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Abstract—Poly(lactic acid) (PLA)/poly(ethylene octene) grafted with glycidyl methacrylate (POE-g-GMA denoted as
GPOE) blends were prepared via simple melt compounding method at GPOE loadings from 5 to 20 wt%. GPOE can
significantly affect the physical properties of PLA. Compared to neat PLA, the elongation at break and impact strength
of the blends were significantly improved. Scanning electron micrograph analysis revealed large numbers of cavities in
the fracture surface of the blends, and the size of the cavities increased along with the increase of GPOE content in the
PLA/GPOE blends. Furthermore, the overall crystallization rates were faster in the PLA/GPOE blends than that in neat
PLA. However, the crystallization mechanism and crystal structure of these blends remained unchanged despite the
presence of GPOE. The addition of GPOE decreased the degree of crystallinity of PLA. The toughened PLA could be
of great use and importance for wider practical applications.
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INTRODUCTION

Poly(lactic acid) (PLA) is a thermoplastic aliphatic polyester which
can be produced from annually renewable resources. It has a num-
ber of excellent properties including biodegradability, biocompati-
bility, good mechanical properties and processability. PLA has been
widely used in biomedical materials and general plastics [1-4]. Never-
theless, the brittleness of PLA has limited its widespread applica-
tions. The toughening of PLA has been studied for a long time,
and many different approaches have been used to improve its tough-
ness [5-14]. For example, PLA is blended with other more flexible
and biodegradable polymers such as PCL, PBS, poly(3-hydroxybu-
tyrate) (PHB) and poly(butylene adipate-co-terephthalate) (PBAT)
[15-18]. However, these materials prepared by simple blending still
suffer from poor impact resistance due to the phase separation
and poor interfacial adhesion between the two immiscible compo-
nents.

Poly(ethylene octene) (POE) is a kind of flexible polymer which
can be obtained through copolymerization of octene and ethylene.
Compared with conventional polyolefin elastomers, such as eth-
ylene-propylene-diene (EPDM) rubber, ethylenepropylene rubber
(EPR) and polystyrene-b-poly(ethylene-ran-butylene)-b-polysty-
rene (SEBS), POE exhibits the advantage of thermoplastic process-
ability [19,20]. Glycidyl methacrylate (GMA) grafted polymers are
often used as reactive compatibilizer in polyester blends [21-24]. It
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is usually believed that epoxy groups can react with carboxyl or
hydroxyl groups of polyester. The end hydroxyl and/or carboxyl
groups of PLA can react with epoxy groups via nucleophilic sub-
stitution under appropriate conditions. Therefore, it is expected that
GMA grafted poly(ethylene octene) (GPOE) will have a significant
toughening effect on PLA.

In this study; PLA was blended with GPOE. The miscibility; theo-
logical behavior, mechanical properties, and crystallization behav-
ior of the PLA/GPOE blends were investigated. This work aims at
assessing the miscibility, phase morphology; toughening mecha-
nisms and the crystallization behavior of the PLA/GPOE blends.

EXPERIMENTAL

1. Materials

PLA (4032D) was obtained from Natureworks™ in pellet form
with a weight-average molecular weight (M,) of 207,000, polydis-
persity of 1.73. The GMA grafted POE (GPOE, grafted ratio is 2.5
wt%, chemical structure as shown in Scheme 1) contained 25% by
weight of octene was kindly supplied by Ketong Plastic Co., Ltd.
(Shenyang, China).
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Scheme 1. Structure of GPOE.
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2. Blends Preparation

PLA was dried at 80 °C for 8 h and GPOE was dried at 50 °C
for 5h in a vacuum oven, respectively. PLA/GPOE blends were
prepared by melt compounding with a Haake Rheomix 600 (Karl-
sruhe, Germany) at a rotating speed of 60 rpm at 185 °C for 5 min.
The mixing compositions of the PLA/GPOE blends were 95/5, 90/
10, 85/15, 80/20 w/w. Also, the neat PLA was subjected to the same
mixing treatment to create the same thermal history as that of the
blends. After mixing, all of the compounds were cut into small pieces.
Then, all of samples were compression-molded into sheets with
thicknesses of 1.0 mm and width of 4.0 mm at 185 °C for various
tests. The hydraulic press was set at 120 kg/cm’.

