc) under application of shear.
However, it is clearly concerned that overall there is a lack of
systematic investigation on the relationship between the chosen
shear conditions and crystallization kinetics for the PLA
material, which is definitely vital to understanding the
crystallization behaviors of PLA for processing, compared
with the extensive shear-induced crystallization studies on other
thermoplastics such as iPP, PE, and their blends or
composites.25−29,31−34

The aim of the present work was to investigate the shear
effects on the crystallization kinetics of PLA under non-
isothermal and isothermal crystallization conditions. The first
most important issue to be resolved before any further studies
was to determine appropriate shear conditions. Therefore, the

rheological properties of PLA melts were comprehensively
investigated at first. Then, the transitions between different
shear flow regimes defined by two characteristic Weissenberg
numbers could be determined. With shear rates determined, at
which the longest chains (high molecular mass tails) of PLA
were expected to be stretched, the influences of combination of
shear rate and shear time on the changes of crystallization
kinetics and on the morphological evolutions of PLA were
studied by rheometry and in situ POM. Finally, a kinetic model
based on directly relating the extra number of activated nuclei
created during shear to shear rate was used to well predict the
effects of shear rate and shear time on the shear-induced
isothermal crystallization kinetics of PLA.

■ EXPERIMENTAL SECTION
Material and Preparation of Samples. Poly(lactic acid) (trade

name 4032D, NatureWorks China/Hong Kong, Shanghai, China)
used in this study was a commercial product with 98.7 mol % L-
isomeric content in granular pellet form, density of 1.24 g/cm3,
weight-average molecular mass of 160 kg/mol, and polydispersity of
1.67 (the latter two values were measured by using Waters 2414 GPC,
Waters Corporation, U.S.A.). The nominal melting point and glass
transition temperature determined by differential scanning calorimetry
(DSC) were 164.5 and 56 °C, respectively. The as-received granular
pellets were compression molded at 180 °C for 5 min in a homemade
laboratory vacuum hot presser to obtain disk-shaped samples having
diameters of 25 mm and thicknesses of approximately 1.0 mm. Before
compression molding, the as-received granular pellets were dried in a
vacuum oven at 50 °C for at least 24 h to remove moisture for
reducing the possibility of hydrolytic degradation of PLA. After
compression molding, the disk-shaped samples were further dried in
vacuum at 60 °C for 6 h before the rheological measurements.

Measurements on Rheological Properties. The linear
viscoelastic regime for PLA melts was measured by using a stress-
controlled rheometer (TA-AR2000EX, TA Instruments, U.S.A.) with
25 mm plate−plate geometry. To determine the linear viscoelastic
regime, a strain sweep with a fixed frequency of 6.28 rad/s was
performed. The chosen strain of 5% fell well within the linear
viscoelastic regime at all the used temperatures. The small amplitude
oscillatory sweeps were performed over a wide range of temperatures
from 170 to 210 °C and angular frequencies from 0.2 to 500 rad/s.
Measurements were performed by starting at the highest frequency
(500 rad/s) and stepping to the lowest one (0.2 rad/s). All the
rheological experiments were performed in nitrogen atmosphere to
avoid possible sample degradation. The time−temperature super-
position principle was applied to obtain the mastercurves for PLA at
the reference temperature of 190 °C.

Measurements on Shear-Induced Crystallization Kinetics. A
rheometer was used to measure the crystallization kinetics of PLA
under quiescent conditions and after the shear application,
respectively, for both nonisothermal and isothermal crystallization
processes. This widely used experimental technique combined the
possibility of applying shear and subsequently measuring the
mechanical spectrum to track the crystallization process of polymers
from melts because the linear viscoelastic material functions were
sensitive to the structural changes of the undercooled polymer melts.
Generally, the crystallization process was monitored through the
response of the sample to a low enough oscillatory strain at a fixed
frequency. It must be emphasized that the imposed strain must be low
enough not to influence the crystallization kinetics and not to damage
the samples. Thus, a much lower strain of 0.1% was adapted to avoid
the crystallization kinetics to be modified. During the crystallization
process, the sample usually experienced a contraction, which induced
an obvious variation of the sample dimension. Because of the
dimensional change, the sample was subjected to a large longitudinal
force, which might cause errors on the measurements of the storage
modulus. In order to keep the force value at zero, the gap between the
parallel plates was automatically adjusted throughout the crystallization
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process according to the normal force transducer of the rheometer.
The experimental procedure for the shear-induced crystallization is
shown in Figure 1 and is described as follows: First, a disk-shaped PLA

