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of poly(ethylene octene) grafted
with glycidyl methacrylate on the performance of
poly(lactic acid)

Xianzeng Wang,ab Jianguo Mi,c Jie Wang,d Hongfu Zhou *ab

and Xiangdong Wang*ab

Poly(ethylene octene) grafted with glycidyl methacrylate (POE-g-GMA) was employed to improve the

rheological and thermal properties, toughness, and foaming behaviors of poly(lactic acid) (PLA) through

a chain extension effect. The dynamic rheological properties of PLA were improved significantly with

increasing content of POE-g-GMA, due to the chain extension reaction between PLA and POE-g-GMA. As

the content of POE-g-GMA increased, the cold crystallization temperature of PLA decreased by more than

10 �C and the crystallinity of PLA increased slightly from 1.2% to 4.7%, respectively. The impact strength of

PLA with a POE-g-GMA content of 10 wt% increased by more than 4 times, compared with that of pure

PLA. A sea-island structure could be observed in the PLA/POE-g-GMA blends and the distribution of POE-

g-GMA was uniform. PLA foams with various POE-g-GMA contents were prepared in a stainless-steel

autoclave using supercritical CO2 as a physical blowing agent. The cellular morphology of PLA foam was

obviously improved when the concentration of POE-g-GMA increased from 5 wt% to 10 wt%.
1. Introduction

Poly(lactic acid) (PLA) as a kind of typical biodegradable ther-
moplastic aliphatic polyester has generated the interest of
researchers worldwide due to its good biodegradability,
biocompatibility, high mechanical strength, excellent process-
ability, etc.1–4 These excellent properties have broadened the
application of PLA in a wide range of areas, such as the auto-
mobile industry, the biomedical eld, agriculture and thermal
insulation.5–7

However, three inherent drawbacks restrict the vast usage of
PLA as a commodity thermoplastic. Firstly, the crystallinity and
crystallization rate of PLA were very low, due to its poor chem-
ical regularity.1,8–10 Secondly, the melt strength and viscoelas-
ticity of PLA were poor.11,12 Thirdly, the poor toughness and
impact resistance of PLA were weak.13 For example, in the PLA
foaming process, the former two problems were particularly
signicant, which would cause dissolved gas in PLA to escape
rapidly and cells to combine, resulting in low cell density and
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bad cellular morphology as well as a narrow foaming processing
window.

Because of its good biodegradability and biocompatibility,
high toughness, low density, absorbing skills,14–16 PLA foams as
a kind of fast emerging lightweight materials had been widely
used in the applications of packaging and buffer materials,
insulation and noise reduction materials, medical instruments,
auto parts and other elds.17,18

Recent years, a variety of modied methods had been
proposed to improve the melt strength, crystallization behav-
iors and foamability of PLA, such as chain extension,19–21 lling
with nanollers,22–24 cross-linking,25,26 and blending with other
polymers.27–30 Nano-lling modication method had limited
improvement on the performance of PLA, because the lled
nanoparticles were easily agglomerated and could not disperse
in PLA matrix. For the cross-linking modication method, the
gel generated in the cross-linking reaction could not degrade in
the nature environment and not be processed again due to its
unmelted property. The problem of interfacial compatibility
existed usually in the blending modication method. Among
the four modication methods, the chain extension modica-
tionmethod was a worthy and effective approach to improve the
properties of PLA, because it could increase the molecular
weight, broaden the distribution of molecular weight and adjust
the molecular chain architecture.

In our research, PLA/poly(ethylene octene) graed with gly-
cidyl methacrylate (POE-g-GMA) blending foams with various
POE-g-GMA content were prepared via melt compounding and
batch foaming method. POE-g-GMA has good toughness and
This journal is © The Royal Society of Chemistry 2018
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Scheme 1 The chemical structure of POE-g-GMA.
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processing ability, as well as its chemical structure was shown
in Scheme 1. The epoxy groups of POE-g-GMA could react with
carboxyl or hydroxyl groups of PLA.31,32 Therefore, it was ex-
pected that the crystallization behaviors, toughness, rheological
properties and foaming performance of PLA could be improved
by the addition of POE-g-GMA, simultaneously.
2. Experimental
2.1. Materials

