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Abstract: Improving the melt strength of polylactide (PLA) is of continuing strategic research highlight, since this
property affects the foaming processability. Using a novel type chain extender, namely polystyrene/poly(glycidyl
methacrylate) random copolymer, PLA is branched through melt compounding. Comparing to the neat PLA, the new
branched products characterize significantly improved complex viscosity as well as elongational viscosity shown
from rheological experiments. Furthermore, differential scanning calorimetry analysis (DSC) indicates the branched
structure could also hinder cold crystallization. Owing to the improved viscous and elastic properties, the foams of
branched PLA exhibits smaller cell size and higher density, when we use supercritical carbon dioxide (Sc-CO2) as
the physical foaming agent.
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Introduction

Biodegradable polymers are now considered as promising
alternatives to traditional (petro) polymers as they fulfill cur-
rent environmental concerns in terms of environmental pol-
lution, greenhouse gas emissions and the depletion of fossil
resources. Polylactide (PLA) is the typical one derived from
renewable resource (mainly corn and sugar beets),1,2 which
has been used in biomedical applications, including sutures,
tissue engineering scaffolds, and drug delivery devices.3 The
need for biodegradable polymers in the context of designing
materials for the environment is also opening up new mar-
kets of opportunities for PLA. For example, developing PLA
foams could be used to replace polystyrene (PS) foams.4,5

Recently, a large volume of research has been devoted to
produce PLA foam. The authors6-9 concluded that melt strength
is the most important properties to obtain desired foams. The
use of chain extender (CE) has been reported to efficiently increase
the melt strength. Dean et al.10 prepared branched PLA by both
small scale and large scale reactive extrusion with lauroyl
peroxide. Lauroyl peroxide was used as an alkyl free radical
source, abstracting hydrogen atoms from the PLA backbone
leading to branching and chain extension reactions. The modi-
fied PLA shows increased melt strength and decreased crys-
tallinity. Di et al.11 prepared branched PLA using 1,4-butanediol
and 1.4-butane diisocyanate. Foams showed two-fold density
reduction and six-fold cell size deduction compared to plain

PLA. The studies by Pilla et al.12,13 show that low contents of
chain extender (CE) (1-2 wt%) were sufficient for branching the
PLA and enabling its foaming by extrusion and injection-
molding. Various chain extenders have been investigated.14-20

In this paper, we investigated batch foaming of branched
PLA. The branching was done by polystyrene/poly(glycidyl
methacrylate) random copolymer.21 Foams were carried out using
supercritical carbon dioxide (Sc-CO2) as blowing agent.
The aim of this investigation was to establish a relationship
between the foaming behavior, crystallization, and the rheo-
logical behavior of branched PLA. The effect of chain-
extender content on crystallinity and foam morphology and
microstructure are discussed.

Experimental

Materials. A commercially available PLA (grade 2003D)
was purchased from NatureWorks. The novel type of chain
extender (CE), TMP6000, is from Seemore New Material
Technology Co., Ltd, Hangzhou. Carbon dioxide (CO2) was
supplied by Huaxin Gas Company. PLA and CE were both
dried at 70 oC for a minimum of 4 h before processing.

Chain Extension Through Melt Blending. Mixing of CE
with PLA took place in a Haake Rheomix with a rotation
speed of 80 rpm for 5 min at 170 oC. Four CE contents were
studied (i.e., 0.5, 1, 1.5, and 2 wt%) and the resultant materi-
als were respectively denoted as PLA1, PLA2, PLA3, PLA4.
Meanwhile, the neat PLA was also treated by the same ways
without CE, named PLA0. After blending, all the samples
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were molded into specimens by using compression molding
(170 oC, 5 min) to measure their properties and prepare for
foams.

Foam Processing. The foaming procedure was conducted
in a high pressure system using Sc-CO2 as the blowing agent.
The samples were placed in the vessel and saturated at 12 MPa
and 140 oC. After 2 h, the system was cooled to 100 oC and
then reduced the pressure rapidly. The foamed samples was
fixed using ice-water bath.

