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ABSTRACT: Both poly(lactic acid) (PLA) and poly(buty-
lene adipate-co-terephthalate) (PBAT) are fully biodegrad-
able polyesters. The disadvantages of poor mechanical
properties of PLA limit its wide application. Fully biode-
gradable polymer blends were prepared by blending PLA
with PBAT. Crystallization behavior of neat and blended
PLA was investigated by differential scanning calorime-
try (DSC), polarizing optical microscopy (POM), and
wide angle X-ray diffraction (WAXD). Experiment results
indicated that in comparison with neat PLA, the degree
of crystallinity of PLA in various blends all markedly
was increased, and the crystallization mechanism almost
did not change. The equilibrium melting point of PLA

initially decreased with the increase of PBAT content and
then increased when PBAT content in the blends was 60
wt % compared to neat PLA. In the case of the isothermal
crystallization of neat PLA and its blends at the tempera-
ture range of 123-142°C, neat PLA and its blends exhib-
ited bell shape curves for the growth rates, and the
maximum crystallization rate of neat PLA and its blends
all depended on crystallization temperature and their
component. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci
112: 3754-3763, 2009

Key words: biodegradable polymer; crystallization; equili-
brium melting point; blends

INTRODUCTION

Biodegradable polymers have received much more
attention in the last two decades because of their
potential applications in the fields related to envi-
ronmental protection and the maintenance. PLA is
biodegradable crystalline polyester, which can be
produced from renewable sources. The crystal struc-
ture and crystallization behavior of PLA have been
investigated extensively.' Hard and brittle mechan-
ical properties of PLA limit its development and
practical application; therefore, several modifications
have been proposed to improve processing and me-
chanical properties, such as copolymerization, plasti-
cization, and polymer blending. Among the several
modifications, polymer blending is regarded as a
useful and economical way to produce new
materials with a wide range of properties. Blends of
PLA with other polymers, such as poly(ethylene
succinate) (PES),* natural poly(3-hydroxybutyrate)
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(PHB) synthetic atactic poly(3-hydroxybu ;Irate) (a-
PHB),® poly(methyl methacrylate) (PMMA), poly(v1—
nyl phenol) (PVPh) poly(vinyl acetate) (PVAc),”
poly(p-dioxanone),'” Iy(3—hydroxybutyrate—co—3-hy—
droxyvalerate) (PHBV),'" poly(vinyl alcohol) (PVA),"?
poly(butadiene-co-acrylonitrile) (NBR),"* and poly(bu-
tylene adipate-co-terephthalate) (PBAT),'"* have been
studied to modify the properties and expand its practi-
cal application.

PLA was reported to be immiscible with PBAT,"*
the addition of glycidyl methacrylate (GMA) was
found to enhance the interfacial adhesion between
PLA and PBAT, the tensile toughness of the PLA/
PBAT blends was greatly increased without severe
loss in tensile strength when 2 or 5 wt % GMA was
added to PLA/PBAT blends and the impact strength
of the blends was also significantly improved at
1 wt % of GMA addition.”” How to improve the
miscibility between PLA and PBAT has been carry-
ing out in our group and the detail result will be
reported in a separate article.

PBAT is synthetic biodegradable aromatic polyes-
ter with good mechanical properties, especially its
elongation at break, its crystal structure, morphology
and melting behavior have been reported in litera-
ture.'®!” The addition of PBAT was found to acceler-
ate the crystallization rate of PLA but had little
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Figure 1 Chemical structure of poly(butylene adipate-co-terephthalate).

effect on its final degree of crystallinity."* The PLA
crystallization rate, both the melt or the glassy state,
was enhanced by the presence of poly( e-caprolac-
tone) (PCL) domains.'® Qiu et al. studied the crystal-
lization of PLA/PES blends by DSC and found that
the crystallization rate of PLA was accelerated with
the increase of PES in the blends while the crystalli-
zation mechanism did not change.* Till now, less
work has been performed on the crystallization
behavior of PLA/PBAT blends. The features of
PLA/PBAT blends can be summarized as follows.
First, PLA/PBAT blends are fully biodegradable
polymer blends, because both the components are
biodegradable polyester. Second, PLA/PBAT blends
are crystalline/semicrystaline polymer blends and
thus can provide different phase behavior depend-
ing on blend composition. Third, crystallization rate
of PLA can be modulated in the blends by changing
the blend composition and crystallization condition
and the physical properties of a crystalline polymer
depend strongly on its crystal structure and the
degree of crystallinity. Therefore, it is believed that
the crystallization behavior study of this work will
be helpful for a better understanding of the relation-
ship between structure and properties of biodegrad-
able polymer blends. It should be of great interest
and importance to modify the properties and
expand the practical application for PLA from both
academic and industrial viewpoints.

