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ABSTRACT: The crystallization behavior of polylactic
acid (PLA) was studied in the presence of a crystal nucleat-
ing agent, ethylenebishydroxystearamide (EBH). The crys-
tallization rate and crystallinity were significantly increased
with addition of EBH. The isothermal crystallization half-
time at 105°C was decreased from 18.8 minutes for neat
PLA to 2.8 minutes for PLA with 1.0 wt % of EBH. The crys-
tallinity of PLA with 1.0 wt % EBH was about 35% after
5-minute annealing at 105°C. Like neat PLA, the double
melting peaks were also observed for nucleated PLA. The
changes of the double melt peaks were investigated with
various crystallization temperatures, heating rates, and

annealing times. The heat deflection temperature (HDT) of
nucleated PLA was up to 93°C after annealing. The correla-
tion between crystallinity and HDT was demonstrated. A
percolation threshold of crystallinity was found corre-
sponding to HDT. The crystal size of nucleated PLA was
significantly decreased with addition of EBH. The mechani-
cal properties of annealed PLA blends simultaneously;
showed improved modulus and impact strength. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 125: 1108-1115, 2012
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INTRODUCTION

In recent years, much more attention has been
directed to the aliphatic polyesters, which have been
regarded as one of the most competitive biodegrad-
able materials in the future'” because of the global
concern on the “white pollution” caused by more and
more nonbiodegradable polymers. Polylactic acid
(PLA) as an aliphatic polyester thermoplastic with
high strength and stiffness was especially investi-
gated for a great number of commodity applications
from a viewpoint of an environmentally degradable
polymer and sustainable biomass resources.”
However, PLA has many drawbacks, such as a
poor gas barrier, low impact strength, low heat
deflection temperature (HDT), and brittleness. In
particular, the low HDT limits the applications of
PLA. For example, the molded PLA parts could be
deformed during transportation because the temper-
ature at storing cabin was higher than HDT of PLA.
Improvements in HDT must be done prior to wide
applications. There are several methods to improve
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HDT of PLA. Although the HDT of PLA could be
improved through addition of inorganic fillers,””
the filler was not preferred concerning biodegrad-
ability of materials.® Addition of nucleating agents
into semi-crystalline polymer not only decreased the
crystallization time,”'® but also increased the me-
chanical properties.'® Since only a small amount of
nucleating agent was needed, the biodegradability of
PLA was not affected. Thus, understanding of the
crystallization behavior of PLA in the presence of a
nucleating agent would be helpful to make a heat re-
sistant PLA.

The characterization of polymer melting and crys-
tallization behavior has been performed with various
experimental techniques.'”* Many researchers have
studied the crystallization behavior of the neat PLA
under an isothermal crystallization condition.”>°
Yasuniwa et al.*” reported the double melting behav-
ior of PLA during heating scan of differential scan-
ning calorimetry (DSC). Although the crystallization
behavior of the PLA has been studied thoroughly,
the crystallization behavior of the PLA in the pres-
ence of a physical nucleating agent has rarely been
studied in detail. In this article, we will report our
study on the crystallization behavior, physical prop-
erties, and morphology of PLA with a nucleating
agent, ethylenebishydroxystearamide (EBH). Mean-
while, the correlation of HDT and crystallinity will
also be investigated.
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EXPERIMENTAL
Raw materials

NatureWorks PLA 2002D (containing 1.5-2.0% of b
isomer, M, = 127,000) was purchased from Nature-
Works LLC (Minnetonka, MN). EBH was purchased
from Weike Chemical, Jiujiang, China. All raw mate-
rials were dried at 85°C for 5 h under vacuum to
remove moisture prior to processing.

Sample preparation

The blends in this study were prepared by melt extru-
sion. The PLA and EBH were firstly mixed together
and then melt extruded using a Brabender twin screw
extruder. The weight ratio of PLA and EBH was kept
at 99/1. The extruder barrel was operated at the tem-
perature of 185-190°C and a screw speed of 50 rpm.
The dry mixture was starve-fed into the extruder from
a K-Tron feeder operating at 30°C and screw speed of
50 rpm. The extruded pellets were dried at 85°C for 5
h and stored for further use.