sample was loaded at the temperature of 180 °C (T1) and held for 10
min to erase the thermal history. Subsequently, the PLA sample was
cooled as fast as possible (−8 °C/min) to the desired crystallization
temperature of 135 °C (T2), and then a precisely controlled step shear
treatment programmed as a preshear option in the usual time−
temperature sweep experiment was applied to the undercooled melt.
For the nonisothermal crystallization process, a temperature sweep at a
cooling rate of 1 °C/min from 135 to 70 °C was performed at an
angular frequency of 1 rad/s to trace the evolution of storage modulus
of PLA with temperature (Figure 1a). For the isothermal
crystallization process at T2, a time sweep at an angular frequency of
1 rad/s was performed to trace the evolution of storage modulus of
PLA with time until the crystallization process was completed (Figure
1b).
Shear-Induced Morphological Evolutions for PLA Observed

by POM. The nucleation and growth of spherulites for PLA film
samples during the isothermal crystallization process under the
application of shear were observed by using a polarized optical
microscopy (Olympus BX51, Japan) equipped with a high-temper-
ature optical shear hot stage (Linkam CSS-450, UK). The gap between
the two glass windows in the shear hot stage was set at 10 μm. The
PLA film samples were melted at 180 °C for 10 min to eliminate
thermal history and then cooled to the isothermal crystallization
temperature of 135 °C at a rate of 8 °C/min. Once the temperature
reached 135 °C, steady shears with different selective shear rates or
shear times were immediately applied to PLA melts to examine the
changes of nucleation and growth rate of PLA spherulites with the
shear conditions by continuously taking the optical micrographs at
appropriate time intervals just after shear cessation until impingements
of the growing spherulites. In order to avoid the effect of PLA thermal
degradation, for each measurement a fresh PLA film sample was used.

■ RESULTS AND DISCUSSION
Determination of the Critical Shear Rates by

Rheological Classification. The shear-induced crystallization
behaviors are closely related to the rheological properties of
polymer melts. Their interactions were well interpreted in the
literature by defining the four different flow regimes on the
basis of rheology of polymers.44 The transitions between these
regimes are characterized by critical values of the Weissenberg
number (Wi). In Regime I, for Wirep < 1 and Wis < 1, the
polymer chains are in their equilibrium state, thus, shear flow
has no effects on crystallization. Generally, polymer chains tend
to be oriented for Wirep > 1 and Wis < 1 (Regime II), to be
stretched for Wis > 1 (Regime III), and in Regime IV, the
polymer chains are strongly stretched for a sufficient time to
fulfill the condition that the molecular stretch ratio, λ, is larger
than a critical value, λ*(T). Regime II is necessary for the
enhancement of the number density of the activated nuclei, and
Regime III ensures sufficient stretch of the polymer chains into
a conformation ideal for the formation of oriented nuclei.
These transitions suggest that there is a minimum shear rate
(1/τR), below which the oriented nuclei cannot be obtained,
and therefore, the shish-kebab crystalline morphology is
unlikely to be observed for such a crystallized polymer.
In order to determine the critical shear rate (reciprocal of the

Rouse time, τR) for PLA, dynamic frequency sweep measure-
ments were performed at five temperatures above the nominal
melting point of PLA (164.5 °C). Figure 2 shows the changes

of storage modulus, G′, and loss modulus, G″, with angular
frequency, ω, for PLA melts at the temperatures between 170
and 210 °C. As expected, the moduli of PLA melts decrease
with increasing temperature. At low frequencies, PLA chains are
fully relaxed, and PLA exhibits the typical terminal behavior
with the scaling laws of about G′ ∝ ω2 and G″∝ ω. It should be
noticed that at the highest applied temperature of 210 °C and
at frequencies lower than 1 rad/s, G′ values show a slight

Figure 1. Schematic indications of thermal and shear applications for
(a) nonisothermal crystallization process and (b) isothermal
crystallization process for PLA.