PLA (4032D) used in this research was obtained from Nature
Works, USA. It had high optical purity with about 98% L-lactide
content and the density of 1.24 g cm�3, respectively. POE-g-GMA
was purchased from Fine-blend Compatibilizer Jiangsu Co.
Ltd., China. It had themelt ow rate of 2.0–2.5 g/10 min (190 �C,
2.16 kg), the density of 0.88 g cm�3, and the graed ratio of 0.8–
1.2 wt%.
2.2. Preparation of various PLA samples

Before melt blending, PLA and POE-g-GMA pellets were dried in
vacuum at 80 �C for 4 h to remove water. PLA and POE-g-GMA
with different blending ratios were mixed in a Haake internal
mixer at 190 �C, with a mixing time of 10 min and mixing speed
of 60 radmin�1, according to the formula shown in Table 1. The
corresponding sample names were denoted as pure PLA, PLA/
POE-g-GMA 5, PLA/POE-g-GMA 10, PLA/POE-g-GMA 15, and
PLA/POE-g-GMA 20, respectively. Subsequently, the resultant
PLA samples were compressed into a sheet with a thickness of
about 1 mm by compression molding at 190 �C and 10 MPa for
10 min, and then cooled to room temperature to obtain PLA
sheet samples for further characterization and foaming process.
2.3. Foaming process of various PLA samples

In order to investigate the foaming behaviors of various PLA
samples (pure PLA and PLA/POE-g-GMA blends), various PLA
foams (pure PLA foam and PLA/POE-g-GMA blending foams)
Table 1 Experimental formula

Sample name PLA (wt%) POE-g-GMA (wt%)

Pure PLA 100 0
PLA/POE-g-GMA 5 95 5
PLA/POE-g-GMA 10 90 10
PLA/POE-g-GMA 15 85 15
PLA/POE-g-GMA 20 80 20

This journal is © The Royal Society of Chemistry 2018
were prepared by batch foaming method using supercritical
CO2 as a physical blowing agent under the same conditions. In
detail, the resultant unfoamed PLA sheet samples were
immersed in a stainless steel autoclave at the temperature of
170 �C and the pressure of 20 MPa for 2 h to ensure various PLA
samples were fully saturated with CO2. Finally, the temperature
was cooled to 120 �C and then the pressure of the stainless steel
autoclave dropped by the release of CO2 from 20MPa to 0.1 MPa
in about 6 s, providing a driving force for cell nucleation and
growth to obtain the foaming samples.
2.4. Characterizations

2.4.1. Fourier transformation infrared spectroscopy (FTIR).
Infrared spectra of various PLA samples were obtained using an
FTIR (Nicolet IZ10) in transmission mode. Each spectrum was
obtained within the range of 3800–480 cm�1 with a wavelength
resolution of 4 cm�1.

2.4.2. Differential scanning calorimetry (DSC). DSC
(Q1000, TA) was used to investigate the crystallization and
melting behaviors of various PLA samples. The samples were
quickly heated to 190 �C under a nitrogen atmosphere and held
for 5 min to remove the previous thermal history. Then, the
samples were cooled to 40 �C and then heated to 190 �C at
a cooling/heating rate of 10 �C min�1 to record the crystalliza-
tion and melting behaviors. The crystallinity (cC) of PLA in
various PLA samples was calculated by the following eqn (1):

cCðPLAÞ ¼
DHmðPLAÞ � DHccðPLAÞ
DH

�
mðPLAÞ � wðPLAÞ

� 100% (1)

where DHm(PLA) is the melting enthalpy of PLA, DHcc(PLA) is the
cold crystallization enthalpy of PLA, and DH

�
mðPLAÞ is the melting

enthalpy of 100% crystalline PLA that is 93 J g�1,33 w(PLA) is the
weight fraction of PLA in various PLA samples.

2.4.3. Polarized optical microscope (POM). Crystal
morphology of various PLA samples was observed by POM (BX-
51, Olympus, Japan). Various PLA samples were heated from
room temperature to 200 �C at a rate of 30 �C min�1, kept for
5 min to eliminate thermal history and then quenched to 120 �C
and maintained for 20 min to observe the changes of crystal
morphology.

