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alance between stiffness and
flexibility by tuning the compatibility of
a poly(lactic acid)/ethylene copolymer

Liang-liang Zhao,a Juan-juan Su,*ab Jian Han,*ab Bin Zhanga and Lu Oua

The brittleness of poly(lacticacid) (PLA) is a major drawback for its wide application. In this study, a super-

flexible PLA material was prepared by reactive blending of PLA with poly(ethylene-glycidyl methacrylate)

(EGMA), and the weight ratio was fixed at 95 : 5. The investigation showed that the PLA/EGMA blend had

limited interfacial compatibility. The strong interfacial interaction and fine dispersion of EGMA particles

were obtained by using initiator DCP, which it had been demonstrated could accelerate the reaction

efficiency between PLA and EGMA. The elongation at break of the PLA/EGMA/DCP blend was

remarkably improved, about 58 folds that of neat PLA. More importantly, its outstanding tensile strength

and transparency were definitely maintained as that of neat PLA. Our work provides an effective method

to largely improve the flexibility of PLA without sacrificing its stiffness and transparency, which is very

important for the wide application of PLA materials.
1. Introduction

With the increasing awareness of environmental concerns and
sustainability, poly(lactic acid) (PLA) has attractedmuch attention
in recent years as an environmentally degradable polymer which
is derived from renewable resources.1–3 Besides, PLA possesses
good mechanical strength, easy processability and excellent
transparency. It has potential applications in biomedical devices,
packaging and the automotive industry.4–6 Currently, PLA has
been thought to be the most promising alternative to traditional
commodity plastics. However, as a major drawback of PLA, the
inherent brittleness (as evidenced by relatively low values of the
tensile strain at break, tensile toughness and impact strength)
caused by the low entanglement density (Ve) and the chain stiff-
ness has limited its various end-user applications.7,8

In recent years, many efforts have been made to improve the
toughness of PLA, and various strategies have been developed.
Rigid particles, such as montmorillonite, multi-walled carbon
nanotubes, etc, were used as toughening agents, while the
toughening efficiency was very limited.9,10 Blending PLA with
exible polymers or rubbers is known as one of themost common
and effective strategy. Degradable and non-degradable polymers,
such as poly(butylene adipate-co-terephthalate) (PBAT),11 poly-
(butylenesuccinate) (PBS),12 poly(3-caprolactone) (PCL),13 EVA,14

castor oil,15 polyurethane (PU),16 and EGMA17–20 etc, have been
used to compound with PLA for improving its impact strength or
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exibility by direct mechanical blending. It is evidently that the
manifested brittleness of these PLA based blends was mainly
ascribed to the incompatibility of the two polymers, leading to
a lack of adhesion between the components and subsequently
resulting in unstable cracking.21,22 As we all know, EGMA is
a reactive elastomer containing epoxide groups, which has high
reactivity toward carboxyl and hydroxyl functional groups of PLA.
Oyama17 prepared a super-tough PLA materials by reactive
blending PLA with poly(ethylene-glycidyl methacrylate) (EGMA).
The elongation at break of PLA/EGMA blend was 40 times higher
than that of neat PLA, and the ratio of PLA/EGMA was 80/20.
However, the tensile modulus and yield strength of 80PLA/
20EGMA blend decreased about 27.2% and 37.8%, respectively.
Liu et al.18,19 fabricated a super toughened PLA ternary blend
containing ethylene/n-butyl acrylate/glycidyl methacrylate (EBA–
GMA) and zinc ionomer of ethylene/methacrylic acid (EMAA–Zn)
by simultaneous interfacial compatibility and dynamic vulcani-
zation. It was found that the zinc ions catalyzed the cross-linking
of epoxy-containing elastomer, meantime, promoted the reactive
compatibility between PLA and elastomer. Super toughened PLA
material was obtained, nevertheless, the tensile strength and
tensile modulus decreased about 40.8% and 35.5%, respectively.
Dong et al.20 reported PLA alloys with the nanometer rubber
domains (<100 nm) by reactive blending PLA with ethylene-co-
acrylic ester-co-glycidyl methacrylate (E-AE-GMA) (80/20, w/w), and
the exibility was signicantly improved, coincidentally, tensile
strength and tensile modulus decreased about 36.2% and 62.6%,
respectively. It is still a challenge to prepare PLA materials with
good balance of toughness and stiffness.