Characterization. The molecular weight and polydisper-
sity index of the neat and branched PLAs were determined
by gel permeation chromatography (GPC) using a Postnova
1021 solvent delivery pump, Viscotek 270 dual detector,
Viscotek VE 3580 RI detector, and American Polymer Stan-
dards Corporation 10 μm AM Gel GPC columns with linear
polystyrene (PS) standards. THF was used as elution at a
flow rate of 1 mL/min at 25 oC. Differential Scanning Calo-
rimetry (DSC) analysis was carried out on unfoamed and
foamed samples using DSC (Mettler Toledo). The samples
were first heated from 25 to 180 oC at a rate of 5 oC/min,
kept isothermal for 3 min, followed by cooling to 25 oC, and
finally reheated to 180 oC at 5 oC/min. All the experiments were
performed under nitrogen atmosphere. Melt rheology under
dynamical shear was investigated with a Physica MCR302
rheometer (Anton paar). A parallel plate (Ø=25 mm, gap=
1 mm) geometry (PP 25/pr) was selected for the dynamic
frequency sweeps with controlled strain of 5%. This strain
value was first verified to be in the linear viscoelastic region
(LVE) for all evaluated samples. The angular frequencies were
swept from 100 to 0.1 rad s-1 at 170 oC. A counter rotating
cylinders module (SER) was used to determine the elonga-
tional properties of the PLA samples. Rectangular plates (15 mm×
10 mm×1 mm) were clamped on the cylinders and heated at
given temperature before starting the test. The experiments
were then performed at 170 oC with a strain rate of 0.1 s-1. The
cell morphologies of fractured foam specimens were observed
via scanning electron microscopy (SEM) (Hitachi S-4700,
Japan) operated at 15 kV. The specimens were frozen frac-
tured in liquid nitrogen for around 10 min and then all speci-
mens were sputtered with gold. The resulting micrographs
were analyzed by Scion image software to determine the cell
size and the cell density.22

Results and Discussion

Molecular Characterization of the Chain Extender and
the Chain-Extended PLAs. As shown in Figure 1(a), the
chain extender, TMP6000, is a kind of polystyrene/poly(gly-
cidyl methacrylate) random copolymer. The chemical struc-
ture is characterized by 1H NMR and GPC. According to the
data of 1H NMR (Figure S1), it is considered that the chain
extender contains 20.6 wt% multi-functional epoxy group.
Further, its weight averaged molecular weight (Mw) is around
8,200 g/mol, and the polydispersity index is closed to 1.72
from GPC curve (shown in Figure S2). The epoxy groups are
believed to react preferentially with the end groups of PLA
chains to form a branched structure, as shown in Figure 1(b).
The PLA samples derived from reaction blending were first
characterized by GPC. The results are tabulated in Table I. It
is clearly shown that the weight average molecular weights
(Mw) for branched were increased compared to the neat PLA
because of the chain extension. The number average molecular
weight (Mn) of PLA1 was slightly decreased in contrast to
PLA0, which could be attributed to the degradation. For CE
contents from 1.0 to 2.0%, the polydispersity index (PDI),
Mw and Mn come to a steady state. This implies that a thresh-
old of CE content was reached.

Figure 1. (a) Structure of the epoxy-base chain extenders and (b)
reactional mechanism possible between epoxy groups and car-
boxyl or hydroxyl end groups of PLA chains.

Table I. Molar Mass Characteristics of Neat and Branched PLAs

Samples Chain Extender Content (wt%) Mn
a (gmol-1) Mw (gmol-1) PDI

PLA0 0 7.02×104 2.12×105 3.0

PLA1 0.5 6.24×104 3.45×105 5.5

PLA2 1 1.43×105 3.85×105 2.7

PLA3 1.5 1.44×105 3.80×105 2.6

PLA4 2 1.51×105 3.78×105 2.5
aDetermined by GPC calibrated with polystyrene standards, solvent: Tetrahydrofuran (THF).
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Crystallization and Melting Behavior of Unfoamed Sam-
ples. It is important to verify the thermal behavior of the PLA
affects by chain-branching. As can be observed in Figure 2(a),
no exothermic events occurs other than the glass transition in
the cooling scan. This indicates that the samples of neat and
branched PLAs are difficult to crystallize from the molten
state in the nonisothermal quenching process. Similar phe-
nomena have been reported.23 Figure 2(b) shows the second
heating curves of the neat and branched PLAs. It can be seen

that Tg increased slightly in the branched PLAs compared
with the neat PLA. This is due to the enhancement of the
molecular chain entanglement, including the higher molecu-
lar weight and the mobility restriction on branched points.
Owing to the slow crystallization rate of PLA, the exothermic
peaks attributed to cold-crystallizations appear for all five
samples. Furthermore, the cold crystallization temperature
(Tc) increased slightly, while the cold crystallization enthalpy
(ΔHc) of the branched PLAs is lower compared with the neat
PLA. It is caused by  the formation of the branched molecular
structure.24 In addition, with the increase of CE content, Tc