2.4.4. Scanning Electron Microscope (SEM). The fracture
surface morphology of various PLA samples and their foams
was investigated by a SEM (FEI, Quanta FEG) at an acceleration
voltage of 5 kV. Before observations, the surfaces of the samples
were sputter coated with Au to prevent build-up of electrostatic
charge during observations.
RSC Adv., 2018, 8, 34418–34427 | 34419
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2.4.5. Rheological properties. The dynamic rheological
properties of various PLA samples were recorded using a rota-
tional rheometer (ARES Rheometer, TA, USA) with a parallel
plate (20 mm in diameter with a gap of 1.0 mm) at 190 �C. The
angular frequency was adjusted from 0.1 to 100 rad s�1, and the
maximum strain was xed at 5%, in order to conrm that these
conditions were within the linear viscoelastic region under
nitrogen. The complex viscosity (h*), storage modulus (G0), and
loss factor (tan d) were measured at various frequencies.

2.4.6. Mechanical properties. The unnotched charpy
impact test was utilized in accordance with the test standard
ISO 180:2000. Prior to testing, the samples were dried in
a vacuum oven at 60 �C for 4 h and kept in a desiccator to
prevent further re-picking up water. Five samples were tested for
each kind of sample and results were given as averages with
standard deviations.

2.4.7. Foaming properties. The volume expansion ratio
(VER) of various PLA foams was calculated by the eqn (2):

F ¼ rf

rp
(2)

whereF is the VER of the foaming samples, rf and rp are the bulk
densities of the pre-foam and post-foam samples in g cm�3,
respectively, which were measured by a density balance.

Cell density was analyzed by using soware image tool and
calculated by the eqn (3):34

N0 ¼
�
nM2

A

�3
2

F (3)

where N0 is the cell density of foaming samples (cells per cm3), n
is the number of cells in the SEM micrograph, M is the
magnication factor, and A is the area of the micrograph (cm2).
Fig. 1 FTIR spectra of pure PLA, POE-g-GMA and PLA/POE-g-GMA 20

34420 | RSC Adv., 2018, 8, 34418–34427
3. Results and discussion
3.1. FTIR analysis

The FTIR spectra of pure PLA, POE-g-GMA and PLA/POE-g-GMA
20 blend were shown in Fig. 1, which were employed to eluci-
date the molecular structural changes induced by the reaction
between the carboxyl and hydroxyl groups at the end of PLA and
the epoxy group of POE-g-GMA during the blending process. It
could be seen that several characteristic peaks or bands of POE-
g-GMA could be observed, which were the plane bending band
of C–H stretching vibration in epoxy ring at 2918 cm�1, the
symmetric stretching peaks of epoxy ring at 1463 cm�1, the
characteristic stretching peak of epoxy ring at 720 cm�1,
respectively.35 An absorption band at 1750 cm�1 referent to the
carbonyl of the ester group in PLA could be found in the FTIR
spectrum of PLA.36 Compared with POE-g-GMA, the plane
bending band of C–H stretching vibration in epoxy ring at
2922 cm�1 was weaken, the epoxy characteristic peak at
720 cm�1 disappeared, indicating the occurrence of chain
extension reaction between PLA and POE-g-GMA.37

3.2. Rheological properties

Shear rheological behaviors of polymer were closely related to
its molecular chain length, topology and blending ratio with
other polymers.38 The chain extension reaction between PLA
and POE-g-GMA would induce the changes on the rheological
properties of the PLA. Fig. 2a–c illustrated the h*, G0 and tan d of
various PLA samples as a function of angular frequency at
190 �C, respectively.

The relationship between the h* of various PLA samples and
angular frequency was shown in Fig. 2a. Because of the shear
thinning behavior, the h* of all the PLA samples decreased
blend.

This journal is © The Royal Society of Chemistry 2018
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slightly as angular frequency increased. With the content of POE-
g-GMA increasing, the h* of PLA/POE-g-GMA blends enhanced
signicantly, which should be assigned to the reaction between
the epoxy group on the POE-g-GMA and the terminal carboxyl
group or hydroxyl group of the PLA, forming a new gra copol-
ymer. The formation of branching structure and the growth of
molecular chain in PLA would cause the end relaxation time and
h* to increase remarkably. Higher h* could be expected to
prevent cell rupture better during cell growth stage.