Typically, super-tough behavior could be achieved when the
optimum elastomer content about 20 wt% was added, and that
RSC Adv., 2017, 7, 23065–23072 | 23065

http://crossmark.crossref.org/dialog/?doi=10.1039/c6ra28843j&domain=pdf&date_stamp=2017-04-25
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra28843j
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA007037


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
0:

00
:1

3 
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
means dramatic sacrice of process-ability and stiffness.23,24 It
is generally accepted that, despite cavitation of elastomer
particles does contribute a little to the dissipation of fracture
energy, the cavitated particles can relax the locally triaxial stress
and then initiate crazing and/or matrix shear yielding around
them.25,26 Matrix shear yielding is a more effective energy
dissipation manner, compared to crazing, and the key to ach-
ieve ideal toughening effect is matrix shear yielding.27 There-
fore, reducing the average size of elastomer particles and
promoting the interfacial adhesion are crucial to lower down
the optimum elastomer loading for matrix shear yielding.

In this paper, we aimed to prepare PLA/EGMA blend with
good balance of exibility and stiffness. The weight ratio of PLA/
EGMA was xed at 95/5, and a free radical initiator of dicumyl
peroxide (DCP) was introduced to modulate the interfacial
compatibility of EGMA with PLA matrix.28–30 The effects of DCP
on compatibilization of PLA/EGMA blend and consequently the
microstructure of the dispersed particles were systematically
investigated. This report focuses on the importance of interface
control in the preparation of elastomer toughened PLA blends,
in which ner dispersion morphology and stronger interfacial
adhesion can successfully lower down the optimum elastomer
loading for signicantly improving the exibility, and nally
high-performance PLA/EGMA blend with excellent exibility
was achieved without stiffness sacricing.

2. Experimental section
2.1. Materials

The materials of PLA and EGMA are commercially available.
PLA (4032D, NatureWorks LLC) with high stereo regularity (1.2–
1.6% D-isomer lactide), exhibits a density of 1.25 g cm�3. The
weight-averaged molecular weight (MW) and polydispersity are
207 kDa and 1.74, respectively. EGMA (glycidyl methacrylate),
Lotader® AX8900 was obtained from ARKEMA (Puteaux,
France). It is a terpolymer of ethylene-methyl acrylate
andglycidyl-methacrylate (E-MA–GMA). According to the data-
sheet of the material, methyl acrylate and GMA contents are
24 and 8 wt%, respectively. The dicumyl peroxide (DCP) was
supplied by Chen Guan Co. (Sichuan, China).

2.2. Sample preparation

Blends of PLA/EGMA/DCP (PLA/EGMA was xed at 95/5) with
varying DCP content were prepared using a Haake mixer (XSS-
300, USA) at a temperature of 190 �C and rotor speed of
60 rpm for 8 min. Aer making droplets, the pellets were
compression molded at 190 �C for 5 min under 10 MPa into
standard specimens for mechanical and rheology tests. Before
melt mixing and compression molding, all the materials were
dried in a vacuum oven at 50 �C for at least 12 h. To comparison,
neat PLA was also processed at the same condition.

2.3. Mechanical testing

Tensile testing was performed with a SANS universal tensile
testing machine at a cross-head speed of 5 mm min�1,
according to ISO 527-3 standard. For each sample, the
23066 | RSC Adv., 2017, 7, 23065–23072
measurements were carried out at room temperature (23 �C)
and the results obtained were averaged over at least ve speci-
mens. Before testing, the samples were preconditioned in 50%
relative humidity at room temperature for 48 h. The notched
Izod impact strength of the specimens was measured with a VJ-
40 Izod machine according to ASTM: D256-10. Before
measurement, a 45� V shaped notch was made (depth 2 mm).
The measurement was carried out at room temperature and the
average value reported was derived from at least ve specimens.
2.4. Differential scanning calorimetry (DSC)