Apparatus
Thermal properties

DSC (Mettler Toledo DSC) was used to determine
degree of crystallinity (X.), melt temperature (T,,),
cold crystallization temperature (T,;), and glass tran-
sition temperature (T,). For isothermal melt crystalli-
zations, the samples were first heated at 10°C/min to
200°C, held there for 3 min, and finally cooled at
50°C/min to 105°C at which the samples were held
for isothermal melt crystallization. Immediately after
the isothermal melt crystallization, the samples were
cooled at 50°C/min to 25°C, and this was followed by
heating at different heating rate to 200°C to examine
their isothermal melt-crystallization behaviors. For
nonisothermal melt crystallization, the samples were
heated from 25 to 200°C at heating rate of 10°C/min,
held for 3 min, and then quickly cooled to 25°C at
cooling rate of 50°C/min. The heating curves were
recorded by immediate heating of the cooled samples
to 200°C at heating rate of 10°C/min. From these heat-
ing curves, T, T, and the endothermic melting tem-
perature (T,,) were obtained. The melt crystallization
temperature (T.,) was determined during the second
cooling scan. The following equation was used to cal-
culate the degree of crystallinity within the samples:

AH,, — AH,

A 1)
where AH,, is the measured endothermic enthalpy
of melting and AH. is the cold crystallization exo-
thermic enthalpy during the heating scans. The theo-
retical melting enthalpy of 100% crystalline PLA was
taken to be AH® = 93.6 J/g. The DSC was calibrated
periodically with indium standards.

%Crystallinity = X. = 100 x

1109

Wide-angle X-ray scattering

Samples taken directly out of DSC pans after the noni-
sothermal melt crystallization treatments were exam-
ined in the wide-angle X-ray diffraction (WAXD) sys-
tem so that the thermal history of the X-ray samples
was precisely known. WAXD (D8 Advance, Bruker
AXS, Germany) patterns were obtained at room tem-
perature (ca. 20°C) with a WAXD measurement sys-
tem reported elsewhere.”® Monochromatized Cu Ko
radiation (A = 1.542 A) was used as an incident X-ray
beam. The diffracted X-ray intensity was detected
with a position sensitive proportional counter (PSPC)
system. The diffraction angles reported for o-alumi-
num oxide (a-Al,O3) were used as a standard.

Optical microscopy

Optical microscopy was then carried out under
polarized light to observe the formation and size of
the spherulitic crystal. All microscopic observations
were made with a polarizing microscope (POM,
Olympus BX51) between crossed polars. The temper-
ature control of a sample was performed using a hot
stage (Linkam TH-600PM, Linkam Scientific Instru-
ments, UK). The temperature of the apparatus was at
105°C. PLA resin sandwiched between microscope
glass slides was heated to 200°C on a hot plate and
was pressed with small stress to prepare thin film
samples with desired thickness. The morphology of
the thin film sample between the glass slides was
observed on a hot stage and recorded on a hard disk.

Mechanical properties and HDT

The dried neat PLA and PLA/EBH blends were
injection molded using an injection machine (Haitian
Machinery, Ningbo, China.) operated at range of
190-195°C with the mold temperature of 30°C. The
specimens were firstly annealed at 105°C for 1.0, 2.0,
5.0, 10, and 20 min. The mechanical properties of the
annealed specimens were measured according to GB-
T1040 method (Model 2020, Intesco, USA) with strain
rate of 2 mm/min at room temperature. The HDT was
measured on injection a HDT Tester (Toyoseikin
Japan) according to GB-T1634 method with heating
rate of 2°C/min. Notched Izod Impacts were meas-
ured according to GB-T1043.

