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A significant enhancement in isothermal crystallization kinetics of biodegradable polylactide (PLA) in its immiscible blends
can be accomplished through blending it with a comb-like copolymer. PLA was blended with poly(ethylene glycol) methyl
ether acrylate (PEGA) and poly[poly(ethylene glycol) methyl ether acrylate] (PPEGA, a comb-like copolymer), respectively.
The results measured from phase contrast optical microscopy (PCOM) and differential scanning calorimetry (DSC) indicate
that PLA and PEGA components are miscible, whereas PLA and PPEGA components are immiscible. The study of crystalliza-
tion kinetics for PLA/PEGA and PLA/PPEGA blends by means of polarized optical microscopy (POM) and DSC indicates that
both PEGA and PPEGA significantly increase the PLA spherulitic growth rates, G, although PLA/PPEGA blends are immisci-
ble and the glass transition temperatures of PLA only have slight decreases. PPEGA component enhances nucleation for PLA
crystallization as compared with PEGA component owing to the heterogeneous nucleation effect of PPEGA at the low compo-
sition of 20 wt%, while PLA crystallization-induced phase separation for PLA/PEGA blend might cause further nucleation at
the high composition of 50 wt%. DSC measurement further demonstrates that isothermal crystallization kinetics can be rela-
tively more enhanced for PLA/PPEGA blends than for PLA/PEGA blends. The “abnormal” enhancement in G for PLA in its
immiscible blends can be explained by local interfacial interactions through the densely grafted PEGA side chains in the

comb-like PPEGA, even though the whole blend system (PLA/PPEGA blends) represents an immiscible one.
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1 Introduction

Polymers for their thermoformability, weight savings and
low costs have taken the place of metals in many fields,
such as cars, buildings, and roads. However, with increasing
environmental concerns and cost rises for petroleum-based
polymers, biodegradable polymers have attracted increasing
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interest for their excellent performances in renewability,
biodegradability and biocompatibility [1-4]. Polylactide
(PLA) is one of the most promising biopolymers [5-7].
However, poor thermal resistance, slow crystallization rate
and low dimensional stability of PLA restrict its practical
applications [8]. Various approaches have been adopted to
improve the crystallization kinetics of PLA, such as blend-
ing, copolymerization and surface coating [9—14], among
which blending is the most economic and effective method
[15].
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Because miscibility in polymer blends is crucial to the
design of new polymeric materials with desired applicable
properties, the relationships between miscibility and crystal-
lization kinetics in polymer blends have attracted much at-
tention in both academic and industrial fields [16-20]. Mis-
cibility in polymer blends shows significant influences on
crystallization kinetics of semicrystalline polymer compo-
nents in various blends [21]. In a limited number of polymer
blends, the glass transition temperature (7,) of the amor-
phous polymer component (in the experimental temperature
range) is lower than that of the crystallizable polymer com-
ponent, and then the 7, of the blends decreases with in-
creasing composition of the lower T, polymer component.
In this case, at certain crystallization temperatures the chain
mobility of the crystallizable component in the blends is
higher than in neat homopolymer, which facilitates the
chain motion in the melt towards the growing crystal fronts
and the further arrangement of the otherwise stiff chains
into the crystals, providing a positive contribution to the
spherulitic growth rate. For the blends of PLA mixed with
low T, components, such as PLA/poly(ethylene oxide)
(PLA/PEO) [13,14,22,23], and PLA/poly(ethylene glycol)
(PLA/PEG) blends [19,24,25], the T,’s of the blends are
lower than that of neat PLA, and the spherulitic growth rate
increases with increasing composition of the lower T, poly-
mers.

On the other hand, for the partially miscible or immisci-
ble polymer blends the amorphous component can be seg-
regated as a dispersed phase. The separated phase domains
are composed of neat amorphous polymer if the components
are immiscible, or may contain small amounts of the crys-
tallizable polymer if some degrees of miscibility exist. In a
number of polymer blends, the effect of an immiscible
component on the spherulitic growth rate has been experi-
mentally measured. For some blends the addition of an im-
miscible polymer causes decrease in spherulitic growth rate,
as measured in isotactic polypropylene/poly(dicycloexylit-
aconate) (iPP/PDCHI) [26], poly(3-hydroxybutyrate)/poly
(methylene oxide) (P3HB/POM) [27], isotactic polypropyl-
ene/ethylene-propylene rubber (iPP/EPR) blends [28,29],
whereas for some other immiscible blend systems no effects
of the amorphous components on the spherulitic growth rate
have been found, as measured in P3HB/EPR [30], PEO/
PDCHI [21,31], PEO/plasticized poly(vinyl chloride) (PEO/
PVC) [32], iPP/poly(vinyl butyral) (iPP/PVB) blends [33],
and PLA/poly(&-caprolactone) (PLA/PCL) blends [34].