The calorimetric analysis was conducted using a Perkin-Elmer
pyris-I DSC in a dry nitrogen atmosphere, calibrated by
indium. For each measurement, around 5 mg sample was
heated from 25 to 200 �C at a heating rate of 10 �C min�1. The
crystallinity of PLA (Xc) was estimated from rst heating cycle
using the following equation:18,19

Xc ¼ DHm � DHc

wfDH0
m

� 100%

where Xc ¼ mass crystallinity, DH0
m ¼ heat of fusion of 100%

crystalline PLA (93.7 J g�1 from the ATHAS databank), DHm ¼
melt enthalpy of PLA, DHc ¼ (cold) crystallisation enthalpy of
PLA, wf ¼ PLA weight fraction in the blend.
2.5. Fourier transform infrared spectroscopy (FT-IR)

The absorption spectra were recorded using a Thermo Nicolet
FTIR spectrometer with a resolution of 4 cm�1 and 32 scans. For
each PLA/EGMA/DCP blend, the test specimens were rstly cut
into lms with �20 mm in thickness by a Leica RM2245
microtome from the center of compression-molded bars. These
lms were extracted with 1, 4-dioxane at 120 �C under stirring
for 10 days to selectively remove free PLA thoroughly, then the
extracted lms were used for the FT-IR test. The absorption
spectra of neat PLA and EGMA as a reference were also
characterized.
2.6. Scanning electron microscope (SEM)

The phase morphology of PLA/EGMA/DCP blend was charac-
terized with an FEI inspect F eld emission scanning electron
microscope at an accelerating voltage of 5.0 kV. Samples for
dispersed phase morphology observation were cryogenically
fractured. Tensile fractured surfaces were also characterized
with SEM. Before SEM characterizations, all the surfaces were
sputter-coated with a gold layer.
2.7. Rheological measurements

The rheological measurements were performed on a controlled
stress rheometer (Malvern Instruments Ltd., UK). Testing
sample disks with a thickness of 1.2 mm and a diameter of 25
mm were prepared by compression molding of the samples at
190 �C for 3 min. The rheological properties of samples were
carried out by small-amplitude oscillatory shear frequency
dependence (strain ¼ 1%) measurements within a frequency
range of 0.03 to 100 rad s�1. All these measurements were
This journal is © The Royal Society of Chemistry 2017
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conducted under a nitrogen atmosphere to minimize oxidative
degradation of the samples.
3. Results and discussion
3.1. Mechanical properties

Whether DCP is benecial for improving the toughness of PLA
could be taken into account. The notched Izod impact strengths
of neat PLA and its blends are presented in Table 1. The impact
strength of 95PLA/5EGMA blend is almost as the same of neat
PLA. However, it is gradually improved with the increasing
content of DCP, indicating that DCP plays a very important role
in promoting the toughening efficiency of EGMA, and thus can
effectively toughen the PLA matrix.

Typical stress–strain curves of pure PLA and its blends are
shown in Fig. 1(a), and the detailed average values of the
mechanical properties of various samples are summarized in
Table 1. As shown in Fig. 1(a), pure PLA shows a typical curve of
brittle fracture with the elongation at break of 5.2%, however,
the tensile strength and modulus is as high as 66 MPa and
2001 MPa, respectively. The elongation at break is slightly
increased to 10% upon incorporation of 5 wt% EGMA. However,
it is very impressed that 160% of the elongation at break is
observed with the incorporation of only 0.05 phr DCP. As the
content of DCP increases up to 0.1 phr, the elongation at break
is further increased to 290%, which is about 58 times higher
than that of pure PLA. Thereaer, the elongation at break rea-
ches a plateau with the continue addition of DCP content. As
distinctly shown in Fig. 1(b), both the tensile strength and
tensile modulus, for not merely PLA/EGMA but also PLA/EGMA/
DCP blends, are almost the same as pure PLA. This is probably
Table 1 Mechanical properties of PLA and its blends