RESULTS AND DISCUSSION

Crystallization of PLA
Crystallization rate and Crystallinity

It is very important to study the effect of EBH on
crystallization rate and the crystallinity of PLA. The
crystallization rate of nucleated PLA was measured
by the crystallization half time obtained during
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Figure 1 DSC curves of the isothermal crystallization of
(a) neat PLA and (b) PLA/EBH at 105°C from the melt.

isothermal crystallization experiments.'® Using DSC,
the PLA samples were heated to 200°C at a rate of
10°C/min, held for 3 min to erase thermal history,
and then quickly cooled to the isocrystallization tem-
perature of 105°C at a rate of 50°C/min, and finally
held for up to 60 min. Figure 1 shows the DSC
curves of neat PLA, as well as the PLA samples
nucleated with 1.0% EBH. The relative crystallinity
was calculated by integrating each exotherm from ¢t
= 0 to t and dividing by the total area under the
curve. The crystallization half-time, t,,,, was taken
to be the time at which the relative crystallinity was
equal to 0.5. Neat PLA had the crystallization half
time of 18.8 min. The nucleated PLA containing
1.0% EBH shows crystallization half times of only
2.8 min. The nucleated PLA shows the crystallization
rate by nearly sixfold over neat PLA.

The crystallinity, X, calculated using eq. (1) are
shown in Figure 2. One hundred and five degree is
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Figure 2 The curves of crystallinity for (a) neat PLA and
(b) PLA/EBH at 105°C with the different annealed times.
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Figure 3 DSC heating curves of PLA/EBH after it was
isothermally melt-crystallized for 5 min at temperatures of
(a) 100°C, (b) 105°C, (c) 110°C, and (d) 115°C.

selected as crystallization temperature of PLA
because the maximum crystallization temperature
for PLA is between 100 and 110°C. It can be found
that the X, is about 19.0% for neat PLA at 105°C for
20 min, and the X, increases to 42% for 20 min for
the nucleated PLA at the same condition. The crys-
tallinity of nucleated PLA would quickly increase
more than 30% in 3-minute crystallization, which is
much faster than neat PLA.

Isothermal crystallization

According to literature reports,*>*’ the different crys-

tallization temperatures affected the structural reor-
ganization of the crystal phase of PLA that lead to
multiple melting steps. Figure 3 showed the heating
curves of nucleated PLA at heating rate of 10°C/min
after the samples was first isothermally melt-crystal-
lized at 100, 105, 110, and 115°C for 5 min. Double
melting peaks appeared for all samples. With increas-
ing isothermal crystallization temperature, the low
endotherm (Peak L) increased in its magnitude with
significant changes at the peak temperature; however,
the high endotherm (Peak H) decreased in its magni-
tude with insignificant changes at the peak tempera-
ture. It was clear that both the shape and the position
of Peak L were influenced by the crystallization tem-
perature (T,). The position shifted to a higher temper-
ature range and the magnitude of the Peak L
increased with the increasing crystallization tempera-
ture. For Peak H, their positions remained unchanged
and their intensity decreased when the crystallization
temperature was increased. According to the litera-
tures,’*?! the peak temperature of the G — T, plot,
where G is the spherulite growth rate, is in the range
of 118-130°C for neat PLA. In this work, the T, values
studied (i.e., 100-115°C) were below this temperature
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Figure 4 DSC heating curves of PLA/EBH after they
were isothermally melt-crystallized at 105°C for different
times of 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 10, 30, 60, and 120
min.

range; therefore, the G values (or the crystallization
rates) increased with increasing T, in this study. A
higher crystallization rate thus gave a higher peak
temperature and a bigger magnitude of the low endo-
therm. Figure 4 showed the heating curves of
nucleated PLA at heating rate of 10°C/min after the
samples were isothermally melt-crystallized at 105°C
for different times. As it can be seen in Figure 4, a
longer crystallization time gave a bigger magnitude
and higher peak temperature of the low endotherm
but gave a smaller magnitude of the high endotherm
with an insignificant shift at the peak temperature.
Sanchez et al.*® reported that PLA exhibited a regime
II to III transition temperature around 118°C based on
the Lauritzen—-Hoffman theory. The T, values studied
in this work are thus in regime III, in which the nucle-
ation rate was faster than the crystal growth rate.
Because the crystal growth rate in regime III can be
increased with increase in T, or time, the finding that
a higher T. or a longer time gives a bigger magnitude
and a higher peak temperature of the low endotherm
in Figures 3 and 4 is associated with the enhancement
of the secondary crystal growth rate.*’