On the basis of the available knowledge from the litera-
ture, we raise a fundamental question in this study, can the
spherulitic growth rates for semicrystalline polymers in
immiscible blends be significantly enhanced through the
local interfacial interactions at the phase domain boundary?
For answering this question, two types of polymer blends
with obviously contrast miscibility, polylactide/poly(ethy-
lene glycol) methyl ether acrylate (PLA/PEGA) blends and
polylactide/poly[poly(ethylene glycol) methyl ether acry-
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late] (PLA/PPEGA) blends were prepared respectively to
investigate the variations in crystallization kinetics of PLA
component in these blends, including both the nucleation
rate and spherulitic growth rate. The isothermal crystalliza-
tion kinetics of PLA component in PLA/PEGA and PLA/
PPEGA blends in a wide temperature range were measured
by applying polarized optical microscopy (POM) and dif-
ferential scanning calorimetry (DSC). It is surprising to find
that the spherulitic growth rates of PLA in PLA/PPEGA
blends can be significantly enhanced as well as in PLA/
PEGA blends, even though PLA/PPEGA blends represent
an immiscible blend system. In addition, PPEGA can pro-
vide an obvious nucleation effect for PLA crystallization in
the blends. The mechanism for the above observed unique
and abnormal phenomena is provided in this article.

2 Experimental

2.1 Materials

Poly(L-lactide) (PLA, sample code PLA4032D) used in this
study was purchased from NatureWorks China/Hong Kong,
Shanghai, China. It had a weight-average molecular mass,
M,, of 1.8x10° g/mol and a polydispersity index of 1.5. PLA
was used after drying under vacuum at 60 °C for 24 h.
Poly(ethylene glycol) methyl ether acrylate (>99.5%, PEGA
with monomethyl terminated with eight ethylene glycol
repeat units, and the number-average molecular mass, M, of
480 g/mol) was purchased from the Sigma-Aldrich Com-
pany (USA). Synthesis of poly[poly(ethylene glycol) me-
thyl ether acrylate] (PPEGA) comb-like copolymer can be
found in our recent work [35]. PPEGA had the number-
average molecular mass (M,) of 4680 g/mol and the weight-
average molecular mass (M,,) of 6100 g/mol. PEGA and
PPEGA were dried under vacuum at 35 °C for 24 h prior to
use. The melting points of PEGA and PPEGA were —0.5
and —2.5 °C, respectively, and both were below the room
temperature. Therefore, at the experimental isothermal
crystallization temperatures applied in this study both
PEGA and PPEGA were in the amorphous state.

2.2 Preparation of PLA/PEGA and PLA/PPEGA
blends

The thin film samples were used for polarized optical mi-
croscope observation. The preparation procedure for PLA/
PEGA blend films is described as follows. PEGA and PLA
components with certain mass compositions were dissolved
in common solvent, chloroform to form 5.0 wt% solutions.
The solutions were stirred at room temperature for 12 h, and
then were cast on cover glasses. When chloroform was
evaporated, PLA/PEGA blend films formed on cover glass-
es, which were further dried under vacuum to constant
masses. The preparation procedure for PLA/PPEGA blend
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films is different from that for the preparation of PLA/
PEGA blend films because of immiscibility between PLA
and PPEGA components. The PPEGA and PLA compo-
nents with certain mass compositions were dissolved in
chloroform to form 5.0 wt% solutions, respectively, and the
solutions were stirred at room temperature for 5 h. After-
wards the PPEGA solution was added into the PLA solution
with further stirring for 7 h to form the PLA/PPEGA solu-
tions, which were cast on cover glasses to form PLA/
PPEGA blend films. The blend film thicknesses were about
20 pm.