EXPERIMENTAL
Materials

The commercial PLA (Natureworks PLA 4032D)
exhibits a density of 1.25 g/cm? a weight-average
molecular weight of 207 kDa, polydispersity of 1.74
(GPC analysis), and a glass transition temperature
and melting point of 60 and 168°C (differential scan-
ning calorimeter (DSC) analysis), respectively. The
PBAT (Ecoflex FBX 7011, BASF Corp.) with density
of 1.26 g/cm® exhibits a weight-average molecular
weight of 145 kDa, polydispersity of 2.40 (GPC anal-
ysis), and a glass transition temperature and melting
point of —30 and 122°C (DSC analysis), respectively.
Both polymers are supplied in granular form and
used as received, their chemical structure are shown
in Figures 1 and 2.

Blends preparation

The neat PLA and PBAT granules are predried in
vacuum oven at 70°C for 24 h before use. The dried
granules of PLA and PBAT are mixed together with
different weight ratios of 100/0, 80/20, 60/40, 40/60,
and 0/100 in Haake internal mixer ( Rheomex 600P,
Germany) with Roller-Rotors R600 for 3 min. The
mixing rollers are maintained at 90 rpm and the
temperature was set at 185°C. Thenafter the melts
are compressed to films with a thickness of around
0.5 mm for 3 min at 190, 150, and 185°C and 10 MPa
for PLA, PBAT and their blends, respectively.

Thermal analysis

The thermal characteristics of the blends are deter-
mined using a differential scanning calorimeter
(DSC Q100, TA instrument, USA) in nitrogen atmos-
phere (circulation). Samples (about 10 mg) are cut
from a sample and placed in sealed aluminum pans.
For each sample, the following thermal cycles is
applied: a first scan is made from room temperature
to 185°C for 3 min to destroy any thermal history.
Then the sample is cooled to —50°C rapidly. The
actual measurement is performed during a second
heating from —50 to 200°C at a heating rate of 10°C/
min. A nitrogen flow is maintained throughout the
test. The glass transition temperature (T,), cold crys-
tallization temperature (T.), melting temperature
(T,,, and T,,), the degree of crystalline (x.) and are
determined in the second heating scan. On the basis
of the heat of fusion of 100% crystallinity of PLA (93
J/g),"”° the degree of crystallinity of PLA and its
blends is calculated from the melting endotherms of
the samples and normalized with respect to the
composition of each component in the blends.

The equilibrium melting temperature (T%) of PLA
and its blends are determined by extrapolation to
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Figure 2 Chemical structure of poly(lactic acid).
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the lines of T,, = T, according to the Hoffman-
Weeks equation.”® PLA and its blends are heated to
185°C and maintaining for 3 min and then cooled
and crystallized at different temperature (120, 125,
130, 135, and 140°C, respectively). At each tempera-
ture, annealing lasts for 10 h in nitrogen atmosphere,
and then the samples were cooled to 50°C at 40°C/
min and heated to 200°C at 10°C/min for determin-
ing the melting points.

The isothermal crystallization from the melt is also
examined by DSC. The samples are cooled to 128°C
at a cooling rate of 50°C/min to crystallize PLA and
its blends for 2 h after being held at 185°C for 3 min
to destroy any thermal history.

Polarized optical microscopy

A polarized optical microscope (Olympus BX51)
equipped with a Linklam THMSE 600 hot stage is
used to investigate the spherulitic morphology and
growth of PLA and its blends. The samples are first
placed between glass slides and molten on a hot
stage at 185°C for 3 min and then rapidly cooled to
given crystallization temperature. Annealing lasts
for given time periods.