Figure 4 showed the heating curves of nucleated
PLA after the samples were annealed at 105°C for
0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 10, 30, 60, and 120 min,
respectively. As shown in Figure 4, double melting
peaks also appeared for all samples. With increasing
crystallization time at 105°C, the magnitude of the
low endotherm (peak L) in the double endotherms
increased and the high endotherm (peak H)
decreases. The low endotherm is representative of
the melting of most of the lamellae initially present.
The partially melted amorphous material underwent
a continuous process of recrystallization into thicker
and perfect lamellae, which were melting at higher
temperature.”” The increase in magnitude was
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accompanied by a shift at the peak position to a
higher temperature. Some reports’** taught that
this was caused by the fact that, at higher scanning
rate, the amorphous material had less time to recrys-
tallize. When the sample was annealed for a longer
time, the lamellae thicken and became perfect.

As shown in Figures 4, it was clearly seen that the
low endotherm shifted to higher temperatures and
increased in magnitude with increasing annealing
time at 105°C. There still existed the question of
whether the crystals with the higher melting point
were all formed by recrystallization during heating
or whether they were, at least in part, present from
the beginning of the experiment. If the high endo-
therm was all from the recrystallization of the
melted crystals in the low melting endotherm, the
magnitude of the high endotherm should not be big-
ger than that of the low endotherm. As it can be
seen in Figure 5, the magnitude of the high endo-
therm in some curves was bigger than that of the
low endotherm in the same curves.

To better clarify the structural reorganization of
the crystal phase of PLA that leads to multiple melt-
ing peaks, the effect of heating rate was determined.
Figure 5 recorded the DSC melting curves of melt-
crystallized samples. The DSC curves largely
changed with the heating rates and samples crystal-
lized at 105°C. The heat flow due to the melting was
small, so the DSC curves were obtained with high
sensitivity. Double-melting peaks appeared in the
DSC curve from heating rate = 2°C/min to heating
rate = 10°C/min. As shown in Figure 5, it can be
observed that Peak L increased with increasing heat-
ing rate, whereas Peak H decreased due to the vari-
ous amount of high melting crystals that became
perfected during the heating scans at low rates. The
heating rate dependence of the peak areas of the
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Figure 5 Melting behavior of PLA/EBH after isothermal
crystallization at 105°C and heated at different heating
rates of (a) 2°C/min, (b) 5°C/min, and (c) 10°C/min.
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Figure 6 DSC second heating curves of PLA/EBH at dif-
ferent rates of (a) 2°C/min, (b) 5°C/min, and (c) 10°C/
min.

double-melting peaks L and H had been reported
for other semicrystalline polymers elsewhere.** The
melting-recrystallization model®* suggests that
small and imperfect crystals change successively
into more stable crystals through the melt-recrystalli-
zation mechanism.

Nonisothermal crystallization

The nonisothermal crystallization was performed as
follow: samples were first heated to 200°C at heating
rate of 10°C/min, and then cooled at cooling rate of
50°C/min from the melt to 25°C, and finally
recorded at certain heating rate. Figure 6 shows the
second heating curves of samples at different heat-
ing rates to examine the appearance of double melt-
ing phenomena. Like neat PLA, the nucleated PLA
also shows T, at 56°C, and T,, near 154°C from Fig-
ure 6. The polymorphism behavior of PLA has been
detected, which strongly relies on crystallization
conditions.”® As shown in Figure 6, the samples
heated at 2, 5, and 10°C/min exhibit incomplete
melt crystallizations, as suggested by the appearance
of the exothermic peaks, respectively, during the
subsequent DSC heating. The exothermic peaks that
appeared during the DSC heating are attributed to
cold crystallizations of PLA. This suggests that PLA
exhibits slow melt-crystallization behavior. The heat-
ing rate of 2°C/min allows the smaller incomplete
melt crystallization. It can be seen from Figure 6 that
the double melting peaks appear in the 5 and 10°C/
min heating rate cases, it can also be found that the
low temperature peak height becomes higher and
higher when the heating rate is higher with the heat-
ing rate of 10°C/min, whereas the higher tempera-
ture peak becomes higher and higher with the
increasing of the heating rate. The height changes of
the double melting peaks with increasing heating