The PLA/PEGA 80/20 and PLA/PEGA 50/50 blend
samples for DSC measurements were prepared according to
the following procedure. The PLA and PEGA components
were dissolved in chloroform to form the solutions. After
stirring for 12 h, the solutions were poured into Petri dishes,
chloroform was allowed to evaporate, and then the obtained
PLA/PEGA blend samples were dried under vacuum at
35 °C to constant masses. Because of immiscibility between
PLA and PPEGA, the PLA/PPEGA 80/20 and PLA/PPEGA
50/50 blend samples for DSC measurements were prepared
using the solution co-precipitation method. The PLA and
PPEGA components were mixed in chloroform to form so-
lutions, which were poured into a large amount of cold di-
ethyl ether under vigorous stirring to precipitate PLA/
PPEGA blends. After being washed for two times with di-
ethyl ether, the obtained PLA/PPEGA blends were dried
under vacuum at 35 °C to constant masses.

2.3 Nucleation and growth of spherulites observed by
polarized optical microscope

The nucleation and growth of PLA spherulites for the film
samples of PLA/PEGA and PLA/PPEGA blends during
isothermal crystallization in a wide temperature range were
observed by using a polarized optical microscopy (POM,
Olympus BX53, Japan) equipped with a CCD camera
(MicroPublisher 3.3 RTV). The prepared PLA/PEGA and
PLA/PPEGA blend film samples were held at 200 °C for
5 min to erase previous thermal histories in one hot stage,
and then were transferred to another hot stage set at certain
crystallization temperatures below the nominal melting
point of PLA for isothermal crystallization. The polarized
optical micrographs were recorded at appropriate time in-
tervals depending on the spherulitic growth rates of the film
samples. The average radial growth rates of PLA spheru-
lites, G were obtained from the slopes of changes of spheru-
lite radius with crystallization time.

2.4 Isothermal crystallization kinetics measured by
differential scanning calorimeter

DSC heat flow curves for PLA/PEGA and PLA/PPEGA
blend samples sealed in aluminum pans were recorded by
using a TA Q2000 DSC (TA Instruments, USA). The iso-
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thermal crystallization kinetics for PLA/PEGA and PLA/
PPEGA blend samples were evaluated using DSC by melt-
ing the samples at 200 °C for 5 min to eliminate thermal
histories, rapidly cooling the melts at a cooling rate of
50 °C/min to the crystallization temperatures, and then
holding these samples at these temperatures for 60 min to
allow completion of crystallization from the quiescent
melts. Finally, the crystallized blend samples were heated
again with a heating rate of 10 °C/min to 200 °C to measure
the melting points. Measurements of T, were performed
according to the following procedure. The blend samples
were first melted at 200 °C for 5 min to erase previous
thermal histories followed by quenching to —90 °C at a
cooling rate of 50 °C/min, and then DSC heating scans were
run at a heating rate of 10 °C/min, from which the T, values
were evaluated.

3 Results and discussion

3.1 Miscibility evaluation for PLA/PEGA and PLA/
PPEGA blends

The miscibility between polymer components plays a key
role in changing the crystallization kinetics of polymer
blends [18,36]. In our previous work, PLA and PPEGA
components are confirmed to be immiscible by phase con-
trast optical microscope observation and DSC measure-
ments [35]. The miscibility between PLA and PEGA com-
ponents needs an evaluation. Figure 1 shows phase contrast
optical micrographs for PLA/PEGA 80/20, PLA/PEGA
50/50, PLA/PPEGA 80/20 and PLA/PPEGA 50/50 blends
as observed at 200 °C. The featureless phase morphology
for PLA/PEGA 80/20 and PLA/PEGA 50/50 blends clearly
indicates the miscibility between PLA and PEGA compo-
nents. The phase separation behavior for PLA/PEGA blends
is worthy of further study, which is out of the scope of this
work [24]. Whereas, an obvious phase separation can be
seen in PLA/PPEGA 80/20 and PLA/PPEGA 50/50 blends,
clearly indicating immiscibility between PLA and PPEGA
components.

The changes of T, of PLA in the blends with PEGA or
PPEGA composition were measured by using DSC, which
could be further used to evaluate the miscibility in the
blends. Heat capacity, C, curves and temperature derivative
heat capacity curves for PLA/PEGA blends with PEGA
compositions of 0 wt%, 1 wt%, 5 wt%, 10 wt%, 15 wt%,
and 20 wt% are shown in Figure S1 (Supporting Infor-
mation online), from which the 7, can be obtained. Figure 2
shows the changes of T, with PEGA or PPEGA composi-
tion for PLA/PEGA and PLA/PPEGA blends. The solid
curve is the fitted line by applying the Fox equation for
PLA/PEGA blends. It is easily found that the change of T,
for PLA component with PEGA composition in the blends
follows the prediction by the Fox equation. The obvious
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accord of the measured T, values with the Fox equation
indicates that PEGA component is miscible with PLA
component in the blends. In conclusion, PLA and PEGA
components are miscible, whereas PLA and PPEGA com-
ponents are immiscible. PLA/PEGA and PLA/PPEGA
blends are nicely comparable blend systems for an investi-
gation on the miscibility effects on the nucleation and
growth of PLA spherulites in the blends during isothermal
crystallization.