Samples
Elongation at
break (%)

Tensile
(MPa)

PLA 5.34 � 0.97 66 � 4
95PLA/5EGMA 10.5 � 2.86 65 � 2
95PLA/5EGMA/0.05DCP 160 � 13.25 68 � 1
95PLA/5EGMA/0.1DCP 290 � 21.45 67 � 2
95PLA/5EGMA/0.2DCP 270 � 25.24 67 � 1

Fig. 1 Tensile properties for PLA and its blends: (a) typical tensile stress–

This journal is © The Royal Society of Chemistry 2017
due to the lower content of so EGMA elastomer and sample-
preparation method. In our experiment, DCP was rstly mixed
with EGMA and then melting blended with PLA. It is proposed
that DCP was mainly used for accelerating the compatibiliza-
tion reaction, rather than resulting the serious crosslinking or
degradation of PLA matrix. Our speculation had also been
conrmed by the GPC experimental results (results are not
shown here). Finally, PLA/EGMA/DCP blends with excellent
exibility have been successfully fabricated and more impor-
tantly, a good balance in exibility and stiffness has been real-
ized. This is very important for the industrial application of PLA
materials.
3.2. Morphological structure

The dispersed phase morphology of the examined blend
systems was investigated with SEM experiments. Fig. 2 shows
the SEM micrographs of cryogenically fractured morphology of
95PLA/5EGMA and 95PLA/5EGMA/0.1DCP blends. It can be
seen that all the above blends exhibit a phase-separated
morphology with elastomer particles dispersed in PLA matrix.
The image (Fig. 2(a)) presents the binary 95PLA/5EGMA blend,
which displays morphologies with average particle sizes ranging
from 300 nm to 550 nm, and EGMA particles are well immersed
in the PLA matrix. This sub-micro scale of dispersed particle
diameter ascribes from the relatively good interfacial adhesion
between PLA and EGMA. The epoxide groups of EGMA are
supposed to react with carboxyl and hydroxyl functional groups
of PLA. It is interesting to nd that, with the addition of only 0.1
phr DCP, the diameter of the uniformly dispersed EGMA
particles decrease remarkably into a range from 100 nm to
220 nm, and the interface turns obscure (Fig. 2(b)), indicating
strength Tensile
modulus (MPa)

Impact strength
(kJ m�2)

.43 2001.15 � 65.26 3.95 � 0.26

.51 1859.75 � 43.24 4.87 � 0.54

.85 1999.93 � 24.35 5.06 � 0.21

.21 1954.24 � 54.36 5.54 � 0.16

.14 1936.15 � 47.45 5.87 � 0.18

strain curves and (b) bar graph of tensile strength and strain at break.

RSC Adv., 2017, 7, 23065–23072 | 23067
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Fig. 2 SEM micrographs of samples: (a) 95PLA/5EGMA, and (b) 95PLA/5EGMA/0.1DCP.

Fig. 3 FTIR absorption spectras of neat PLA and its blends.
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excellent interfacial adhesion between EGMA and PLA matrix is
obtained by using DCP as the catalyzer.
Table 2 FT-IR absorption peak area of PLA/EGMA and PLA/EGMA/
DCP blend

Samples
APLA–CH3

(2945 cm�1)
AEGMA–AsCH2

(2920 cm�1)
Ratio of
A2945/A2920

PLA/EGMA-2 min 0.993 1.427 0.6958
PLA/EGMA-10 min 1.504 1.141 1.318
PLA/EGMA/0.1DCP-10 min 1.879 0.825 2.278
3.3. Interfacial interaction between EGMA and PLA matrix