Journal of Applied Polymer Science DOI 10.1002/app
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rate indicated that the double peaks were corre-
sponding to the melting of crystals formed during
the cold crystallization and the crystallization during
heating. Thus, the double melting behavior is truly
due to the mechanism based on melting of the crys-
tals formed in the cold crystallization stage during
heating and followed by recrystallization and further
melting processes at higher temperatures,® which is
consistent with the mechanism of melt-recrystalliza-
tion. It is suggested by the melt-recrystallization
model that small and imperfect crystals change suc-
cessively into more stable crystal through the melt-
recrystallization mechanism. Because melting and
recrystallization are competitive in the heating pro-
cess, recrystallization is suppressed by higher heat-
ing rates.

Optical microscopy and spherulite size

The crystal growth of the nucleated PLA was
observed by optical microscopy. Figure 7 shows the
POM photographs of the resins crystallized at 105°C
with different times. It is clearly seen that the spher-
ulite size increases with crystallization time for neat
PLA, while the spherulite size does not change
much for nucleated PLA. For neat PLA, the average
diameter of the spherulites was about 80 um, and
the spherulitic interface was very clear. The addition
of the EBH significantly reduced the average diame-
ter of the spherulites. And the boundaries became
blurry. The small size of the spherulites would have
great effect on mechanical properties, which will be
discussed in Section “Mechanical properties and
HDT" below.

Wide-angle X-ray scattering

First, wide-angle X-ray analyses were carried out for
a series of PLA sheets that were separately annealed
at 105°C for 1.0, 3.0, 10, 60, and 120 min. The results
are shown in Figure 8. The WAXD patterns of those
samples show only an amorphous halo when treated
<3 min at 105°C. It seemed that the crystallization
rate of PLA is lower outside than in DSC. Figure 4
indicated that the nucleated PLA could crystallize in
half minute in DSC. The crystalline peaks start to de-
velop when treated over 3 min and the longer the
treated time, the greater the crystallinity. The WAXD
results indicated that all annealed samples had the
same crystalline form. This supports the argument
that the double melt peaks discussed above was due
to melt-recrystallization mechanism, not due to two
different crystalline forms.

Figure 9 shows the WAXD results of nucleated
PLA annealed at different crystallization tempera-
tures of 80, 100, 115, and 140°C for 10 min samples,
it is clearly indicated that crystallization rate is slow
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Figure 7 Optical micrographs of crystal growth at 105°C with different times: (a) neat PLA; (b) PLA/EBH. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

at temperature below 80°C and above 130°C. At
crystallization temperature of 80°C and 140°C, it is
almost amorphous from WAXD patterns, which is
consistent with their low crystallinity values esti-
mated from DSC. In the range from 90 to 130°C,
these results are in good agreement with crystalliza-
tion kinetic data reported by other investigators.”®
The difference between the melt-crystallized and
cold-crystallized counterpart is because of fewer
nuclei existing in the melt-crystallized samples,
which results in slower crystallization kinetics and,
likely isolated spherulites at high temperatures. The
WAXD results also indicated that the same crystal-
line form was obtained at different crystallization
temperatures.