Figure 2. Changes of (a) storage modulus, G′, and (b) loss modulus,
G″, as functions of angular frequency, ω, at different temperatures for
PLA.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400040b | ACS Sustainable Chem. Eng. 2013, 1, 663−672665



deviation from the terminal slope. Such a deviation is the
signature of the relatively fast chemical degradation of PLA
chains at this high temperature.45

By applying the time−temperature superposition principle,
the mastercurves for PLA can be constructed. Figure 3 shows

the mastercurves of storage and loss moduli referenced to the
temperature of 190 °C, which are constructed from the five
isothermal frequency sweep curves as shown in Figure 2. The
vertical shift factor of unity (bT = 1) is taken, and the horizontal
shift factors, aT, are obtained on the basis of the reference
temperature.46 To quantify the temperature dependence of
viscoelastic properties of PLA, the horizontal shift factors, aT, at
different temperatures are fitted by using the Arrhenius
equation as follow
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where R is the universal gas constant, Ea is the activation energy
for flow, T is the measurement temperature, and Tref is the
reference temperature. The fitting result is shown in Figure 4

with the activation energy of flow determined to be Ea = 80 kJ/
mol. This Ea value is well comparable with the reported Ea of
about 79 kJ/mol for PLA with a close weight-average molecular
mass of 130 kg/mol in the literature.46

The constructed mastercurves for PLA can be described by
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47

∑ω
ω τ
ω τ

′ =
+=

G
G

( )
1i

N
i i

i1

2 2

2 2
(2)

∑ω
ωτ
ω τ

″ =
+=

G
G

( )
1i

N
i i

i1
2 2

(3)

where Gi is the modulus corresponding to the relaxation time,
τi. The parameters Gi and τi were obtained by calculating from
the G′ and G″ data by using the standard nonlinear regression
method in Trios Software (TA Instruments, U.S.A.). Five
modes were applied to fit the G′ and G″ data according to the
common rule, which was 1.2−1.5 modes per decade in
frequency ω.48 The best sets of the modulus, Gi, and relaxation
time, τi, are listed in Table 1, which can be used to nicely fit the
measured G′ and G″ data (see the solid lines shown in Figure
3).

On the basis of the analyses of the shear-induced
crystallization studies reported in the literature, it is concluded
that the stretch of the longest chains (high molecular mass tails,
HMW tails) of polymers dominates the dynamics of the shear-
induced crystallization.27,28,49−52 Thus, the longest relaxation
time from the relaxation spectra is used as a measure of the
HMW tails. The Rouse time (stretch relaxation time), τR of
PLA can be calculated using the relation based on the tube
model of Doi and Edwards53

τ τ= /3ZR rep (4)

where Z is the average number of entanglements (Z = Mw/Me,
Me is the molecular mass between entanglements). The
calculated Z value for PLA is 20 by using the Me value of
8000 g/mol for PLA.46 Table 2 lists the longest relaxation times

together with the characteristic shear rates for the transitions
between the orientation and stretch regimes for PLA at 190 and
135 °C, respectively. The relaxation times and corresponding
characteristic shear rates at 135 °C were calculated using the
Arrhenius type of temperature dependence, from which the
shear conditions for studying the shear-induced crystallization
kinetics of PLA could be chosen. In the followed shear-induced
crystallization measurements, the shear rates were set as high as

Figure 3. Mastercurves of storage modulus, G′, and loss modulus, G″,
versus the reduced angular frequency, aTω at the reference
temperature, Tref of 190 °C for PLA. The solids lines are obtained
from the discrete Maxwell relaxation time spectra.