The G0 of polymer melt could reect its melt elasticity, which
was one of the important indicators to measure the foamability
of polymer.39 The higher the G0, the better the melt elasticity and
melt strength of polymer, the better the foamability was. It
could be seen apparently from Fig. 2b that the G0 of PLA/POE-g-
GMA blends were higher than that of pure PLA in the low
frequency region, indicating that PLA/POE-g-GMA blends had
a longer relaxation time compared with pure PLA. This was due
to the chain extension reaction between PLA and POE-g-GMA.
The improved G0 of PLA/POE-g-GMA blends could be antici-
pated to provide better foamability during foaming process.
Fig. 2 Dynamic shear rheological properties of various PLA samples: (a)

This journal is © The Royal Society of Chemistry 2018
Similar trendy in h* and G0 was observed in PLA/PTEF blending
system in previous literature.40

Fig. 2c depicted the tan d curves of various PLA samples. The
tan d was usually dened as the ratio of loss modulus/G0, which
was also known as a ratio of viscous to elastic contribution at
a given angular frequency.41 It could be observed from Fig. 2c
that the big peak of mechanical loss appeared at the u around 1
and 0.1 rad s�1 in the tan d curve of pure PLA. The tan d of PLA/
POE-g-GMA blends decreased gradually as the u increased,
implying their mechanical loss peaks at the low u, at least below
0.1 rad s�1. The lower the u at the mechanical loss peak, the
relaxation time the longer was.42 Aer the addition of POE-g-
GMA, the tan d of PLA/POE-g-GMA blends were lower than that
of pure PLA, indicating that the elastic response became fast,
the viscous dissipation decreased gradually and thus the
foamability was heightened.43 This could be attributed to the
fact that the number of entanglements between PLA molecular
chains was enhanced by the formation of branching structures,
which acted as physical network points to increase the melt
elasticity of PLA/POE-g-GMA blends.
h*, (b) G0, (c) tan d.

RSC Adv., 2018, 8, 34418–34427 | 34421
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3.3. Crystallization and melting behaviors

Generally, the crystallization temperature (Tc) and melt
temperature (Tm) would provide signicant information on the
choice of foaming temperature and solubilizing temperatures.44

The changes in crystallization behavior would have a great
inuence on the viscosity and foamability of PLA during
foaming process.45 The formed crystalline region would affect
the passway of dissolved gas, melt strength of polymer, as well
as the cell nucleation and growth.46 Therefore, it was important
to measure the thermal properties of PLA using DSC equipment
for its foaming process.

Fig. 3 presented the DSC curves of various PLA samples at the
cooling (a) and heating (b) rates of 10 �C min�1. The corre-
sponding thermal parameters were summarized in Table 2. As
shown in Fig. 3a, no apparent crystallization peak was found in
the cooling curve of various PLA samples, which was ascribed to
two aspects. One was that there was not enough time for the
crystallization of PLA molecular chains to be completed during
the cooling process.47,48 The other was that the chemical regu-
larity of PLA was not well, due to the presence of asymmetric
carbon atom in the PLA molecular chains.9

It could be seen from Fig. 3b and Table 2, with the content of
POE-g-GMA increasing from 0 wt% to 20 wt%, the glass tran-
sition temperature (Tg) of PLA decreased very slightly, indi-
cating that the introduction of POE-g-GMA improved the
movement ability of PLA chain segment. Aer the addition of
POE-g-GMA, an interesting phenomenon could be observed that
Fig. 3 DSC curves of various PLA samples at cooling (a) and heating (b)

Table 2 Thermal properties of various PLA samples

Sample name Tg (�C) Tcc (�C) Tm

Pure PLA 59.7 107.6 168
PLA/POE-g-GMA 5 59.6 95.6 167
PLA/POE-g-GMA 10 59.6 97.5 167
PLA/POE-g-GMA 15 59.5 96.9 167
PLA/POE-g-GMA 20 59.5 96.7 167