Wide-angle X-ray diffraction

X-ray diffraction is used to probe the crystallinity of
neat PLA, PBAT and their blends. Thin film samples
are analyzed using a wide-angle X-ray diffraction
apparatus (shimadu XRD-6000) by Cu Ko (A = 0.154
nm) under a voltage of 35 KV and a current of 25
mA radiation. Diffraction intensities are counted at
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spectrum of PBAT.

0.02° -steps and the scanning speed is 5°/min. The
spectra are recorded in an angular range 5° < 2 6 < 40°
at room temperature.

Nuclear magnetic resonance spectroscopy

"H-NMR spectra are recorded using a Bruker AS 600
high resolution 'H-NMR spectrophotometer. Figure
3 shows the '"H-NMR spectrum of PBAT, dissolved
in CDCls. The ratio between each monomer unit has
been determined by 'H-NMR. The integration of the
peaks of the adipate unit (BA) and the terephthalate
unit (BT), respectively, at 2.33 and 8.09 ppm, gives
PBAT composition: 54.5% of BA and 45.5% of BT.
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Figure 4 Hoffman-Weeks plot for neat PLA and its
blends.
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Figure 5 Polarizing optical micrographs of PLA crystallized isothermally for 12 min. (a) 123°C; (b) 128°C; (c) 132°C; (d)
137°C, and (e) 142°C. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

RESULTS AND DISCUSSION
Equilibrium melting point

Figure 4 shows the Hoffman-Weeks plots of neat
and blended PLA with PBAT at various composi-
tions. The equilibrium melting point (T?) is obtained
from the intersection of this line with the T,, = T,
equation. T for neat PLA is about 192.8°C, which is
lower than previously reported values in the range
from 207 to 212°C.2' In the blends, the equilibrium
melting point decreases largely in the early stage,
but this depression is decreased with increasing
PBAT content. The maximum extent of this melting
point depression is about 8°C in the blend with 40
wt % PBAT, where T& is 184.8°C. It is worth noting
that in contrast to blends containing 20 and 40 wt %
PBAT, the equilibrium melting point of PLA in the
blend containing 60 wt % PBAT increases, even is
higher than that of neat PLA, and indicating that the
crystalline phase in the blend containing 60 wt %
PBAT is more perfect than those of neat PLA and
two blends mentioned above. The overall effect of
the addition of an immiscible PBAT on spherulite
growth rate of a crystallizable PLA depends on the
values of the energy barriers that need to be over-
come to reject and/or deform the noncrystallizable
PBAT. It may be that PBAT produces a decrease in
spherulitic growth rate of PLA in the PBAT-rich
blends, which was also measured in blends of iPP
with PDCHI, POM with P3HB, iPP with EPR***
The lowering of spherulitic growth rate indicates
higher nucleation density of crystal nuclei compared
to neat PLA and two other blends with 20 and 40 wt
% PBAT and favors the formation of perfect crystal-
line phase.

Spherulitic morphology

Figures 5 and 6 shows that neat and blended PLA
with 20 wt % PBAT crystallized in the range of 123—
142°C and it shows the spherulites formed after iso-
thermal crystallization at the indicated temperatures.
It is observed that spherulites display typical Mal-
tese Cross at the temperature range of 123-132°C,
but the typical Maltese Cross disappears at crystalli-
zation temperatures of 137°C or more. Moreover, the
brightness of polarized light in the edge of spherulites
significantly decreased. The spherulitic morphology of
PLA in the blends displays marked change when
PBAT content is 40 and 60 wt % as shown in Figures
7 and 8. The spherulites do not display typical Maltese
Cross and have impinged into each other in 12 min at
lower than 132°C when PBAT content in the blends is
40 wt %. It becomes more apparent that Maltese
Crosses disappear completely and spherulites are
badly distorted at lower than 123°C when PBAT con-
tent in the blends is 60 wt %. In particular, the spheru-
litites do not fill the volume completely.