3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared ray (FT-IR) spectroscopy (Nicolet
6700, USA) was used to investigate the intermolecular interaction
between PLA and GPOE. Prior to FTIR measurements, the sam-
ples for the blends were extracted in hot xylene for 20h and in chlo-
roform for another 20 h. Spectra were obtained at 4 cm™ resolution
and averages were obtained from 64 scans in the standard wave
number range from 500 to 4,000 cm ™. All samples were dried under
vacuum at 50 °C for 8 h before testing.

4. Rheological Properties

Rheological measurements of the blends were on a Physica MCR
2000 rheometer (AR 2000ex). Frequency sweep for the neat PLA
and PLA/GPOE samples was under nitrogen using 25-mm plate-
plate geometry. The gap distance between the parallel plates was
0.9 mm for all tests. The sheet samples were about 1.0 mm in thick-
ness. A strain sweep test was initially conducted to determine the
linear viscoelastic region of the materials. The angular frequency
range used during testing was 0.1-100 rad/s. The temperature was
plotted at 185 °C.

5. Mechanical Properties Test

Uniaxial tensile tests were carried out on dumbbell shaped speci-
mens (WxHxL=4x1x20 mm”), which were punched out from the
compression-molded sheets. The measurements were performed
using a tensile-testing machine (Instron-1121, Canton, MA) accord-
ing to ASTM D638-2008 at a crosshead speed of 20 mm/min. All
tests were carried out at room temperature and 50% relative humid-
ity At least five specimens were tested for each sample to get an
average value.

Notched Izod impact tests were performed at 23+2 °C accord-
ing to ASTM D256-2010 on an impact testing machine (CEAST,
Chengde, China). The samples with dimensions 63.5x12.7x4.0
mm’ were obtained from compression-molded specimens. The notch
was milled in having a depth of 2.54 mm, an angle of 45°, and a
notch radius of 0.25 mm.

6. Morphology of Blends

The morphology of the neat PLA and PLA/GPOE blends was
characterized with a scanning electron microscope (model Japan
JXA-840 ESEMEFE). A layer of gold was sputter-coated uniformly
over all the fractured surfaces before SEM observations.

7. Thermal Properties

Crystallization behavior of the composites was studied by dif-
ferential scanning calorimetry (DSC) (TA Instruments DSC Q20
USA) with the specimens sliced from blown blend samples. The
heating and cooling rates were 10 °C/min with nitrogen purge, and

the sample weights were between 5 and 8 mg. The samples were
heated first from —50 up to 190 °C at 10 °C/min and held at 190°C
for 3 min to eliminate their previous thermal history, then cooled
at the same rate and finally heated again. As GPOE is amorphous,
only the contribution of the PLA was considered. The degree of
crystallinity of the samples was evaluated from the heat evolved
during crystallization by the following relationship:

AH
x,=——L—x100% M

where X, is the degree of crystallinity of the samples, AH; is the heat
of fusion of the PLA in the blend, AH is the heat of fusion for 100%
crystalline PLA (93]/g) [25] and wyy, is the weight fraction of PLA
in the blend.

The isothermal melt crystallization of PLA/GPOE blends has
been studied. The samples (about 7.0 mg) were heated first from 0
to 190 °C at 50 °C/min, and held at 190 °C for 3 min, then cooled
to the desired crystallization temperature at 45 °C/min and held
until the isothermal crystallization was complete. The crystallization
temperatures chose in this work were 100, 105 and 110 °C, respec-
tively.