34422 | RSC Adv., 2018, 8, 34418–34427
the cold crystallization temperature (Tcc) of PLA/POE-g-GMA
blends decreased remarkably, which may be because the added
POE-g-GMA would promote the migration of PLA molecular
chains and the cold crystallization could be occurred at lower
temperature. Compared with that of pure PLA, the Tm of PLA/
POE-g-GMA blends decreased slightly, implying that the perfect
degree of PLA spherulite was affected by the chain extension
reaction between PLA and POE-g-GMA. The branching structure
of new gra copolymer and the growth of molecular chain in
PLA would hinder the movement of chain segments of PLA into
lattice. As summarized in Table 2, with the content of POE-g-
GMA increasing, the cc of PLA increased slightly and gradually,
which should be attributed to the branching points serving as
the crystallization nucleation points.49
3.4. POM observation

In order to further investigate the crystallization behaviors of
various PLA samples, POM was used to observe the relations
between crystal morphology and POE-g-GMA content. Fig. 4
represented POM images of various PLA samples isothermally
crystallized for 20 min at 120 �C. In Fig. 4a, a typical spherulitic
morphology with Maltese cross could be observed for pure
PLA.50,51 Small number of spherulites with large size and clear
interfaces between crystalline region and amorphous region
were found in the POM image of PLA, which was a typical
homogeneous nucleation.52 Aer the chain extension reaction
between PLA and POE-g-GMA, the number of spherulites
rate of 10 �C min�1.

(�C) DHcc (J g
�1) DHm (J g�1) cC (%)

.3 28.9 30.0 1.2

.2 26.2 29.5 3.7

.1 22.9 26.8 4.6

.1 22.3 25.8 4.6

.0 21.1 24.6 4.7

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07510g


Fig. 4 POM images of various PLA samples isothermally crystallized for 20 min at 120 �C: (a) Pure PLA, (b) PLA/POE-g-GMA 5, (c) PLA/POE-g-
GMA 10, (d) PLA/POE-g-GMA 15, (e) PLA/POE-g-GMA 20.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/7
/2

02
5 

4:
18

:3
9 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increased signicantly and the spherulite size decreased. This
was mainly because the branching points could act as the
heterogeneous nucleation sites for the crystallization of PLA to
promote the number of spherulites signicantly.53 Meanwhile,
the generation of branching structure would impede the
movement of molecular chains to the crystal lattice, leading to
the spherulite size decreasing. It could be also found that the
changes on the area of crystalline region were consistent with
the cc in DSC test results.
3.5. Dispersion phase morphology

The dispersion morphology of polymer blends has an intimate
connection with the foaming parameters, which is generally
affected by the interfacial adhesion and blending ratio.54 SEM
was used to observe the morphology of the cryo-fracture surface
of various PLA samples, as displayed in Fig. 5. All the SEM
images with the scale bar of 10 mm were taken at the same
magnication 10 000�. In Fig. 5a, pure PLA exhibited typical
fracture morphology similar as amorphous polymer and no
obvious plastic deformation, revealing that pure PLA fractured
in a fragile manner.55 With the introduction of POE-g-GMA into
PLA matrix, sea-island structure appeared in the PLA/POE-g-
GMA blends and the interface between PLA and POE-g-GMA
became distinct gradually. The interfaces between PLA and
POE-g-GMA may be expected to play the role of heterogeneous
nucleation sites in the subsequent foaming process.54

The distribution of spherical POE-g-GMA dispersion phase
in PLA/POE-g-GMA blends was uniform, indicating that the
compatibility of PLA and POE-g-GMA was good due to their
chain extension reaction. The size of POE-g-GMA dispersion
This journal is © The Royal Society of Chemistry 2018
phase in PLA/POE-g-GMA blends increased gradually with the
content of POE-g-GMA from 0 wt% to 10 wt%, and then keep
unchanged with the content of POE-g-GMA from 10 wt% to
20 wt%. When the concentration of POE-g-GMA reach 20 wt%,
the average size of POE-g-GMA dispersion phase approached
about 1.5 mm. In addition, the number of POE-g-GMA disper-
sion phase enhanced signicantly with the concentration of
POE-g-GMA.
3.6. Impact strength