Sphrulitic growth rate

The spherulitic growth rates of neat and blended
PLA are measured by following the development of
radius with time. PLA spherulites show a linear
growth until their impingement during the crystalli-
zation process. Figure 9 shows the temperature and
component dependence of the spherulitic growth
rates of neat and blended PLA at different crystalli-
zation temperature. Neat and blended PLA with 20
and 40 wt % PBAT exhibit a bell shape curve for the
growth rates in the crystallization temperature range

Journal of Applied Polymer Science DOI 10.1002/app



3758

XIAO, LU, AND YEH

Figure 6 Polarizing optical micrographs of PLA/PBAT (weight ratio: 80/20) crystallized isothermally for 12 min. (a)
123°C; (b) 128°C; (c) 132°C; (d) 137°C, and (e) 142°C. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

of 123-142°C. From Figure 9, it can be seen that the
crystallization rate of neat and blended PLA with 20
wt % PBAT increases with increasing crystallization
temperature until 132°C, shows a maximum value of
0.282 and 0.31 pm/s for the growth rate at 132°C.
Above 132°C, neat PLA crystallization rate
decreases. Crystallization growth rate of blended
PLA with 40 wt % PBAT has a maximum value of
0.32 um/s at 128°C as shown in Figure 9. Below
140°C, the crystallization growth rates of PLA with
20 and 40 wt % PBAT are all higher than that of
neat PLA. On the contrary, above 142°C, the crystal-

lization growth rates of PLA in the blends are lower
than that of neat PLA. The increase or decrease of
the growth rates of PLA in the immiscible blends
may be related to the following two facts. First, the
addition of low T, component PBAT decreases the
T, of PLA, resulting in the increase of the chain mo-
bility of PLA molecules. Second, the decrease of the
degree of supercooling, i.e., the difference between
the equilibrium melting point, T?, and the crystalli-
zation temperature, T,, may decrease the thermody-
namic driving force required for the growth of PLA
spherulites. It is strange that blended PLA with 60

Figure 7 Polarizing optical micrographs of PLA/PBAT (weight ratio: 60/40) crystallized isothermally for 12 min. (a)
123°C; (b) 128°C; (c) 132°C; (d) 137°C, and (e) 142°C. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Polarizing optical micrographs of PLA/PBAT (weight ratio: 40/60) crystallized isothermally for 12 min. (a)
123°C; (b) 128°C; (c) 132°C; (d) 137°C, and (e) 142°C. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

wt % PBAT has higher equilibrium melting point
than those of neat PLA and its blends with 20 and
40 wt % PBAT, but its crystal growth rate is very
slow and lower than those of neat PLA and above-
mentioned two blends at the temperature range of
123-142°C (not shown in Fig. 9). As previously dis-
cussed, it may be related to the values of the energy
barriers that need to be overcome to reject and/or
deform the noncrystallizable PBAT, which decreases
the spherulitic growth rate of PLA in PBAT-rich blends.

DSC analysis

Figure 10 shows the DSC traces of neat PLA, PBAT
and their blends at a heating rate of 10°C/min. Table I
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Figure 9 Temperature and component dependence of
spherulitic growth rate of PLA and its blends.

shows that the glass transition temperature (T,) of
neat and blended PLA, as well as cold crystallization
and melting temperatures (T, T, and T,,). As
shown in Table I, neat PLA shows a T, at 60.7°C,
Tes of PLA in the blends are all lower than that of
neat PLA. The amplitude of T, depression lies
between 1.5 and 3.8°C with increasing PBAT content
from 20 to 60 wt %. It may be that T, of PBAT is
lower than that of PLA, and the addition of PBAT
enhanced the chain mobility of PLA molecules in
the blends.

As shown in Figure 10, for neat and blended PLA,
neat PLA does not distinctly display a cold crystalli-
zation peak, yet cold crystallization peaks are
observed in blended PLA at the range of 100.0-
104.5°C. The incorporation of PBAT increases cold
crystallization temperature and narrows the peak

© PLA/PBAT
m2:
©100/0

g cc:_ ml

©80/20

~—— Endo Heat flow (Wg')