3.2 Equilibrium melting temperatures for PLA/PEGA
and PLA/PPEGA blends

For study on crystallization kinetics of polymer blends, the
equilibrium melting temperature (T,°) is a crucial parame-
ter, which can be obtained by applying the Hoffman-Weeks
method [37,38]. Figure 3 shows the changes of melting
temperature (7},) as functions of isothermal crystallization
temperature (7) for PLA/PEGA 50/50, PLA/PPEGA 50/50,
PLA/PEGA 80/20 and PLA/PPEGA 80/20 blends. The T},
values are taken from the heating scan curves for the crys-
tallized blend samples at a heating rate of 10 °C/min (Fig-
ures S2-S6). Note that two melting peaks can be observed
for some heating scan curves. The low temperature melting
peak, Ty, is taken to measure T, because the high temper-
ature melting peak, Ty, is related to the melting-recrystal-
lization-melting mechanism [39,40]. It can be found that the
melting temperatures of PLA/PEGA or PLA/PPEGA blends
increase with increasing crystallization temperature, indi-
cating improvement of crystal perfection for PLA with in-
creasing crystallization temperature. The T,° values for
PLA/PEGA and PLA/PPEGA blends can be obtained by
extrapolating the data points to the T,=T, line. The T,° val-
ues for PLA/PPEGA 50/50 blend are higher than that for
PLA/PEGA 50/50 blend as shown in Figure 3(a), and simi-
larly the T,,° value for PLA/PPEGA 80/20 blend is higher
than that for PLA/PEGA 80/20 blend as shown in Figure
3(b). The T,° values for PLA in neat PLA, PLA/PEGA
80/20, PLA/PEGA 50/50, PLA/PPEGA 80/20 and PLA/
PPEGA 50/50 blend samples are listed in Table 1. The
change of T}, as a function of 7, for neat PLA can be found
in Figure S7. Comparing the T,° values of PLA/PPEGA
blends with that of PLA/PEGA blends, one finds obviously
less melting point depression for the former than for the
latter, indicating the difference in miscibility for these two
blend systems. The above result is consistent with that
shown in Figures 1 and 2, that is to say, PLA/PEGA blends
represent a miscible one, while PLA/PPEGA blends repre-
sent an immiscible one.

3.3 Nucleation and spherulitic growth for PLA/PEGA
50/50 and PLA/PPEGA 50/50 blend films

The crystalline morphological evolutions for PLA/PEGA
50/50 and PLA/PPEGA 50/50 blend films during isothermal
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(b) ()

Figure 1 Phase contrast optical micrographs for (a) PLA/PEGA 80/20
blend, (b) PLA/PEGA 50/50 blend, (c) PLA/PPEGA 80/20 blend and (d)
PLA/PPEGA 50/50 blend. The scale bar in (a) represents 100 um and is
applied to all other micrographs. The micrographs were taken when the
samples were melted at 200 °C (color online).
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Figure 2 Changes of glass transition temperature (7,) with PEGA or
PPEGA composition for PLA/PEGA and PLA/PPEGA blends. The solid
olive curve is the fitted line by applying the Fox equation for PLA/PEGA
blends.

crystallization were observed by using polarized optical
microscope. Figures 4 and 5 show the nucleation and spher-
ulitic growth for PLA/PEGA 50/50 and PLA/PPEGA 50/50
blend films during isothermal crystallization at different
temperatures, respectively. It can be seen that for both blend
systems the nucleus number for PLA crystallization de-
creases with increasing crystallization temperature due to
the decreasing undercooling degree. Meanwhile, the im-
pingement time for the growing spherulites becomes short-
ened with decreasing crystallization temperature due to in-
creasing spherulitic growth rate. One obvious difference is
that the formation of ring-banded spherulites for PLA/
PEGA 50/50 blend films occurs at T, of 90, 100 and 110 °C,
while for PLA/PPEGA 50/50 blend films it occurs at higher
T. of 100, 110 and 120 °C. The ring bands for PLA/PPEGA
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Figure 3 Changes of melting temperature (7},) as functions of isothermal crystallization temperature (7¢) for (a) PLA/PEGA 50/50 and PLA/PPEGA 50/50
blend samples, and (b) PLA/PEGA 80/20 and PLA/PPEGA 80/20 blend samples. The red lines indicate the equilibrium lines given by T,,=T, and the olive

and blue lines represent linear regressions.