Figure 4. Change of the horizontal shift factor, aT versus 1/T at the
reference temperature Tref of 190 °C for PLA.

Table 1. Relaxation Spectra, Gi and τi, Obtained from Linear
Viscoelastic Data for PLA Melts at Reference Temperature,
Tref of 190 °C

mode Gi × 10−5 (Pa) τi (s)

1 2.808 0.00253
2 0.3387 0.01285
3 0.251 0.02615
4 0.02184 0.1388
5 0.00002 7.905

Table 2. Longest Reptation time (τrep
HMW) and Rouse Time

(τR
HMW) Determined from Relaxation Spectra and

Corresponding Critical Shear Rates for the Orientation
Stretch Regime Transition

T (°C) τ s( )rep
HMW τ s( )R

HMW
γ ̇→

−s( )I II
1 a γ ̇ →

−s( )II III
1 a

190 7.9 0.132 0.127 7.6
135 131 2.2 0.0076 0.45

aγİ→II and γİI→III are critical values of the shear rate for the transition of
flow regimes for PLA between regime I and II and regime II and III,
respectively.

ACS Sustainable Chemistry & Engineering Research Article

dx.doi.org/10.1021/sc400040b | ACS Sustainable Chem. Eng. 2013, 1, 663−672666



to guarantee Wis > 1, at which the stretch of the longest chains
(high molecular mass tails) of PLA is expected.54

Nonisothermal Crystallization of PLA with Shear. The
nonisothermal crystallization of PLA under the quiescent
condition was examined using the rheometer at first. Figure 5a

shows the change of storage modulus, G′, during the
temperature sweep at the cooling rate of 1 °C/min for PLA.
At first G′ starts to increase smoothly with decreasing
temperature following a straight line on the semilog plot.
When the temperature reaches to 121 °C, a slight upturn of G′
is observed indicating that the nucleation of PLA sets in. We
define this inflection point of G′ as the temperature at which
crystallization starts (Tc,start). Subsequently, G′ increases rapidly
with further decreasing temperature until it reaches a plateau at
the temperature of 93 °C. Further cooling does not lead to an
obvious increase of G′. We define the second inflection point of
G′ as the temperature at which crystallization completes
(Tc,com). For comparison, Figure 5b shows the DSC heat flow
curve during the cooling scan with the procedure matching the
temperature sweep to track dynamic moduli as above described.
Note that there are two exothermal peaks (at about 112 and
103 °C, respectively) in the DSC cooling curve, which are
associated with two maximum crystallization rates for PLA
during cooling at the relatively slow cooling rate of 1 °C/min.
At the high temperature, the PLA chain segment mobility is
relatively high, thus the growth of PLA spherulites is dominant.
When temperature further decreases, the increasing PLA melt
viscosity retards the PLA chain segment rearrangements into
the growth fronts of PLA spherulites; thus, the growth rate of
PLA spherulites decreases. However, when temperature
continues to decrease, nucleation becomes a dominant effect
on the crystallization kinetics, which results in the second
exothermal peak. The starting and end points of the exothermic
peak on the heat flow curve are illustrated in Figure 5b, which
appear to correspond quite well to the inflection points of G′
versus the temperature curve as indicated by the vertical dashed
lines. This correspondence demonstrates that the rheometer
can be applied to successfully trace the nonisothermal
crystallization process of PLA.

Then for the applied shear conditions, Figure 6 shows the
changes of storage modulus, G′, as functions of temperature

during cooling at the cooling rate of 1 °C/min from 145 to 70
°C for the PLA samples that were sheared at the temperature of
135 °C with a shear rate of 10 s−1 for different shear times, ts.
Note that the Wis of 22 is much higher than 1, for which the
stretch of the longest chains (high molecular mass tails) of PLA
is predicted. It can be found that the shear obviously accelerates
the nonisothermal crystallization process of PLA. Under
quiescent conditions, the upturn of G′ takes place at a much
lower temperature of 121 °C as above mentioned; however, G′
rises rapidly at 135 °C immediately after shear, no matter how
long the shear time is applied. The early onset of crystallization
in the presence of shear indicates that shear can drastically
enhance of the nucleation process of PLA. It is also evident that
the slope of the subsequent buildup of G′ after shear increases
with increasing shear time until it reaches a maximum at the
shear time ts of 8 s. In order to quantitatively indicate the effect
of shear time on the nonisothermal crystallization process of
PLA, the change of temperature at which the crystallization
completes (Tc,com) as a function of shear time is shown in
Figure 7. For PLA sheared at the shear rate of 10 s−1, Tc,com