8. Crystalline Morphology

The crystallite morphology of PLA/GPOE samples was observed
with a Leica DMLP polarized microscope (POM) equipped with a
Linkam TM600 hot stage and a computer-controlled charged-cou-
pled-device camera. A small amount of sample with a thickness of
approximately 0.05 mm was sandwiched between two microscope
cover glasses and then placed on the hot stage. The samples were
heated from room temperature to 190°C at a rate of 30 °C/min,
held there for 5 min to eliminate previous thermal history; and then
quenched to 110 °C at a rate of 30 °C/min for isothermal crystalli-
zation and held for 60 min. The morphology changes were recorded
during the crystallization process.

9. X-ray Analysis

Wide angle X-ray diffraction (WAXD) experiments were per-
formed on a D8 advance X-ray diffractometer (Bruker, Germany)
at room temperature in the range of 5-40° at a scanning rate of 4°/
min. The Cu Ke radiation (1=0.15418 nm) source was operated
at40kV and 200 mA.

Small-angle X-ray scattering (SAXS) experiments of undeformed
specimens were performed at RT using a NanoSTAR-U (Bruker
AXS Inc.) with Cu Ko radiation (wavelength, 4=0.154 nm). The
generator was operated at 40kV and 650 [LA. Two-dimensional
SAXS patterns were obtained with a HI-STAR detector. The sam-
ple-to-detector distance was Lg,=1074 mm. The effective scatter-
ing vector q (q=(477) sing, where 26 is the scattering angle) at
this distance ranged from 0.044 to 2.0 nm™". The X-ray exposure
time was 60 min. Before testing, the samples were prepared by using
a hot press at 190 °C and a hold time of 5 min, followed by anneal-
ing at 110°C for 1 h.

RESULTS AND DISCUSSION
1. Reaction Mechanism
In Fig. 1, the FTIR spectra of neat PLA, neat GPOE, and the 80/
20 PLA/GPOE blend are illustrated to elucidate the structural changes
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Fig. 1. FTIR spectra of neat PLA, neat GPOE and PLA/GPOE blend.

induced by the reaction between carboxylic acid and epoxy during
the melt-processing. Prior to FTIR test, the 80/20 PLA/GPOE blend
was extracted in xylene and chloroform to remove the unreacted
GPOE and PLA, respectively. For the 80/20 PLA/GPOE blend, it
shows that the absorption at 3,504 cm ™ belongs to the end carbox-
ylic group of PLA disappeared, which confirmed the chemical reac-
tion between the end carboxylic acid group of PLA and the epoxide
group of GPOE. The strong absorption at 1,757 cm™" was attributed
to the stretch vibration of ester carbonyl group of the PLA back-
bone, while the vibration of ester carbonyl of GMA in GPOE was
located at 1,730 cm™. With increasing GPOE content in the blends,
the intensity of absorption peak at 1,757 cm™ increased and the
absorption peak of ester carbonyl for GPOE disappeared. Com-
pared with neat GPOE, the intensity of the epoxy characteristic
peak at 711 cm™" decreased. Tt suggested that most of the GPOE
was reacted with PLA [26].

2. Rheological Properties

Rheological behavior played an important role in polymer pro-
cessing. As it is known, polymer material processing especially re-
quires a relative high melt strength. Dynamic rheological experi-
ments were carried out for the PLA/GPOE blends over the whole
composition range. As shown in Fig. 2(a), the dynamic storage
modulus G’ of PLA/GPOE blends increased with increasing angu-
lar frequency and also increased with increasing GPOE content in
the blends. At low frequencies, compared with neat PLA the G’ of
the 80/20 PLA/GPOE blend increased by about an order of mag-
nitude. The higher absolute values of dynamic modulus indicated
the formation of interaction and entangled structures of molecu-
lar chains between PLA and polyolefin elastomer [27-30].