Table 1 Equilibrium melting temperature (7},") for PLA in neat PLA,

PLA/PEGA 80/20, PLA/PEGA 50/50, PLA/PPEGA 80/20 and PLA/

PPEGA 50/50 blends
Sample code T’ (°C)
neat PLA 192
PLA/PEGA 80/20 blend 186
PLA/PEGA 50/50 blend 181
PLA/PPEGA 80/20 blend 189
PLA/PPEGA 50/50 blend 187

110°C 10 min| 120°C 30 min

R
o

60, min

(a) (b) © (d)

Figure 4 Selected POM micrographs for PLA/PEGA 50/50 blend films
during isothermal crystallization at (a) 90 °C, (b) 100 °C, (c) 110 °C and (d)
120 °C. The scale bar in the top micrograph of (a) represents 400 um and is
applied to all the micrographs for (a), and the scale bar in the top micro-
graph of (b) represents 200 um and is applied to all the micrographs for
(b—d).

50/50 blend films are more regular than that for PLA/PEGA
50/50 blend films. This result is thought to be related to the
higher T,° value for PLA/PPEGA 50/50 blend, which re-
quests higher crystallization temperatures for the same un-
dercooling degrees.

Furthermore, at low 7. the impingement time for the
growing spherulites in PLA/PPEGA 50/50 blend films is
close to that in PLA/PEGA 50/50 blend films, while at high
T, the impingement time for the former is shorter than for

110°C 1 min | 120°C 6 min

10 min

4 min

8 min 15 min

15 min 35 min

(@) b) © )

Figure 5 Selected POM micrographs for PLA/PPEGA 50/50 blend films
during isothermal crystallization at (a) 90 °C, (b) 100 °C, (c) 110 °C and (d)
120 °C. The scale bar in the top micrograph of (a) represents 400 pm and is
applied to all the micrographs for (a), and the scale bar in the top micro-
graph of (b) represents 200 um and is applied to all the micrographs for
(b—d).

the latter. For example, the impingement time is about 120
min at 120 °C and 90 s at 90 °C for PLA/PEGA 50/50 blend
films, while the impingement time is 35 min at 120 °C and
75 s at 90 °C for PLA/PPEGA 50/50 blend films. Therefore,
the nucleation densities and spherulitic growth rates need to
be evaluated for further comparisons.

Figure 6 shows the changes of spherulite radius as func-
tions of time for PLA/PEGA 50/50 and PLA/PPEGA 50/50
blend films during isothermal crystallization at 7. of 90 and
120 °C, respectively. It can be found that PLA spherulites
all grow linearly with time and the spherulitic growth rates
can be obtained from the slopes of the linearly fitted lines.
At 90 °C the spherulitic growth rate for PLA/PEGA 50/50
blend film is higher than that for PLA/PPEGA 50/50 blend
film (Figure 6(a)), while at 120 °C the spherulitic growth
rate for PLA/PEGA 50/50 blend film is lower than that for
PLA/PPEGA 50/50 blend film (Figure 6(b)). Note that the
linearly fitted lines for PLA/PPEGA 50/50 blend films point
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Figure 6 Changes of spherulite radius as functions of time for PLA/PEGA 50/50 and PLA/PPEGA 50/50 blend films during isothermal crystallization at 7

of (a) 90 °C and (b) 120 °C.

at the time on the x-axis much earlier than for PLA/PEGA
50/50 blend films, which indicates that the induction time of
nucleation for PLA/PPEGA 50/50 blend films is shorter
than for PLA/PEGA 50/50 blend films at the same crystal-
lization temperature.