increases with shear time and then tends to saturate. At ts of 8 s,
a plateau value of about 115 °C is approached. Application of a
longer shear time is likely to yield only a tiny increase in Tc,com.

Shear-Induced Isothermal Crystallization of PLA.
Figure 8 shows the evolutions of storage modulus, G′,
measured during the shear-induced isothermal crystallization
of PLA at the temperature of 135 °C after controlled shear at

Figure 5. Comparison between two types of temperature sweep tests
for PLA (a) change of storage modulus with decreasing temperature
during cooling at the cooling rate of 1 °C/min and (b) DSC heat flow
curve during cooling at the cooling rate of 1 °C/min.

Figure 6. Changes of storage modulus, G′, with decreasing
temperature for PLA during cooling at the cooling rate of 1 °C/min
under the quiescent condition and with shear rate of 10 s−1 applied for
different shear times at 135 °C.

Figure 7. Change of Tc,com, defined as the temperature at which
crystallization is completed, as a function of shear time at the shear rate
of γ ̇ = 10 s−1 and Wis = 22 for PLA.
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135 °C with various fixed shear rates (γ ̇ = 1, 5, and 10 s−1)
associated with different shear time, ts, respectively. Note that
the corresponding Wis values are larger than 1, for which the
stretch of the longest chains (high molecular mass tails) of PLA
is predicted. The data for the quiescent crystallization process is
plotted in Figure 8 for the comparison purpose. For the
quiescent isothermal crystallization process, with the nucleation
and growth of spherulites of PLA from the melt, the change of
storage modulus, G′, with time shows a sigmoidal shape,
exhibiting a progression of storage modulus from about
constant values before the start of crystallization to a rapid
increase and then approaching the plateau values at the ending
of the primary crystallization stage. The time at the intersection
of the highest slope of the storage modulus−time curve with
the line through the initial constant storage modulus values
(indicated by the green dashed lines in Figure 8a) is often
defined as the induction time, t0 for crystallization.55 At the
temperature of 135 °C, the induction time needed for the onset
of crystallization of PLA is about 2900 s. When a shear is
applied, the storage modulus curve shifts to the shorter time
region, and the induction time is significantly reduced with
increasing shear time in comparison with the quiescent
condition, indicating an acceleration of the crystallization
kinetics. At the applied shear rate and shear time, the initial
storage modulus exhibits an immediate increase, indicating an
instantaneous nucleation for crystallization due to the shear

effect except for the ts of 1 s condition. However, the shift
becomes less obvious at the sufficiently longer shear times,
which implies that the acceleration of crystallization kinetics by
shear can become saturated after a certain shear time. The
shortening of the induction time for crystallization is a signature
of formation of extra nuclei activated by shear, which will be
discussed more in the later section. It should be pointed out
that the plateau values for G′ at the end of the primary
crystallization stage show some variations among the curves
probably due to slight differences in the sample position
between the parallel plates of the rheometer and due to the
fluctuations in the gap distance, which influence the sample
diameters. Note that the contact states of the solidified PLA
samples within the geometry in individual measurements are
different from each other because the shrinkages of PLA
samples within the geometry during the crystallization
processes cannot be exactly identical.
Although the above dynamic mechanical spectroscopy

provides a reliable tool to follow the crystallization process of
polymers from the melts, the interrelation between the
transformed fraction of melt to crystallites and the mechanical
data is not so simple.56 However, for simplicity, a logarithmic
normalization of the G′ data is used to applying for an
estimation of the transformed fraction (relative crystallinity,
x(t)) by following that Pogodina et al. have proposed as
follow57