T
-50 0 50 100 150 200
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Figure 10 DSC traces of neat PLA and PBAT and their
blends.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Result from the Thermal Analysis of PLA, PBAT, and their Blends
PLA/PBAT blends
(weight ratios) AHf(J g ) AH. (J g™ Tpra (°C) Tee (°C) T, (°C) T, (°C) xc(%) Xee(%)
100/0 12.8 - 60.7 - - 167.4 13.8 -
80/20 33.5 24.4 59.2 100.0 149.4 168.9 45.0 32.8
60/40 26.7 19.1 58.4 101.7 150.1 169.3 47.8 34.2
40/60 16.1 12.2 56.9 104.5 152.3 168.9 43.3 32.8
0/100 21.0 - - - - 121.7 18.4% -

 The degree of crystallinity (x.) of PBAT is estimated from AH;/ AHJ? x 100%, where AHy is the heat of fusion, Ax? is
the theoretical enthalpy of 114 J g~ for fully crystalline PBAT.?

width, indicating an enhanced crystalline ability of
PLA. The difference between the values of the heat
of fusion (AH; and AH,.) in crystallization and cold
crystallization for each blends (Table I) indicates that
PLA in the blends is primarily crystalline. Moreover,
the difference decreases with increasing PBAT con-
tent, indicating that the degree of crystallinity
decreases with the increase of PBAT content when
blends are rapidly cooled after the first heating. This
can be associated to two different phenomena. The
first one is the increased chain mobility at low tem-
perature associated with the larger T, depression.
This T, reduction enables crystallization to start at
an earlier temperature upon heating, for three
blends, the amplitude of T, depression lies between
0.8-2.4°C as shown in Table I. The second phenom-
enon is the reduced crystallization induction period
because of the presence of crystalline nuclei already
formed during the cooling process. Even though
these nuclei may represent a small crystalline frac-
tion in absolute term, they will increase the crystalli-
zation rate upon the second heating, because the
crystalline structure is already more densely
nucleated than when the polymer are being cooled
from the melt. Thus the combination of reduced T,
and less crystalline nuclei results in cold crystalliza-
tion peaks that are shifted to a higher temperature
as the PBAT content is increased.

Interestingly, melting endotherms of PLA in the
blends show two distinct peaks compared to neat
PLA as shown in Figure 10. The double melting
peaks of PLA, which have been attributed to lamel-
lar reorganization,”’*® become more pronounced at
lower PBAT content. As a result of lamellar rear-
rangement during crystallization of PLA: a
‘shoulder” or low-temperature peak is formed on the
melting endotherm of the original crystallites.
Besides, the different crystalline structures that can
exist in PLA have been described by Cartier et al.*’
The higher temperature melting point of neat PLA is
167.4°C. There are, however, some differences when
the PLA in the blends with different PBAT contents
are considered. At first, the melting points of blends
increased by 04°C when PBAT contents in the

Journal of Applied Polymer Science DOI 10.1002/app

blends change from 20 to 40 wt %, then decreased
by 0.4°C when PBAT contents in the blends change
from 40 to 60 wt %. Table 1shows that the neat PLA
is very weakly crystallized because it presents a
melting endotherm at 167.4°C with an enthalpy of
12.8 J ¢ ! in comparison to thermodynamical melt-
ing enthalpy of 93 ] g71 for fully crystalline PLA."
The degree of crystallinity was calculated based on
the following equation:

AH;

=——— x 100%
— XAHfD x 100%

Xe

1)

where AHy is the heat of fusion, AHJQ is the heat of
fusion for 100% crystalline PLA, and wpra is weight
fraction of PLA in the blends. According to Table I,
the degrees of crystallinity of three blends with vari-
ous PBAT contents are all higher than that of neat
PLA. It should be noted that the degrees of crystal-
linity of blends obtained by eq. (1) are from two
parts: one is from the first rapid cooling from the
melt and the degree of crystallinity are decreased
with increasing PBAT content. The other is the sec-
ond heating after the rapid cooling, i.e., cold crystal-
linity, the degrees of cold crystallinity of three
blends initially increase, and then decrease with
increasing PBAT content. Final degrees of crystallin-
ity of three blends are equal to or lower than that of
neat PLA if the degree of cold crystallinity is not
taken into account as listed in Table I. The first phe-
nomenon can be explained that on one hand, the
incorporation of a small amount of PBAT increases
the growth rate of spherulites and the nucleation
rate, on the other hand, decreases the number of
crystal nuclei, which offsets the previous two effects
and results in the degree of crystallinity that is
decreased as the PBAT content is increased upon
rapid cooling. The incorporation of a large amount
of PBAT increases the nucleation rate, but decreases
the number of crystal nuclei and the growth rate of
spherulites, which results in the degree of crystallin-
ity which is decreased. The second phenomenon can
be explained that crystalline nuclei already formed
during the first cooling process, the number of
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Figure 11 (a) Plots of relative crystallinity as a function
of crystallization time for neat PLA and its blends at
128°C, and (b) Avrami plots for neat PLA and its blends
at 128°C.