Figure 7 shows the changes of spherulitic growth rate as
functions of undercooling (T,°-T.) for neat PLA, PLA/
PEGA 50/50 and PLA/PPEGA 50/50 blend films. One can
clearly see that the spherulitic growth rates for PLA/PEGA
50/50 and PLA/PPEGA 50/50 blend films are much higher
than that for neat PLA. When comparing the result for
PLA/PEGA 50/50 blend films with that for PLA/PPEGA
50/50 blend films, a turning point can be seen at the under-
cooling of 80 °C, below which the spherulitic growth rates
for PLA/PEGA 50/50 blend are close to that for PLA/
PPEGA 50/50 blend, while above which the spherulitic
growth rates for PLA/PEGA 50/50 blend are relatively
higher than that for PLA/PPEGA 50/50 blend. Recalling
that PLA/PEGA 50/50 blend is miscible, while PLA/
PPEGA 50/50 blend is immiscible, the above result can be
understood because PEGA component can decrease T, for
PLA component than PPEGA component in the blends
(Figure 2). The result in Figure 7 indicates that although the
T, measurements show that PPEGA component added into
PLA component does not decrease T, of PLA component,
the spherulitic growth rates for PLA component can still be
significantly enhanced by PPEGA component as compared
with neat PLA. This phenomenon looks unreasonable ac-
cording to the previous reports [41-43], in which the liquid-
liquid phase separation can induce nucleation for crystalli-
zation, but cannot enhance the spherulitic growth rates.
Herein, we tentatively propose that for PLA/PPEGA 50/50
blend the densely grafted PEGA chains on the backbone
chain of PPEGA (a comb-like copolymer) might simulta-
neously function together to enhance the chain segmental
mobility of PLA chains through local interfacial interac-
tions, which significantly enhances the formation of chain
folding lamellae for PLA crystals, and thus increase the
spherulitic growth rate.
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Figure 7 Changes of spherulitic growth rate as functions of undercooling
(Tw-T.) for neat PLA, PLA/PEGA 50/50 and PLA/PPEGA 50/50 blend
films. The solid lines represent the curves fitted with the data points on the
basis of the Lauritzen-Hoffman growth theory.

In the above section, it has been shown that PPEGA can
significantly enhance the spherulitic growth rates for PLA
in the blend during isothermal crystallization. On the other
hand, the nucleation effect of PPEGA component needs to
be further evaluated. Figure 8 shows the changes of nuclea-
tion density, N, as functions of undercooling, T,,°-T, for
PLA/PEGA 50/50 and PLA/PPEGA 50/50 blend films. The
nucleation densities can be measured from the obtained
POM micrographs [44]. Surprisingly, a turning point at the
undercooling of 95 °C is also observed, below which the
nucleation densities for PLA/PEGA 50/50 blend are close to
that for PLA/PPEGA 50/50 blend, while above which the
nucleation densities for PLA/PEGA 50/50 blend are higher
than that for PLA/PPEGA 50/50 blend. This result can be
attributed to the difference in miscibility for these two blend
systems. PLA and PPEGA are immiscible in PLA/PPEGA
50/50 blend. Thus, the crystal nuclei might form at the inter-
faces between PPEGA and PLA phases. This nucleation
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Figure 8 Changes of nucleation density (,) as functions of undercooling,

T -T. for PLA/PEGA 50/50 and PLA/PPEGA 50/50 blend films.

is caused by the decrease in surface free energy for the for-
mation of crystal nuclei due to the presence of phase
boundary [34,43,45]. We note that the crystal nuclei form at
the beginning of isothermal crystallization for PLA/PPEGA
50/50 blend, and the number of nuclei keeps about constant
during the whole isothermal crystallization process for each
crystallization temperature. However, the number of nuclei
shows some increases with crystallization time for each
crystallization temperature for PLA/PEGA 50/50 blend,
because PLA and PEGA are miscible in PLA/PEGA 50/50
blend and PLA crystallization can induce phase separation,
which in turn enhances further nucleation [46—48].

3.4 Nucleation and spherulitic growth for PLA/PEGA
80/20 and PLA/PPEGA 80/20 blend films

To further confirm that PPEGA component can indeed en-
hance PLA crystallization kinetics, the nucleation and
spherulitic growth of PLA component for PLA/PEGA 80/20
and PLA/PPEGA 80/20 blend films were observed by using
POM (Figures S8 and S9). Figure 9 shows the changes of
spherulite radius as functions of time for these two blend
films during isothermal crystallization at 7, of 100 and
120 °C, respectively. All the plots show linear relationship
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for the changes of spherulite radius as functions of time,
similar to that for PLA/PEGA 50/50 and PLA/PPEGA
50/50 blend films.