Fig. 6 showed the impact strength of various PLA samples. The
impact strength data was collected to investigate the effect of
the POE-g-GMA content on the toughness of PLA. The impact
strength of the PLA/POE-g-GMA blends increased remarkably as
the content of POE-g-GMA increased from 0 wt% to 10 wt%.
When the content of POE-g-GMA was 10 wt%, the impact
strength reached the highest value of 81.9 kJ m�2. This was
because the dispersion phase could be deformed to release the
local stress and terminate the crazing diffusion of PLA.56 Espe-
cially, the formation of chemical linkage between PLA phase
and POE-g-GMA phase through the chain extension reaction
could bear and transfer the stress during the impacting process.
Another reason may be that the surface tension and interface
energy were alleviated and the interfacial adhesion between PLA
and POE-g-GMA was strengthened.57 However, when the content
of POE-g-GMA further increased to 10 wt% and 20 wt%, the
impact strength of the PLA/POE-g-GMA blends showed
a declined tendency. This may be attributed to the increase in
the number of defect points in the PLA/POE-g-GMA blends.58
RSC Adv., 2018, 8, 34418–34427 | 34423
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Fig. 5 SEM images for the cryo-fracture surface of various PLA samples: (a) Pure PLA, (b) PLA/POE-g-GMA 5, (c) PLA/POE-g-GMA 10, (d) PLA/
POE-g-GMA 15, (e) PLA/POE-g-GMA 20.
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3.7. Foaming properties

Fig. 7 and 8 displayed the cellular morphology and cell number
frequency distribution of various PLA foams at the foaming
temperature of 120 �C, respectively. The corresponding foaming
parameters of various PLA foams were summarized in Table 3.

As shown in Table 3, the cell size of pure PLA foam was about
27.3 mm, the cell density of pure PLA foam was about 6.6 � 107

cells per cm3, and the VER of pure PLA foam was about 11.3
times. It could be found that a typical irregular and bad cellular
structure appeared in the SEM image of pure PLA foam. This was
mainly because the lowmelt strength and h* of pure PLA induced
Fig. 6 Impact strength of various PLA samples.

34424 | RSC Adv., 2018, 8, 34418–34427
the cell rupture. Aer 5 wt% of POE-g-GMA was added into PLA,
the cell size, cell density and VER of PLA/POE-g-GMA 5 blending
foam increased slightly. The cellular morphology of PLA/POE-g-
GMA 5 blending foam was similar as that of pure PLA foam. This
was due to the low melt strength and h* of PLA/POE-g-GMA 5
blend, despite the addition of 5 wt% POE-g-GMA in PLA.

However, when the content of POE-g-GMA increased from
5 wt% to 10 wt%, an obvious cellular morphology evolution
from irregular to typical pyritohedron could be observed in the
SEM images of PLA/POE-g-GMA 5 blending foam and PLA/POE-
g-GMA 10 blending foam. This suggested that the melt strength
of PLA/POE-g-GMA blend was improved largely for the foaming
process with the POE-g-GMA content of 10 wt%. As displayed in
Table 3, with the content of POE-g-GMA from 5 wt% to 15 wt%,
the cell size, cell density, VER of PLA/POE-g-GMA blending
foams increased, gradually and respectively. This should be
attributed to two aspects. One was that the improvement of melt
strength reected by G0 in the rheological properties could
support the cell growth and reduce the cell coalescence. The
other was that the interfaces between PLA and POE-g-GMA
increased, as shown in Fig. 5, which could serve as the hetero-
geneous cell nucleation points. In order to further conrm the
heterogeneous cell nucleation effect of POE-g-GMA dispersion
phase, Fig. 9 showed the SEM images in high magnication of
the cellular morphology of PLA/POE-g-GMA 20 blending foams.
It could be observed clearly that some small particles of POE-g-
GMA dispersion phased were attached physically on the cell
walls, which were marked with yellow arrows.

According to the classic cell nucleation theory, the cell
nucleation contains homogeneous nucleation and heteroge-
neous nucleation.59 Homogeneous nucleation signies that the
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 SEM images of the cellular morphology for various PLA foams with the foaming temperature at 120 �C: (a) pure PLA, (b) PLA/POE-g-GMA
5, (c) PLA/POE-g-GMA 10, (d) PLA/POE-g-GMA 15, (e) PLA/POE-g-GMA 20.
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cell formed in the polymeric matrix phase when a sufficient
number of dissolved gas form clusters for a long enough time to
reach the critical cell radius. The heterogeneous nucleation
represents the critical cell formed on the surface of some
Fig. 8 Cell number frequency distribution of various PLA foams with the
PLA/POE-g-GMA 10, (d) PLA/POE-g-GMA 15, (e) PLA/POE-g-GMA 20.