increased gradually, which indicated that with the increase of
CE content, the degree of branching is increased, thereby
introducing remarkable restrictions in chain mobility.25 It is
noticed in Figure 2(b), all samples displayed double melting
peaks, coded as Tm1 and Tm2, respectively. Multiple melting
peaks are a common phenomenon for semicrystalline poly-
mers. It has been reported that the double melting behavior of
PLA is due to melt-reorganization.26 The imperfect crystals
formed in cold crystallization would reorganize into more
orderly crystal structures.27 It also can be seen that with increas-
ing CE content, the magnitude of the low endotherm increases
but that of the high endotherm decreases. This might be asso-
ciated with the fact that CE can hinder crystallization of PLA
as discussed previously. The details were summarized in Table II.

Rheological Properties. Linear viscoelastic properties are
sensitive to the changes of macromolecular structures of poly-
mers. In the last research, either the linear or the branched
PLA is considered to obey the empirical Cox-Merz rule.28 So
dynamic rheological frequency sweeps were used to determine
differences in the structures of the neat and branched PLA
samples. Figure 3(a) shows their complex viscosity as a func-
tion of frequency. It can be seen that PLA0 exhibits typical
Newtonian behavior in the low frequency region and small
shear thinning starts up to 1 Hz that is a characteristic for linear
polymers. However, the branched PLAs have much higher
complex viscosities than the linear PLA. And the Newtonian
zone disappear in the measured frequency range. The high
viscosities for branched PLAs are caused by molecular entangle-
ment with the increase of molecular weights and the strong
shear thinning behavior is typical for crosslinked.29 In addi-
tion to molecular entanglements, strong physical interaction
between ester groups also play a role in rheological behavior

Figure 2. DSC curves of the unfoamed neat and branched PLAs:
(a) cooling and (b) second heating.

Table II. DSC Thermograms of Neat PLA and Branched PLAs

Samples Tg (
oC) Tc (

oC) ΔHc
a (J/g) Tm1 (

oC) Tm2 (
oC) ΔHm

a  (J/g) Xc
b (%)

PLA0 57.35 102.44 27.14 146.02 154.48 -28.25 1.18

PLA1 58.48 104.02 23.68 146.10 152.84 -24.44 1.06

PLA2 58.17 104.77 22.10 146.69 151.76 -22.61 0.54

PLA3 58.13 105.36 22.66 147.09 151.58 -22.68 0.66

PLA4 58.32 106.86 21.63 147.37 151.46 -22.46 0.83
aDetermined from the DSC curve for the second heating. bXc (%)=(ΔHm-ΔHc)/ΔHm0×100, the fusion enthalpy of 100% PLA crystalline (ΔHm0)
was assumed to be 93.7 J/g.
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of crosslinked polyesters.30 That is, the physical bonding
through ester groups may lead to the formation of pseudo-
structures, which would increase with increasing molecular
weight of PLA. Furthermore, the viscosity of PLA first increased
with CE content and then reached equilibrium at a level around
1.0 wt% CE. Because it is more difficult to protect the mate-
rial from humidity in an internal mixer (at atmospheric pressure).
This is possibly an equilibrium value imposed by simultane-
ous chain branching through chain-end reaction and chain
scission through random hydrolysis reaction.

When the imaginary part (η″) of the complex viscosity is
plot against the real part (η′), a Cole-Cole plot is obtained. As
shown in Figure 3(b), only linear PLA gave a symmetric arc
shape. And all branched PLAs displayed significant upturn-
ing at high viscosity. It is a typical characteristic for the long
chain branching polymers, due to their elastic-solid-like fea-
tures caused by side chains.31

It is well-known that the complex viscosity can be separated
into two parts, the storage modulus G' and the loss modulus
G''.31 The elastic part is represented by G', while the viscous
part is described by G''. As shown in Figure 4, the increase

trend of G' and G'' is considered as similar as the complex
viscosity. It is suggested that the branched structures could
better withstand the shear strain as opposed to neat PLA.
Accordingly, it could be attributed to more entanglements and
the previously suggested pseudostructures through forma-
tion of physical networks at high molecular weight. On the
other hand, both G' and G'' declined with the measurement
frequency. And the extent of the G' change is slightly bigger
than that of the G'' change with the frequency. It is known
that the melt elasticity has a direct relationship with the melt
strength which is an indication of the resistance for a melt to
extension.