Fig. 2(b) shows the relationship between complex viscosity 77*
and angular frequency of the PLA/GPOE blends at 185 °C. With
increasing the angular frequency; all composites showed shear-thin-
ning behavior, which was mainly ascribed to the disentanglement
of molecular chain between PLA and GPOE at high shearing rate.
At low frequencies, the addition of GPOE resulted in a gradual
increase in the viscosity of the blends. The 77* of the PLA/GPOE
blends was much higher than that of the neat PLA due to the inter-
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Fig. 2. Frequency dependence of (a) storage modulus (G'), (b) com-
plex viscosity (77*), and (c) the phase angle (J) for neat PLA
and PLA/GPOE blends.

action between PLA and GPOE. The entanglements of molecular
chains took place between PLA and polyolefin elastomer. The melt
viscosity of the PLA/GPOE blends increased with increasing GPOE
content because more GPOE obstacles existed and more PLA chains
had been anchored at low shear rates. This significant enhancement
in the melt viscosity of PLA/GPOE blends led to an enhancement
in melt strength, which was favorable for the processing of blown
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Table 1. Mechanical properties of PLA/GPOE blends

PLA/GPOE (w/w)  Young’s modulus (MPa)

Tensile strength (MPa)

Elongation at break (%)  Notched impact strength (kJ/m?)

100/0 1377+164 53.5+1.1
95/5 1211+124 439+14
90/10 1129+143 40.1+1.8
85/15 844+172 33.8+1.9
80/20 556117 22.1£1.0

4.5+0.8 3.5+0.7
17.9+1.3 17.1+2.2
90.6+17.2 41.8+34
157.2+13.4 60.3+2.5
264.3x16.1 69.9+1.3

blends. At high frequencies, the 77* of the PLA/GPOE blends was
decreased due to the disentanglement of molecular chains between
PLA and GPOE.

In Fig. 2(c), the phase angle, ¢, is plotted versus the absolute value
of the complex modulus |G| for the neat PLA and PLA/GPOE
blends. This plot is known as van Gurp-Palmen plot, which can
be used to detect the rheological percolation of the filled polymeric
composites [31-33]. The low-frequency o of the neat PLA was close
to 90°, which is an indication of a flow behavior presented by the
viscoelastic fluid. However, the low-frequency & decreased to 80°
with increasing GPOE content to 20 wt%, indicating an enhanced
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Fig. 3. Mechanical test: (a) Tensile behavior of neat PLA and PLA/

GPOE blends, (b) notched impact strength of neat PLA and
PLA/GPOE blends.

elastic behavior. Thus, the enhanced elastic behavior would be a
benefit for blend blowing during the practical production process.
3. Mechanical Properties Test

The tensile properties and impact strength of neat PLA and PLA/
GPOE blends are given in Table 1. The addition of GPOE changed
the tensile behavior of the PLA significantly, as shown in Fig. 3(a).
The tensile strength and the elongation at break of neat PLA were
53.5 MPa and 4.5%, respectively. The neat PLA showed brittle frac-
ture upon tensile load. In contrast, all of the PLA/GPOE blends
showed clear stress-strain curve yielding behavior. After yielding
occurred, the strain developed continuously while the stress remained
almost constant. The samples finally broke with a high elongation
compared with that of neat PLA. It was very interesting to find that
the 80/20 PLA/GPOE blend had a very high elongation at break
of 264.3%, while the tensile strength remained as high as 22.1 MPa.

Measuring Young’s modulus was the common method of deter-
mining the stiffness [34]. From Table 1, the neat PLA blend exhib-
ited a modulus value of 1,377 MPa. The addition of GPOE decreased
the modulus of PLA/GPOE blends. When the content of GPOE in-
creased from 5% to 20%, the modulus decreased from 1,211 MPa
to 556 MPa. This indicated that GPOE could improve the flexibil-
ity of PLA/GPOE blends.

Note that the impact strength of the blends was strengthened in
Fig. 3(b). The neat PLA was so brittle it only had impact strength
of 3.5kJ/m’. In contrast, the PLA/GPOE blends revealed a sub-
stantial increase in impact strength values as their GPOE content
increased. For example, with increasing GPOE content from 5 to
20 wt%, the impact strength values of PLA/GPOE specimens were
increased from 17.1 to 69.9 kJ/m” The brittle-ductile transition of
the blends was obtained when the GPOE content varied from 5 to
10%.