crystalline nuclei decreases with increasing PBAT
content and these nuclei will increase the crystalliza-
tion rate upon the second heating. In addition, the
PBAT increases the chain mobility of PLA molecules
at the low temperature and decreases T, of PLA,
which favors the crystallization growth of PLA in
the blends. The combination of three effects results
in the degree of crystallinity that is initially
increased and then decreased when PBAT content is
increases from 20 to 40, and then 60 wt %.

Crystallization kinetic

The process of the isothermal crystallization of neat
PLA and its blends was investigated at crystalliza-
tion temperature of 128°C. The plots of relative crys-
tallinity X; versus the crystallization time t are
shown in Figure 11(a) for the isothermal crystalliza-
tion at 128°C of neat and blended PLA. It was found
that the crystallization time for PLA at 128°C short-

ened in the blends compared to neat PLA. The well-
known Avrami equation was often used to analyze
the isothermal crystallization kinetics®* > it assumes
that the relative degree of crystallinity develops with

crystallization time t as
1 —X; = exp(—kt") (2)

where X, is the relative degree of crystallinity at
time t; the exponent n is a mechanism constant with
a value depending on the type of nucleation and the
growth dimension, and the parameter k is a growth
rate constant involving both nucleation and the
growth rate parameters.” The plot of log(-In(1-X,))
versus log t according to eq. (2) was shown in
Figure 11(b). The crystallization process is usually
treated as two stages: the primary crystallization
stage and the secondary crystallization stage. Care-
fully observed Figure 11(b), one can see that all
curves are divided into two sections-the primary
crystallization stage and the secondary crystalliza-
tion stage, which become more obvious as the addi-
tion of PBAT. This deviation indicates that the
existence of the secondary crystallization of the
blends at longer crystallization time. It is generally
believed that the secondary crystallization is caused
by the spherulite impingement in the later stage of
crystallization process.”*® By comparing four
curves measured at 128°C, as shown in Figure 11(b),
the occurring time of secondary crystallization of
neat and blended PLA are different. Generally
speaking, secondary crystallization of PLA in the
blends is much shorter than that of the neat PLA.
This fact indicates that without the incorporation of
PBAT, the nuclei in the neat PLA grow slowly into
spherulites before they impinge against each other.
PBAT causes crystallization of PLA completed ear-
lier because PBAT melt in the blends accelerates for-
mation of PLA crystal nuclei and then impinge
against each other.

The Avrami parameters n and k are obtained from
the plots of log(—1In(1 —X;)) versus log t as shown
in Figure 11(b). The Avrami exponent n and crystal-
lization rate constants k of neat and blended PLA
are shown in Table II. The average values of n are
around 2.3. It is an average value of various

TABLE II
Crystallization Kinetic Parameters of PLA and
its blends at 128°C

PLA/PBAT n k (min™")
100/0 2.5 55 x 107°
80/20 25 72 % 107°
60/40 24 24 x 107
40/60 2.0 7.0 x 107*