The above SEM morphological structure displays well compa-
tibilization effect of DCP upon PLA/EGMA blend. In order to
further explore the compatibilization mechanism, FT-IR was
utilized to analyze the reactive compatibilization between
EGMA and PLA matrix. Fig. 3 shows the absorption spectra of
each component and PLA/EGMA/DCP blends in the range of
3500–2500 cm�1. PLA exhibits absorption peaks at 2995 cm�1

and 2945 cm�1, respectively, which are attributed to the
stretching vibrations of ]C–H groups and CH3 groups. For
EGMA, the absorption peaks of 2930 cm�1 and 2850 cm�1 are
ascribed to the asymmetric stretching and stretching vibrations
of alkyl chain CH2, respectively. FT-IR spectra of the residues,
which are obtained by thoroughly extracting PLA from the
95PLA/5EGMA and 95PLA/5EGMA/0.1DCP blends, are also
manifested in Fig. 3. The solvent (i.e., 1,4-dioxane) can only
selectively dissolve PLA, therefore, the residues is believed to
include only EGMA component. Noticeably, the absorption
peaks of PLA, at 2995 cm�1 and 2945 cm�1, are visible in the
23068 | RSC Adv., 2017, 7, 23065–23072
residues of 95PLA/5EGMA blend by melt blending for 2 or
10 min. This indicates that the in situ formed gra copolymer is
resulted by interfacial reacting of EGMA and PLA. It is also
evidenced in the literature that GMA-functionalized copolymers
could react with hydroxyl and/or carboxyl end groups of poly-
esters under melt processing conditions.12,31 As shown in Fig. 3,
the spectrum of residues of the dioxane-extracted 95PLA/
5EGMA/0.1DCP blend is closely identical to that of residues of
95PLA/5EGMA blend. The extent of the compatibilization
reactions can be approximately described by the amount of
graed PLA per unit of EGMA, as measured by the ratio of
absorption peak area at 2945 cm�1 to that at 2930�1, i.e., APLA/
AEGMA. As shown in Table 2, the ratio of APLA/AEGMA increases
with the increasing melt blending time (reacting time) from 2 to
10 min, and further increases with the addition of 0.1 phr DCP.
The blend of 95PLA/5EGMA/0.1DCP shows much higher value
of APLA/AEGMA, indicating more pronounced interfacial compa-
tibilization effect. DCP decompose to RN radicals, which
abstract hydrogen from both PLA and EGMA to yield free radi-
cals. The mechanism of accelerated reaction between PLA and
EGMA by using DCP is proposed to similar with the work of
Semba et al.32

In order to further investigate the interfacial adhesion
between PLA and EGMA, rheological tests were also carried out.
Shear frequency dependence of the complex viscosity and
storage modulus for neat PLA and its blends are shown in Fig. 4.
Evidently, the complex viscosity is remarkably increased with
the addition of EGMA, and shows a further enhancement with
the increasing content of DCP. In addition, an increase of the
storage modulus with the addition of EGMA and DCP can also
be observed. In polymer blends, the increase of complex
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Complex viscosity (a) and storage modulus (b) of neat PLA and its blend as a function of oscillatory frequency.

Fig. 5 DSC heating curves for the as-compressionmolded samples of
neat PLA and its blends.
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viscosity at low frequencies can be ascribed to a relaxation
process of the minor phase when slightly deformed,33 and it can
be used to evaluate the interfacial tension by using emulsion
models.34–36 The above mentioned increase of complex viscosity
demonstrates again the good interfacial adhesion of PLA/
EGMA, and it has been further enhanced by using DCP as
catalyzer.
3.4. Crystallinity of elastomer toughened PLA

The crystallinity of PLAmatrix was reported to have a signicant
effect on the toughness of elastomer toughened PLA blends.15,33

DSC experiments were conducted to examine the intrinsic
crystallinity of PLA matrix for some typical specimens. Fig. 5
Table 3 First heating endothermic DSC results of PLA

Sample Tcc, peak (�C) Tm, peak (�C)