This journal is © The Royal Society of Chemistry 2018
additives (inorganic llers or second polymer phase) in poly-
meric matrix, and the activation energy of heterogeneous
nucleation ðG*

hetÞ is much lower than that of homogeneous
nucleation ðG*

homÞ.41
foaming temperature at 120 �C: (a) pure PLA, (b) PLA/POE-g-GMA 5, (c)
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Table 3 The cellular morphology data of various PLA foams with the
foaming temperature at 120 �C

Sample name
Cell size
(mm)

Cell density
(cells per cm3) VER

Pure PLA 27.3 6.6 � 107 11.3
PLA/POE-g-GMA 5 28.0 6.9 � 107 11.5
PLA/POE-g-GMA 10 39.2 1.1 � 108 14.9
PLA/POE-g-GMA 15 42.3 1.5 � 108 16.6
PLA/POE-g-GMA 20 38.1 1.1 � 108 11.6
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The Gibbs free energy (activation energy barrier) for homo-
geneous nucleation ðDG*

homÞ is given by the eqn (5):

DG*
hom ¼ 16p

3ðDPÞ2gbp
3 (4)

where gbp is the surface energy of the polymer–bubble interface
and DP is the gas pressure used to diffuse the gas into the
polymer.60

The Gibbs free energy for heterogeneous nucleation ðDG*
hetÞ

is given by

DG*
het ¼

16p

3ðDPÞ2gbp
3f ðqÞ (5)

wheref(q) is the wetting angle of the polymer–particle–gas
interfaces.

Therefore, the style of cell nucleation for pure PLA foam
(Fig. 7a) was homogeneous cell nucleation. In the presence of
second polymer phase, the cells should form on the interfaces
between the two polymer phases, consistent with the hetero-
geneous nucleation mechanism. The style of cell nucleation for
PLA/POE-g-GMA blending foams (Fig. 7b–e) was heterogeneous
cell nucleation.

It could be noted from Table 3 that with the content of POE-
g-GMA increasing from 15 wt% to 20 wt%, the corresponding
foaming parameters (cell size, cell density and VER) of PLA/
POE-g-GMA foams were decreased. This was because the
excessive increment in the h* of PLA/POE-g-GMA 20 blend
restricted the cell nucleation and growth, leading to the small
Fig. 9 SEM images of the cellular morphology for PLA/POE-g-GMA
20 foams with the foaming temperature at 120 �C.

34426 | RSC Adv., 2018, 8, 34418–34427
cell size as well as low cell density and VER. The cell size
distribution of various PLA foams was shown in Fig. 8. It could
be observed clearly that with the content of POE-g-GMA, the cell
size distribution range became wide gradually and then keep
stable. This was mainly because a branching structure was
formed aer chain extension, the melt strength was increased,
and the foamability was enhanced.5
4. Conclusion

In this paper, PLA/POE-g-GMA blending foams were prepared by
the melt blending and batch foamingmethod in the presence of
supercritical CO2. The FTIR results conrmed that the epoxy
groups of POE-g-GMA were reacted with the terminal groups
(carboxyl and hydroxyl) of PLA successfully. An important
phenomenon was observed in rheological properties test
results, the h*, G0 and tan d of PLA/POE-g-GMA blends were
greatly improved by the introduction of POE-g-GMA. The
introduction of POE-g-GMA was helpful to promote the crys-
tallization of PLA, which was veried by DSC and POM results.
The phase morphology revealed that the distribution of POE-g-
GMA in PLA/POE-g-GMA blends was uniform, indicating the
compatibility of PLA phase and POE-g-GMA phase was good due
to their chain extension reaction. Aer the addition of POE-g-
GMA, the impact strength of PLA was improved, which reached
the highest value of 81.9 kJ m�2 with the POE-g-GMA content of
10 wt%. It could be observed that an obvious transition from
bad cellular morphology to ne cell morphology with the
content of POE-g-GMA increasing from 5 wt% to 10 wt%.
Especially, the PLA/POE-g-GMA 15 blending foam had the
largest cell size, cell density and VER.
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