Since foaming mainly induces melt stretching, it is important
to evaluate the elongational viscosity for the neat and extended
PLAs. Figure 5 presents that the elongational viscosity of
branched PLAs is slightly increased compare to neat PLA,
and neat PLA behaves as a linear polymer exposed to axial
strain. Meanwhile, branched specimens demonstrate certain
strain hardening behavior which is typical characteristic of
highly entangled polymer. This property in the molten state
is reported to be mandatory for melt extensional process such
as film blowing or foaming.32,33 As a result, the obtained rhe-

Figure 3. (a) Complex viscosities as a function of frequency and
(b) Cole-Cole plots of neat and branched PLAs at 170 oC under
5% dynamic strain.

Figure 4. (a) Storage modulus (G′) and (b) loss modulus (G″) of
neat and branched PLAs at 170 oC under 5% dynamic strain.
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ological improvements were expected to have a significant
effect on foaming with supercritical CO2.

Foam Processing. It has been well described that high melt
viscosity at low shear rate/frequency, high shear sensitivity,
and high melt strength are the characteristics of the resins
suitable for foaming.34 The effect of CE on the cell morphology
of PLA foams is illustrated in Figure 6. As expected, neat
PLA foam presented poor cell structure. With the different to
the neat PLA, the foams of the branched PLAs exhibit uni-
form cell distribution, elliptical cell structure, and thin cell
wall. The results of image analysis on these micrographs are
listed in Table II. It can be seen that the cell coalescence and
rupture are observed in the PLA foams. Meanwile, the aver-
age cell size of PLA1 is slightly less than PLA2, PLA3, and
PLA4. This behavior is due to the high viscosity and stronger
strain hardening of PLA2, PLA3, and PLA4 samples. Both
of the two phenomena are due to the differences of the vis-
cosity and the strain hardening of the samples. Accordingly,
the resulted foams of PLA2, PLA3, and PLA4 have higher
foaming grade (higher cell density), which implies that there
exists optimum in foam density control by melt viscosity and
elongational viscosity. Furthermore, the polystyrene segments
in chain extender may accelerate nucleation.

Crystalllization and Melting Behavior of Foamed Sam-
ples. DSC scans on heating of neat and branched PLA foams
are shown in Figure 7. At the time of testing, the CO2 had

Figure 5. Elongational viscosities of neat and branched PLAs
performed at 170 oC under strain rate of 0.1 s-1.

Figure 6. SEM micrographs and cell size distribution of the neat
and branched PLAs. Figure 7. DSC curves of the foamed neat and branched PLAs.

Table III. Average Cell Size, Cell Density for Foamed Neat and
Branched PLAs

Samples Average Cell Size 
(μm)

Average Cell Density 
(107·cm-3)

PLA0 36.9 1.5

PLA1 34.3 2.7

PLA2 27.6 4.2

PLA3 28.1 3.5

PLA4 27.8 3.6
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completely diffused out of the samples. Thus, the DSC mea-
surements were not affected by any CO2 plasticization effect.
It can be seen that two weak relaxation peaks appear at about
63 and 73 oC for branched PLAs, indicating that two glass
transition temperatures occurs. This could be attributed to the
foaming process. The samples were subjected to two thermal
histories, i.e., saturated in CO2 at 12 MPa and 140 oC, foaming
by decompression and quenched in ice-water bath. It is well
known that CO2 saturation and the growth of the nucleated
bubbles generated the local strain field variation, which enhanced
the crystallization process. However, the stress-induced arrange-
ment was more or less incomplete due to the suddenly quench-
ing. Thus, the two peaks occur. Furthermore, all the samples
do not present any cold crystallization upon heating. This could
be attributed to the aforementioned reason.

Conclusions

In present study, PLA was branched successfully using a
novel type of reactive chain-extender (CE), which component
is polystyrene/poly(glycidyl methacrylate) random copolymer.
Based on DSC analysis, it was observed that the addition
of CE increased the cold crystallization temperature, while
decreased the degree of crystallinity of PLA. The branched
PLAs exhibited increased complex viscosity and more pro-
nounced shear thinning behavior, and produced obvious strain
hardening, as indicated by dynamic frequency sweep mea-
surement and elongational rheological measurement. The neat
and branched PLAs foams were produced by batch foaming
with Sc-CO2. The higher complex viscosity and enlongational
viscosity for the branched resins allowed the production of PLA
foams with smaller cell size, higher cell density compared to
plain PLA.
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