PLA 108 167
95PLA/5EGMA 96 165
95PLA/5EGMA/0.1DCP 96 165
95PLA/5EGMA/0.2DCP 95 165

This journal is © The Royal Society of Chemistry 2017
presents the rst heating endothermic transition of pure PLA
and its blends, including glass transition, cold-crystallization
and melting transition. The results of this rst heating run
reect the crystalline state present in the molded samples,
which is affected by the thermal and mechanical history
imposed during the molding process. It is shown that the glass-
transition temperature (Tg) of PLA matrix in any blend is iden-
tical to that of pure PLA. To further explore the inuence of DCP
to the Tg of PLA and EGMA, DMA (results are not shown here)
experiment had also been conducted. The results are coordi-
nated to that of DSC, namely, DCP has almost no inuence to
the Tg of PLA and EGMA. The cold-crystallization temperature of
PLA matrix for PLA/EGMA and PLA/EGMA/DCP blends is
decreased about 10 �C in comparison to pure PLA, which is
primarily due to the nucleating effect of EGMA particles. While
the incorporation of EGMA, locally activated chain mobility at
interface results in an accelerating effect of PLA crystallization.37

The cold crystallization and melting enthalpies as well as the
calculated crystallinity of neat PLA and its blends are summa-
rized in Table 3. It is evidently that the crystallinity of PLA is
identical for the blends with EGMA or with the further addition
of DCP.
3.5. Toughening mechanism

To explore the mechanism for signicantly increased exibility
generated by the addition of DCP, the tensile fracture surface of
pure PLA and its blends were characterized by SEM experi-
ments. As shown in Fig. 6(a0) and (b0), the extremely smooth
tensile fracture surface, representing for pure PLA and 95PLA/
5EGMA blend, respectively, displays a typical brittle fracture
through unstable crazing. However, it clearly demonstrates in
DHcc (J g
�1 PLA) DHm (J g�1 PLA) Xc (%)

27.3 33.6 7.4
28.7 35.8 8.0
28.0 34.6 7.4
28.7 36.7 8.9

RSC Adv., 2017, 7, 23065–23072 | 23069
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Fig. 6 SEM micrographs of the tensile fracture surface for neat PLA ((a) and (a0)), 95PLA/5EGMA ((b) and (b0)) and 95PLA/5EGMA/0.1DCP ((c)
and (c0)).
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Fig. 6(c0) that extensive plastic deformation occurs during
stretching for the blend of 95PLA/5EGMA/0.1DCP, and
numerous microvoids on the tensile fracture surface are
observed in the meantime. It is generally accepted that, despite
cavitation of elastomer particles dose contribute to the dissi-
pation of fracture energy, the cavitated particles can relax the
locally triaxial stress and then initiate crazing and/or matrix
shear yielding around them. Matrix shear yielding is more
effective energy dissipation fashion, compared to crazing. This
indicates that 95PLA/5EGMA/0.1DCP blend undergo ductile
fracture through a matrix shear yielding mechanism, which is
the typical energy absorptionmechanism for elastomer toughed
materials. In many cases,38,39 micro-voiding either by cavitation
or debonding was the essential step to trigger matrix shear
yielding. SEM analysis of the sub-fracture surface, which was
cryo-fractured longitudinally, was further employed to identify
Fig. 7 SEM micrographs of the necked regions (underneath the tensile f

23070 | RSC Adv., 2017, 7, 23065–23072
the micromechanical deformation process of the above blends.
As shown in Fig. 7(a), a large number of black holes due to the
debonding of the EGMA particles are observed for 95PLA/
5EGMA blend. It is proposed that ordinary interfacial adhe-
sion between EMGA and PLA matrix can easily cause the
debonding between PLA matrix and EGMA particles during
stretching, and ultimately result in unstable cracking. For
95PLA/5EGMA/0.1DCP blend, extensive voiding inside the
occluded elastomer particles is observed. This can be under-
stood as the fact that the enhanced interfacial adhesion, which
is ascribed from the reactive compatibilization of DCP, can
prevent the debonding and facilitate the cavitation of EGMA
particles during stretching. The cavitation of EGMA particles
can trigger the matrix shear yielding deformation, which results
in extensive energy dissipation and signicant improvement of
exibility.
racture) after stretching: (a) 95PLA/5EGMA, (b) 95PLA/5EGMA/0.1DCP.
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Fig. 8 Schematic representations showing the toughening mecha-
nism difference.
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From the above analysis, the dramatically improved exi-
bility of PLA/EGMA blends by using DCP can be mainly ascribed
to the combination of the following two facts: (1) stronger
interfacial adhesion between PLA and EGMA obtained by reac-
tive interfacial compatiblization; (2) signicantly decreased
diameter of the EGMA particles which could be uniformly
dispersed in the PLA matrix. As shown in Fig. 8, sufficient
interfacial adhesion is needed to prevent the cracks initiated at
the interface from growing to disaster failure and facilitate load
transfer between PLA and EGMA, thus inducing cavitation of
EGMA particles and matrix shear yielding deformation, which
can trigger extensive energy dissipation and superior exibility.
3.6. Optical properties