Figure 10 shows the changes of spherulitic growth rate as
functions of undercooling, T,°-T. for PLA/PEGA 80/20
and PLA/PPEGA 80/20 blend films. Comparing with the
results for 50/50 blend films shown in Figure 7, PEGA and
PPEGA components at the composition of 20 wt% can also
enhance the spherulitic growth rates, nevertheless behave
less significantly than at the composition of 50 wt%. The
change of spherulitic growth rate with undercooling
(T°-T.) for PLA/PPEGA 80/20 blend films is relatively
broader than that for PLA/PEGA 80/20 blend films. At
above the undercooling of 80 °C and below the undercool-
ing of 95 °C the spherulitic growth rates for PLA/PEGA
80/20 blend are relatively higher than that for PLA/PPEGA
80/20 blend. At the other undercoolings the difference be-
tween these two blend systems is marginal. Overall, it can
be concluded that although behaving immiscible with PLA
component PPEGA component can indeed enhance the
PLA spherulitic growth rate.

The nucleation densities for PLA/PEGA 80/20 and
PLA/PPEGA 80/20 blend films are further evaluated. Fig-
ure 11 shows the changes of nucleation density (N,) as
functions of undercooling (T,°-T.) for PLA/PEGA 80/20
and PLA/PPEGA 80/20 blend films. The changing trend in
Figure 11 looks different from that in Figure 8. A turning
point at the undercooling of 90 °C is observed, below which
the nucleation densities for PLA/PEGA 80/20 blend are
close to that for PLA/PPEGA 80/20 blend, while above
which the nucleation densities for PLA/PPEGA 80/20 blend
are higher than that for PLA/PEGA 80/20 blend. This result
can be also attributed to the difference in miscibility for
these two blend systems. However, due to the lower PEGA
composition in the blend (20 wt%) phase separation might
not be induced by PLA crystallization. Thus, nucleation
becomes less significant for PLA/PEGA 80/20 blend than
for PLA/PPEGA 80/20 blend [46—48]. Note that the nuclea-
tion density values are relatively higher at 20 wt% than at
50 wt% PPEGA (or PEGA) compositions because of higher
undercooling degree for the former than for the latter.
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Figure 9 Changes of spherulite radius as functions of time for PLA/PEGA 80/20 and PLA/PPEGA 80/20 blend films during isothermal crystallization at 7

of (a) 100 °C and (b) 120 °C.
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Figure 10 Changes of spherulitic growth rate as functions of undercool-
ing (Tn"-T.) for PLA/PEGA 80/20 and PLA/PPEGA 80/20 blend films.
The solid lines represent the curves fitted with the data points on the basis
of the Lauritzen-Hoffman growth theory.
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Figure 11 Changes of nucleation density (,) as functions of undercool-
ing (T,,"-T.) for PLA/PEGA 80/20 and PLA/PPEGA 80/20 blend films.

3.5 Crystallization Kinetics measured by DSC for
PLA/PEGA and PLA/PPEGA blends

To provide further evidences for enhancements in crystalli-
zation kinetics the isothermal crystallization from melts for
neat PLA, PLA/PEGA 80/20, PLA/PEGA 50/50, PLA/
PPEGA 80/20 and PLA/PPEGA 50/50 blend samples was
measured at different temperatures by using DSC. Figure 12
shows the heat flow curves for the above mentioned blend
samples during isothermal crystallization at 7, of 120 °C.
The heat flow curves for the above blend samples during
isothermal crystallization at various temperatures are shown
in Figures S10-S14. Note that these temperatures (above
100 °C) are located in the low undercooling range shown in
Figures 7 and 10. The typical feature that can be immedi-
ately caught from Figure 12 is that the peak times of the
exothermic peaks for PLA/PPEGA blends are shorter than
that for PLA/PEGA blends. This implies that the isothermal

Sci China Chem  May (2016) Vol.59 No.5

crystallization of PLA in the blends can be more enhanced
through addition of PPEGA than PEGA at T, of 120 °C.
The other typical feature is that the isothermal crystalliza-
tion rate of PLA/PPEGA blends (or PLA/PEGA blends)
increases with increasing PPEGA (or PEGA) composition.
The above result indicates that PPEGA (or PEGA) compo-
nent in the blends can indeed enhance the spherulitic growth
rates of PLA because PPEGA (or PEGA) component can
increase the chain segmental mobility of PLA component.