=
′ − ′
′ − ′

x t
G t G
G G

( )
log ( ) log
log log

min

max min (5)

where G′min and G′max are the values of the starting storage
modulus and ending plateau storage modulus, respectively.
Then, the influences of shear on the isothermal crystallization
kinetics of PLA can be simply quantified by defining the
crystallization half time, t1/2, at which half of the change in the
viscoelastic functions occurs.48 The changes of relative
crystallinity with time during crystallization at Tc of 135 °C
for PLA under the quiescent condition and different shear
conditions are shown in Figure 9. The influences of shear time
at different shear rates on the crystallization half time, t1/2, are
shown in Figure 13. It can be clearly seen that the
crystallization half time decreases rapidly as soon as the shear
is applied, followed by a region where the crystallization half
time is almost unaffected by the further increased shear time.
The crystallization half time for PLA at the quiescent condition
is 3980 s, while with a shear rate of 10 s−1 for 4 s, the
crystallization half time of PLA reduces to 1690 s. At the shear
time of around 8 s, the crystallization half time starts to
saturate. This result is in agreement with the shear-induced
nonisothermal crystallization. The crystallization half time also
decreases with the increased shear rate. For an instance, the
crystallization half times of PLA sheared at the shear rates of 1
s−1 and 10 s−1 for the same shear time of 1 s are 3010 and 2260
s, respectively.

Shear-Induced Nucleation and Growth of PLA
Spherulites. The effects of shear flow with shear rates of 1,
5, and 10 s−1, respectively, on morphological evolutions of PLA
during isothermal crystallization were studied by using
polarized optical microscopy. Figure 10 shows the nucleation
and growth of PLA spherulites during isothermal crystallization
at Tc of 135 °C after the PLA samples were subjected to shear
at a shear rate of 10 s−1 for different shear times (for the
quiescent condition, see the micrographs in panel A). It can be

Figure 8. Changes of storage modulus, G′, with time during
crystallization at Tc of 135 °C for PLA under the quiescent condition
and different shear conditions of (a) γ ̇ = 1 s−1, Wis = 2.2; (b) γ ̇ = 5 s−1,
Wis = 11; and (c) γ ̇ = 10 s−1, Wis = 22.
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found that after the undercooled PLA melt is applied to a
steady shear pulse, the nucleation is remarkably accelerated, and
a large number of pointlike small spherulites are observed
within several minutes. It can be recognized further that the
spherulites have about the same sizes for each shear conditions,
indicating that the pointlike nuclei are produced at about the
same time. It is generally believed that when the polymer melts
are sheared, the macromolecular chains are stretched and
aligned along the flow direction, and the oriented chains then
assemble into parallel array and form the fibril bundles, which
can behave as primary nuclei for polymer crystallization. Unlike
the polymers with flexible chains such as polyethylene, PLA
chains are semi-rigid and have relatively short lengths. In our
case, the results do not show the row-like nuclei in PLA films,
for which the applied shear rate is 10 s−1 (Wis = 22) because
the shear time of 40 s (Figure 10, panel C) is still not long
enough to make the PLA macromolecular chains being
stretched above λ*(T).
Figure 10 shows that the nucleus density of undercooled

PLA melt increases with increasing shear time at the shear rate
of 10 s−1. To well demonstrate the effects of shear on the
nucleus density enhancement, typical polarized optical micro-
graphs taken at the isothermal crystallization time of 5 min for
PLA undercooled melts at different shear rates with the short
and long shear times (1 s−1 for 5 and 45 s, 5 s−1 for 4 and 40 s,
and 10 s−1 for 4 and 40 s) are shown in Figure 11. It can be

Figure 9. Changes of relative crystallinity, x(t), with time during
crystallization at Tc of 135 °C for PLA under the quiescent condition
and different shear conditions of (a) γ ̇ = 1 s−1, Wis = 2.2; (b) γ ̇ = 5 s−1,
Wis = 11; and (c) γ ̇ = 10 s−1, Wis = 22.