These results suggested that the relatively poor impact strengths
of the PLA could be significantly improved after melt blending
with GPOE. Thus the physical entanglement increased by the incor-
poration of GPOE was conducive to enhancing the intermolecular
force of the blends. For the PLA/GPOE blends, the great improve-
ment of tensile strain at break and impact strengths might be ascribed
to the intrinsic high flexibility of GPOE and the increased misci-
bility of two components due to the reaction between carboxyl of
PLA and epoxy of GPOE. PLA was compatible with GPOE, which
typically improved the impact strength by absorbing the energy of
the impact through deformation of the elastomer. It could be used
to improve the impact strength of the blends.

Surprisingly, the elastomer in the PLA/GPOE blends was found
to yield a highly desired combination of high elongation at break,
high impact strength and low Young’s modulus required for most
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market applications. For example, PLA could be used for manu-
facturing blown film. The PLA films for packaging applications
were commonly made through a blown film process. In most appli-
cations, packaging films are required to possess high strength. The
PLA/GPOE blends showed excellent flexibility and mechanical
properties. GPOE will have a significant toughening effect on PLA
films, which may be of great use and importance for the widely
practical application of the PLA/GPOE blends.
4. Morphology of Blends

To further investigate the toughening mechanism of the PLA/
GPOE blends, the morphology of different necking regions of the
tensile specimen was cryofractured longitudinally to verify the inter-
facial adhesion effect on the micromechanical deformation pro-
cesses. Neat PLA had almost the same smooth fracture surface in
different regions without visible plastic deformation in the stress
direction. However, the PLA/GPOE blends showed different behav-
iors under tensile testing. The different deformation stages of the
80/20 blend during stretching are presented in Fig. 4(a). The GPOE
particles act as stress concentrators because they have an elastic
property that differs from the PLA matrix. The consequent stress
concentration leads to the development of a triaxial stress in the
GPOE particles. The fractured morphology of the region that of
the specimen where did not experience the tensile stress is shown
in Fig. 4(b), many cavities can be seen on the fractured surface.
Once the voids are formed, the hydrostatic stress state caused by
stress concentration is released with the stress state in the ligaments
of PLA between the voids being converted from a triaxial to more
biaxial or uniaxial tensile stress state. With the continuous growth
of voids, weak shear bands form in the matrix between the GPOE
particles. At this stage, these cavities are enlarged along the stress
direction, as shown in Fig. 4(c). With the continuous plastic growth
of voids, PLA matrix between the GPOE particles deforms more
easily and therefore shear yielding is achieved. The oriented cavi-

Fig. 4. (a) Schematic diagram of the measurement locations B, C,
and D of the SEM micrographs of the PLA/GPOE blend (80/
20) during the tensile testing; (b) morphology in region B;
(c) morphology in region C; and (d) morphology in region
D. The arrow indicates the stretching direction (10-pm scale
bar).
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Fig. 5. SEM micrographs of the impact fracture surface of neat PLA
and PLA/GPOE blends: (a) 100/0; (b) 95/5, (c) 90/10, (d) 85/
15 and (e) 80/20.

ties in the stress direction along with the deformation of the matrix
are shown in Fig. 4(d). The plastic deformation, occurring via de-
bonding process, is an important energy-dissipation process and
leads to a toughened polymer blend. To conclude, the compatibility
between the dispersed GPOE phase and PLA matrix in the blend-
ing process is necessary for toughness.