To indicate the crystallization rate as measured by DSC,
the crystallization half-time (1) is defined as the time at
which the extent of crystallization reaches the half-value of
relative crystallinity [45,49,50]. Figure 13 shows the chan-
ges of t;, as functions of undercooling, T,,°-T, for neat
PLA, PLA/PEGA 50/50, PLA/PPEGA 50/50, PLA/PEGA
80/20 and PLA/PPEGA 80/20 blend samples. The results in
Figure 13 indicate that the #,, values for PLA/PPEGA and
PLA/PEGA blends are much lower than that for neat PLA
sample and the 7, values for PLA/PPEGA blends are lower
than that for PLA/PEGA blends at the same undercooling
degrees. The DSC measurements demonstrate that at the
isothermal temperatures above 100 °C, the immiscible
PPEGA component can truly more significantly enhance the
crystallization kinetics of PLA in the blends than the misci-
ble PEGA component.

All the above results show that PPEGA component can
significantly enhance the PLA crystallization rate in PLA/
PPEGA blends through increasing the nucleation density
and spherulitic growth rate. Figure 14 provides a schematic
illustration for the related mechanism. Due to immiscibility,
PPEGA phase domains are dispersed in the PLA matrix as
individual phases as shown in Figure 14(a). However, the
crystal nuclei might be easy to form at the phase boundary
between PPEGA phase domains and PLA matrix (Figure
14(b)) because the surface free energy for crystal nuclei
decreases due to the presence of phase boundary. On the
other hand, PPEGA as a comb-like copolymer has the dens-
ely grafted PEGA chains hung on the PPEGA backbone
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Figure 12 Heat flow curves for PLA/PEGA 80/20, PLA/PEGA 50/50,
PLA/PPEGA 80/20 and PLA/PPEGA 50/50 blend samples during isother-
mal crystallization at T, of 120 °C (color online).
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Figure 14 Schematic for illustration of interface-assisted PLA lamellar
folding in PLA/PPEGA blends. (a) Phase morphology with PPEGA phase
domains dispersed in PLA matrix; (b) enlarged portion showing the phase
boundary between PLA and PPEGA phases; (c) formation of PLA lamella
with assistance of PPEGA chain at interface (color online).

chain (Figure 14(c)) and this type of chain architecture
might make the densely grafted PEGA chains take functions
together at the phase boundary to simultaneously enhance
the PLA chain segmental mobility through the local interfa-
cial interactions. Through this specific function, PPEGA
can accomplish the goal of interface-assisted PLA lamellar
folding and increase the spherulitic growth rate (Figure
14(c)). We emphasize that PPEGA in the blends does not
obviously decrease the glass transition temperature of PLA,
which is an advantage for PLA material applications.
Therefore, the unique PLA/PPEGA blend system in this
study provides an effective way to overcome the disad-
vantages of PLA component, such as the slow crystalliza-
tion rate in film processing and the reduction in heat re-
sistance if blending with some miscible components (with
lower T,) for improving the crystallization rate.

4 Conclusions

The miscible blends of polylactide (PLA) and poly(ethylene
glycol) methyl ether acrylate (PEGA) (PLA/PEGA blends)
and immiscible blends of PLA and poly[poly(ethylene gly-
col) methyl ether acrylate] (PPEGA, comb-like copolymer)
(PLA/PPEGA blends) are comparably investigated focusing

on the miscibility effects on the crystallization kinetics (nu-
cleation and spherulitic growth rates) of PLA in these two
different types of blends. It is quite interesting to find out
that both PEGA and PPEGA components can enhance PLA
spherulitic growth rates, even though PPEGA component is
immiscible with PLA component. An additional advantage
is that the immiscible PPEGA component dispersed in the
PLA matrix can serve as the nucleating agent to enhance the
nucleation density for PLA crystallization. The enhance-
ment effect on the crystallization kinetics by addition of
PPEGA component is thought to function through the local
interfacial interactions between the densely grafted PEGA
chains in PPEGA and PLA chains, even though the whole
blend system behaves as an immiscible one. The enhanced
nucleation density, increased spherulitic growth rate and
remained glass transition temperature for PLA component
in this type of immiscible blends promise some potential
applications for preparing PLA or other polymer materials
with highly performed mechanical properties such as the
high heat resistance and high tensile modulus.
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