Figure 10. Selected POM micrographs for PLA during isothermal
crystallization at Tc of 135 °C after being sheared at a shear rate of 10
s−1 for different times of (A) 0 s, (B) 4 s, and (C) 40 s. The yellow
color scale bar in the top left micrograph represents 200 μm and is
applied to all other micrographs. Crystallization times are indicated in
the micrographs. The green color arrow on the right side of the figure
indicates the shear flow direction.

Figure 11. Selected POM micrographs for PLA during isothermal
crystallization at Tc of 135 °C for 5 min after being sheared at a shear
rate of 1 s−1 for (a) 5 s and (b) 45 s, at a shear rate of 5 s−1 for (c) 4 s
and (d) 40 s, and at shear rate of 10 s−1 for (e) 4 s and (f) 40 s. The
yellow color scale bar in the micrograph (a) represents 200 μm and is
applied to all other micrographs. The green color arrow on the right
side of the figure indicates the shear flow direction.
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clearly seen that the raised shear intensity subjected to the PLA
undercooled melts, due to the combination of shear rate and
shear time, can significantly increase the nucleus density,
leading to the much fine-grained spherulitic morphology,
compared with quiescent conditions (panel A in Figure 10).
Modeling Shear-Induced Isothermal Crystallization

Kinetics. It has been shown in the above sections that shear
flow can significantly enhance the crystallization kinetics for
PLA under both the nonisothermal and isothermal crystal-
lization conditions. The shear effects on crystallization kinetics
of PLA are achieved by acceleration of the nucleation rate,
which has been morphologically confirmed by the optical
microscope observation. A saturation of shear effect at the
longer shear times on the crystallization kinetics of PLA was
observed by tracking the changes of the storage modulus with
crystallization time by rheology.
In order to quantitatively evaluate the shear-induced

isothermal crystallization kinetics, the Avrami model, previously
used to describe the quiescent crystallization kinetics, is
modified by taking into account the shear effect. This modified
kinetic model proposed by Fulchiron et al.55,58 is not able to
predict the oriented crystalline morphology developed due to
strong shear; however, it can provide an idea of the
enhancement of the global crystallization kinetics due to a
shear effect. The kinetic model for shear-induced crystallization
of PLA applied in this work is summarized as follows. The
effect of shear is mainly localized in the nucleation stage, as is
often experimentally verified.59 This viewpoint is also
confirmed by the POM study on PLA in this work. According
to the literature, the nucleation rate, Ṅ(t′), can be expressed by
a semi-empirical power function of shear rate, γ(̇t′) by eq 6 as
follows

γ′ = ̇ ′
•

N t c t( ) [ ( )]d
(6)

where c is a constant, and d is an exponent of the power law.
The total number of nuclei, N is written as the sum of the
number of natural nuclei, N0, observed at the quiescent
condition and the number of activated nuclei appeared after
shear treatment, Ns, which can be obtained from eq 6. The
number of nuclei at the quiescent condition can be evaluated
from the isothermal crystallization experiment using the Avrami
equation of eq 7

π
=N

K
G

3
40 3 (7)

where K is the Avrami crystallization rate constant, and G is the
spherulite growth rate. Here, considering that an instantaneous
nucleation is suitable for PLA, the Avrami exponent n can be
set to 3. Furthermore, the growths of PLA spherulites are
distinctively observed for the PLA samples subjected to the
selected shear conditions in this work. Thus, the shear effects
on the growth rates of spherulites in the undercooled PLA
melts can be determined. Figure 12 shows the changes of
spherulite radius as functions of time for PLA during isothermal
crystallization at Tc of 135 °C after various applied shear
conditions. It can be found that PLA spherulites in the sheared
melts all grow linearly with time. The linearly fitted lines in
Figure 12 demonstrate the same slope, indicating that the
spherulitic growth rates in the sheared melts remain constant
(G of 1.8 μm/min or 3.0 × 10−8 m/s). The absence of shear
effects on the spherulitic growth rate of PLA in this work is
consistent with that for shear-induced crystallization of other