SEM micrographs of the impact fracture surface of neat PLA
and PLA/GPOE blends are given in Fig. 5. The fracture surface of
neat PLA and 90/10 PLA/GPOE blend (Fig. 5(a)-(b)) shows a brit-
tle fracture surface, indicating that the fractures are brittle during
the impacting test. This is in good agreement with their lower elon-
gation at break. When the GPOE content was 10%, as shown in
Fig. 5(c), the surface began to become rough, more cavities could
be seen obviously, and large area plastic deformation was observed,
which suggested that the impact specimen broke yieldingly. Some
cavitations and a clear matrix deformation can be clearly identi-
fied for the PLA/GPOE blends. These cavities are formed when
the volumetric strain energy released by forming voids is greater
than the surface energy needs to form a new surface. The energy
needs to stretch the surrounding rubber to make space for the voids
[35]. There are no clear gaps between the particles and the PLA
matrix, suggesting some kind of interaction between PLA and GPOE.
Especially, when the GPOE content reached 15 and 20%, the impact
caused not only the cavities and matrix deformation but also some
root-like whiskers. The 85/15 and 80/20 PLA/GPOE blends dis-
play significantly ductile fracture on which a rumpled surface can
be seen (Fig. 5(d)-(e)). The rumples lie parallel to the notch of highly
drawn material. The occurrence of rumples can be ascribed to the
considerable impacting ahead of the crack tip before unstable frac-
ture sets in. The extensive deformation ahead of the crack tip gives
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Fig. 6. DSC thermograms for PLA/GPOE blends with compositions
from 100/0 to 80/20 in the second heating run.

Table 2. Crystallization properties of pure PLA and PLA/GPOE

blends
Second heating run
PLA/GPOE

(wiw) T. AH. T, AH X

O o (g (O 0Ug ()
100/0 61.92 1135 3279 1708 41.89 45.04
95/5 61.89 — — 169.9 3520 39.84
90/10 61.86 — — 169.8 3241 3872
85/15 61.59 — — 169.7 3006 38.02
80/20 61.44 — — 169.6 2838 36.14

AH{ of PLA is 93 J/g

rise to these structures. In particular, extensive plastic deformation
in the PLA matrix can be clearly observed, which implies that shear
yielding took place in the PLA matrix. This is a typical feature of a
ductile fracture [27,36]. The SEM results of the impact fractures of
the blends are in good agreement with the mechanical analysis.
5. Thermal Properties

The DSC heating thermograms shown in Fig. 6 exhibit two main
transitions successively: a glass transition and a melting endotherm.
The measured values of the phase transition parameters are sum-
marized in Table 2.

Compared with neat PLA, the glass transition temperatures of

PLA
Scheme 2. Interaction mechanism diagram of PLA and GPOE.
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Fig. 7. (a) Variation of relative crystallinity with crystallization time
for neat PLA and various blends at 110 °C and (b) the related
Avrami plots.

the PLA/GPOE blends decreased slightly with increasing GPOE
content in the blends. This indicated that the reaction between the
two polymers had produced compatibilization effect and the PLA
amorphous region was affected by GPOE. As shown in Scheme 2,
after reactive compatibilization between PLA and GPOE, on one
hand, with the addition of GPOE, the chains of entangled struc-
tures would decrease the space between polymer chains. Accord-

reactive

~ GPOE
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ingly; the chain mobility of the polymer segments would be restricted
during heating trace, so the glass transition temperature decreased.
On the other hand, the chains of entangled structures resulted in
more defective crystals; therefore, the T,, would shift to lower tem-
peratures. In addition, the reaction point worked as a physical cross-
linking point, entangled structures in amorphous area impeded
the transportation of macromolecular chains between polymer
chains, restricting the crystalline ability of PLA and forming more
amorphous phase.
6. Isothermal Melt Crystallization

It is of great interest to investigate the addition of GPOE on the
crystallization of PLA/GPOE blends. As introduced earlier, the over-
all isothermal crystallization kinetics of neat PLA and PLA/GPOE
blends was studied by DSC from 100 to 110 °C. Fig. 7(a) shows the
plots of relative crystallinity against crystallization time at 110 °C.
The time-dependent relative degree of crystallinity X; is calculated
according to the following equation:

¢+ dH,

| dt
xh @
Io _dt—dt

where dH_/dt is the heat flow at time t.