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 12 WAXD patterns of neat PLA and PBAT and
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nucleation types and the growth dimensions
occurred simultaneously in a crystallization process.
For neat PLA, its nucleation type should predomi-
nantly be homogenous nucleating and its growth
dimensions should predominantly be a two-dimen-
sional growth. For the PLA/PBAT blends, its nuclea-
tion type should mainly be heterogeneous
nucleating and its growth dimension should mostly
be two-dimensional space extension. The values of n
are close to 2 for the isothermal crystallization of
both neat and blended PLA may indicate that the
crystallization mechanism of PLA is almost not
affected in the presence of PBAT melt in PLA/PBAT
blends. On the other hand, the values of k in the
blends are higher than that of neat PLA, indicating
that blending with PBAT enhanced the crystalliza-
tion rate of PLA, which is agreement with the result
in the Figure 9. For both neat and blended PLA with
various 20 and 40 wt % PBAT, two possible reasons
are proposed to explain the speed-up of the crystalli-
zation rate of PLA. One is the presence of the PBAT
accelerated the nucleation of the PLA in the blends.
In other words, the presence of PBAT has a positive
effect on the primary nucleation of PLA. But the
number of nuclei of PLA may decrease with the
addition of PBAT in the blends because of the dilut-
ing effect of PBAT. The other is the increase of crys-
tallization rate of PLA in the blends might be
attributed to the increase of nucleation rate of PLA
in the blends. PLA and PBAT are immiscible,'* and
the interface of the phase separated domains may
provide favorable nucleation sites for crystallization
of PLA. Therefore, the crystal rate of PLA was
enhanced by lowering the nucleation barrier in the
blends than that of neat PLA. Similar results were
also found in PLA/PCL and PLA/PES blends, and
it was reported that the crystallization rate of PLA
increased also with increasing PCL and PES content
in the blends.*'® In addition, T, depression has a
positive effect on crystallization rate of PLA because
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of the incorporation of PBAT. In the case of blended
PLA with 60 wt % PBAT, even though the spheru-
litic growth rate of PLA is lower than those of
blended PLA with 20 and 40 wt % PBAT, yet the
crystallization rate of PLA is still higher than those
of two blends with 20 and 40 wt % PBAT. It should
be emphasized that overall crystallization rates are
not as easy to interpret as spherulitic radial growth
because of the combination of nucleation and
growth phenomena. It may be that blend with 60 wt
% PBAT has high nucleation rate, relative low
growth rate, but the form plays a dominant role in
the total crystallization rate.

XRD analysis

The diffraction traces of neat PLA, PBAT and their
blends films at room temperature are shown in Fig-
ure 12. Neat PLA presented two strong diffraction
peaks at around 16.7° and 18.8° corresponding to
(200)/(110) and(203) planes, respectively.37 Four dif-
fraction peaks of the PBAT crystal structure are
observed at angle 20 17.4, 20.8, 22.8, and 24.4°,
respectively. For PLA/PBAT blends, they involved
all the diffraction peaks corresponding to both neat
PLA and PBAT, and the intensity of the diffraction
peaks of each component decreased with increasing
the other component content in the blends. Such
results indicate that PLA blending with PBAT don’t
modify the crystal structure in the blends. But the
decrease of intensity of the diffraction peaks indi-
cates that the degree of crystallinity of PLA
decreases. It is related to the process by which sam-
ples are prepared because they are quenched from
the melt and obtained directly and the degrees of
crystalinity of PLA in the blends are almost
decreased with increasing PBAT content. Similarly,
PLA blending with PBAT also decreased the degrees
of crystallinity of PBAT, leading to the decrease of
intensity of diffraction peaks corresponding to crys-
tal structure of PBAT.

CONCLUSIONS

Isothermal crystallization kinetic and morphology of
biodegradable crystalline/semicrystalline =~ PLA/
PBAT blends were investigated with DSC, POM and
WAXD in detail in this work. The overall isothermal
crystallization kinetic of neat and blended PLA was
studied with DSC and analyzed by the Avrami
equation. The Avrami exponent 7 was almost
unchanged despite the crystallization temperature
and the addition of amorphous PBAT, indicating
that blending with PBAT almost did not change the
crystallization mechanism of PLA at the crystalliza-
tion temperature of 128°C. However, the crystalliza-
tion rate increased with the increase PBAT content,
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except for PLA blend with 60 wt % PBAT. The vari-
ation of the overall crystallization rate was mainly
attributed to two factors, including the variation of
T) and the decrease of T,. The spherulitic morphol-
ogy and growth were observed with hot stage POM
in a wide crystallization temperature range of 123-
142°C. The spherulitic morphology of PLA was
influenced apparently by crystallization temperature
and the blending with PBAT. The crystal structure
of PLA was not modified by the blending, and the
crystal structure almost remains unchangeable from
the WAXD measurement.
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