Mechanical properties and HDT

Notched izod impact and mechanical properties

Table I shows the impact strength of the blends. The
blends enhanced the impact strength of the PLA/
EBH. The impact strength of blends was higher than
those of the PLA matrix itself. As shown in Table I,
we can also find that the impact strength of blends
improved nearly 100% from 1.4 to 2.9 KJ/m? com-
pared to over neat PLA. This is due to reduction of
spherulite size by adding the EBH showed in Figure
7. The smaller the spherulite size is, the higher the
impact strength. It is consistent with the results of
optical microscopy experiments. Table I also shows
the Young’s modulus of PLA/EBH blends with

Journal of Applied Polymer Science DOI 10.1002/app



1114
w000 -
3500 4
000 4
=
5
£ 2500 -
E
2 o0 4 i
w
5 1500 4 d
c
1000 -
b
S0 e ——— & |
0 ; : i
10 @ a0

2 B(degrees)

Figure 8 WAXD patterns of the PLA/EBH isothermally
crystallized samples at 105°C with different annealed
times of (a) 1 min, (b) 3 min, (¢) 10 min, (d) 60 min, and
(e) 120 min.

different annealing times. The introduction of EBH
into PLA significantly improves Young’s Modulus
compared to the neat PLA after annealing. The mod-
ulus of nucleated PLA was increased with annealing
times due to higher crystallinity obtained. It is inter-
esting to found that both impact strength and modu-
lus are increased with increasing crystallinity. The
small crystal size of PLA leads to high impact
strength.

Heat deflection temperature

The HDT of PLA/EBH blends was obtained at 0.45
MPa load with a heating rate of 2°C/min. As seen
in Figure 10, the HDT of PLA/EBH blend was much
higher than that of neat PLA after annealing. The
HDT could be increased from 51°C of neat PLA up
to 93°C of the blends. From Figures 2 and 10, it can
be seen that the HDT of both neat PLA and the
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Figure 9 WAXD patterns of the PLA/EBH isothermally
crystallized at different crystallization temperatures of (a)
75°C, (b) 100°C, (c) 115°C, and (d) 145°C.

Journal of Applied Polymer Science DOI 10.1002/app

TANG ET AL.

TABLE I
The Physical Properties of PLA and PLA/EBH

Notched Izod Young's
Impact(K]/ m?) Modulus (MPa)

PLA/EBH (99 : 1)

Neat PLA (Annealed 600 s) 1.4 + 0.38 3400 = 72
PLA/EBH (Annealed 60 s) 2.5+ 0.08 3500 *= 62
PLA/EBH (Annealed 120 s) 2.9 = 0.07 3500 = 94
PLA/EBH (Annealed 300 s) 29 *0.03 3500 + 165
PLA/EBH (Annealed 600 s) 25+ 025 3900 + 62
PLA/EBH (Annealed 1200s) 2.6 = 0.16 3900 + 171

blend was increased with the increase of the
annealed time. This improvement is mainly due to
the increase of crystallinity. It is very difficult to
improve HDT of PLA without increasing its crystal-
linity.16 According to the result shown in Figure 10,
when the crystallinity exceeds 20%, the HDT starts
to increase. It seems that there is a percolation
threshold of crystallinity to obtain high HDT of
PLA. The percolation threshold of the crystallinity is
between 20 and 25% for PLA. It should be noted
that neat PLA showed HDT of only 80°C at 25%
crystallinity —after 20-minute annealing, while
nucleated PLA showed 90°C at 40% crystallinity af-
ter only 10-minute annealing (Fig. 2). This strongly
indicates that it is needed to add a nucleating agent
for PLA to improve HDT and molding efficiency.

CONCLUSION

The crystallization behavior and mechanical proper-
ties of nucleated PLA with EBH were thoroughly
investigated. The study indicated that nucleated
PLA has similar crystallization behavior to neat PLA
except for high crystallization rate and small crystal
size. The nucleated PLA exhibited remarkable prop-
erties on impact strength, modulus and HDT com-
pared to neat PLA. These results were related to
high crystallinity and small spherulite size of
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Figure 10 The curves of HDT for (a) neat PLA and (b)
PLA/EBH with the different crystallinity.
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nucleated PLA. The correlation between crystallinity
and HDT was also established. There is a percola-
tion threshold of crystallinity at which HDT starts to
increase.
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