polymers.55,60 Note that the PLA spherulites should consist of
α-form lamellar crystals because the shear flow only affects the
nucleus density and does not affect the subsequent spherulitic
growth. The formation of α-form lamellar crystals for PLA
under shear conditions has been confirmed in previous
studies.37,43 Therefore, the K value of 7.0 × 10−17 s−3 under
the quiescent condition at the crystallization temperature of
135 °C can be obtained from the Avrami analysis of the x(t)
curve with no shear as shown in Figure 9. Then, the N0 value of
8.8 × 105 m−3 under the quiescent condition at the
crystallization temperature of 135 °C can be obtained.
On the basis of the above assumptions, the relative

crystallinity, x(t), taking into account of the number of extra
activated nuclei due to shear, can be written as follows

α= − − ′x t( ) 1 exp( ) (8)

∫α π′ = + − ′ ′ ′
·

G N t t t N t dt
4
3

[ ( ) ( ) ]
t

3
0

3

0

3s

(9)

where N0 is the natural nuclei number per unit volume formed
in the quiescent melt, Ṅ(t′) is the nucleation rate, and ts is the
shear time. The relation between the crystallization half time,
t1/2, and shear time, ts, can be deduced from the combination of
eqs 6, 8, and 9, that is to say, t1/2 can be obtained from eq 8 at
α′ = ln(2). The d value of 3 was selected according to the
literature.58 The remaining unknown parameter, c, was
numerically optimized to fit the decrease of the crystallization
half time, t1/2, with increasing shear time, ts. As shown in Figure
13, the above kinetic model based on the simple but reasonable
assumptions can be well applied to predict the effects of shear

Figure 12. Changes of spherulite radius as functions of time for PLA
during isothermal crystallization at Tc of 135 °C at different shear
conditions: (a) quiescent condition, (b) sheared at 1 s−1 for 5 s, (c)
sheared at 1 s−1 for 45 s, (d) sheared at 5 s−1 for 4 s, and (e) sheared at
10 s−1 for 4 s.

Figure 13. Changes of crystallization half time, t1/2, as functions of
shear time for PLA crystallized at Tc of 135 °C with different shear
rates. Solid lines are the fitted results by the combination of eqs 6, 8,
and 9.
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time at various shear rates on the isothermal crystallization
kinetics of PLA (see the fitted solid lines in Figure 13).

■ CONCLUSIONS
In this study, the shear effects on the nucleation rate
enhancements of PLA for both the nonisothermal and
isothermal conditions were thoroughly studied by using a
rotational rheometer. Prior to the shear-induced crystallization
measurements, the rheological properties of PLA at the molten
state were comprehensively investigated. Mastercurves of
storage modulus, G′, and loss modulus, G,″ versus the reduced
angular frequency, aTω, for PLA at the reference temperature of
190 °C were successfully constructed by applying the time−
temperature superposition principle. The critical shear rates for
the orientation and stretch of the longest chains (high
molecular mass tails) of PLA at the temperature of 135 °C
were determined to be 0.0076 and 0.45 s−1, respectively. In the
followed shear-induced crystallization measurements, the shear
rates were set as high to guarantee that the stretch of the
longest chains (high molecular mass tails) of PLA was expected.
It was found that the crystallization process under shear was
greatly enhanced compared to the quiescent conditions, and
the crystallization kinetics was accelerated with the increases in
shear rate and/or shear time. For a certain shear rate, a critical
shear time existed, and a further increase in shear time did not
lead to a further acceleration of the crystallization process. In
situ POM observations demonstrated the enhanced nuclei
density under application of shear and the constant spherulitic
growth rates, demonstrating that the effects of shear on
acceleration of PLA crystallization kinetics were achieved
mainly through the enhancements of nucleation. The effects
of shear rate and shear time on the enhanced crystallization
kinetics of PLA could be successfully evaluated by using a
kinetic model based on directly relating the extra number of
activated nuclei created during shear to the shear rate.
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