The optical transparence of heterogeneous polymeric materials
has attracted much attention, especially for the use of package
materials. Fig. 9(a) shows the quantitative ultraviolet-visible
light (UV-vis) transmittance spectra of the neat PLA and its
blends. Neat PLA exhibits a very high transmittance of �80%
above a wavelength of 450 nm. It is clearly shown that 95PLA/
5EGMA blend exhibits a slightly decreased transmittance over
Fig. 9 Optical properties of neat PLA and its blends: (a) UV-vis transmit

This journal is © The Royal Society of Chemistry 2017
the entire spectrum region, compared with the pure PLA. As
shown in Fig. 9(b), for the light with a wavelength of 550 nm,
transmittance of neat PLA and 95PLA/5EGMA blend is 83% and
75%, respectively, indicating the high clearance of the prepared
95PLA/5EGMA blend. This is most probably associated with the
fact that low content of EGMA particles yielded less light scat-
tering cross-section, namely, producing a small number of
optical interfaces in the blends which can cause signicant loss
of transmitted light, resulting in slight lower transmittance.
However, there is an evident increase of transmittance of PLA/
EGMA/DCP blend over the entire wavelength region,
compared with that of PLA/EGMA blend. Besides, the trans-
mittance of PLA/EGMA/DCP blend is improved with the
increasing content of DCP, and 95PLA/5EGMA/0.2DCP blend
exhibits the similar transmittance as about 82% as that of pure
PLA, for the light with a wavelength of 550 nm (Fig. 9(b)).
According to the Rayleigh Scattering Law, both the relative size
of the dispersed phase to the wavelength and the difference in
the refractive index of the two phases have an effect on the
scattering loss in a heterogeneous system.20,40 Hence, the size of
the dispersed phase is a crucial factor in reducing the scattering
loss when the refractive indexes of the two components are
different. From above SEM analysis, the average diameter of
EGMA particles is in the sub micro scale for the PLA/EGMA and
PLA/EGMA/DCP blends, and the relative size of EGMA particles
in PLA/EGMA/DCP blend is much smaller than that of PLA/
EGMA blend. This is associated with good optical trans-
parence of PLA/EGMA blend and the much better optical
transparence of PLA/EGMA/DCP blend. For semi-crystalline
polymers, the crystallinity is another critical factor would
inuence the transparency, and in our work, the extremely low
crystallinity maybe another favorable factor for the good
transparency. PLA/EGMA/DCP blend, which has good balance
of exibility and stiffness, might be widely used in daily life,
especially as packagingmaterials when the clearance property is
needed.
4. Conclusions

PLA materials with excellent comprehensive mechanical
performance are successfully prepared by introducing a small
content of initiator DCP into the PLA/EGMA blend. The
tance spectra, (b) transmittance at a wavelength of 550 nm.
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elongation at break of PLA/EGMA/DCP blends is about 58 times
higher than that of pure PLA without sacricing its stiffness.
The highly improved toughness could be mainly ascribed to the
reactive compatibilization of DCP, resulting in strong interfacial
interaction of PLA/EGMA and good dispersion of EGMA parti-
cles in PLA matrix. These could effectively induce the cavitation
of EGMA particles during stretching and trigger the shear
yielding deformation of PLA matrix, leading to extensive energy
dissipation and superior tensile toughness.
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