In Fig. 7(a), all these curves have a similar sigmoid shape. The
corresponding crystallization time for the PLA/GPOE blends was
shorter than that of neat PLA, indicating a nucleation effect of GPOE
as reported previously [25]. For example, it took the neat PLA sam-
ple almost 3.11 min to complete crystallization at 110 °C; however, for
the PLA/GPOES5, PLA/GPOE10, PLA/GPOE15 and PLA/GPOE20
blends, the time required to finish crystallization was only around
0.88, 0.82, 0.79 and 0.77 min, respectively. It is clear that the addi-
tion of GPOE greatly enhanced the isothermal melt crystallization
of PLA/GPOE blends.

The Avrami equation is frequently used to analyze the isother-
mal crystallization kinetics of polymers, according to which the
relative degree of crystallinity X, dependent crystallization time t
can be expressed as [37,38],

X=1—exp(-Kt") 3)

where X, is the relative degree of crystallinity; n is the Avrami expo-
nent which depends on the nature of nucleation and growth geome-
try of crystallization, and K is the overall rate constant associated
with both nucleation and growth contributions. The linear from
Eq. (3) can be expressed as follows:

log[-In(1-X)]=logK+nlogt 4)

The Avrami exponent n and the kinetic rate constant K can be
obtained from the slopes and the intercepts, respectively.

In the case of the DSC experiment, X, at t was defined as the
ratio of the area under the exothermic curve between the onset crys-
tallization time and t to the whole area under the exothermic curve
from the onset crystallization time to the end crystallization time.
Fig. 7(b) shows the Avrami plots of neat PLA and PLA/GPOE blends
crystallized at 110 °C as an example, from which the Avrami parame-
ters n and K could be obtained from the slopes and the intercepts,
respectively. The obtained Avrami parameters of neat PLA and PLA/
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Table 3. Crystallization kinetic parameters for pure PLA and PLA/
GPOE blends based on the Avrami equation

PLA/GPOE (w/w) T.(°C) n K(min™) ty5 (min)

100/0 100 2.51 0.03 3.39
105 2.19 0.05 3.32

110 2.31 0.05 3.11

95/5 100 2.64 0.53 1.32
105 2.88 0.68 1.01

110 2.76 0.98 0.88

90/10 100 2.94 0.56 1.08
105 2.56 0.72 0.98

110 2.77 1.19 0.82

85/15 100 2.66 0.67 1.01
105 2.71 0.77 0.96

110 2.92 1.37 0.79

80/20 100 2.64 0.84 0.94
105 2.85 0.85 0.93

110 2.98 1.50 0.77

GPOE blends are summarized in Table 1 for comparison, from which
it can be seen that the average values of n were around 2.33 for neat
PLA and 2.77 for its blends at the investigated Ts. The almost unal-
tered n values suggested that crystallization mechanism of PLA in
the PLA/GPOE blends might not change. The values of K are also
listed in Table 3.

The crystallization half-time (t,5), the time required to achieve
50% of the final crystallinity of the samples, was introduced for com-
paring the overall crystallization rates. The value of t,5 was calcu-
lated by the following equation:

tos= (ln?z)”" €)

The crystallization rate can thus be easily described by the recip-
rocal of t,s. Fig. 8 panels a and b illustrate the variations of t,5 and
1/tys with T, for neat PLA and PLA/GPOE blends, respectively,
from which the effects of T.. As shown in Fig. 8, the values of t;5
decreased while the values of 1/t,5 increased with increasing T, for
both neat PLA and its blends. Such variations indicate that the over-
all isothermal crystallization rate increased with increasing T.. In
addition, the values of t,5 for PLA/GPOE blends were lower than
those of neat PLA at a given T, indicating again that the crystalli-
zation process of PLA/GPOE blends was accelerated after incor-
poration of GPOE, which should be due to the heterogeneous nu-
cleation agent effect of in situ formed crystals [39]. The DSC results
reported herein are consistent with the spherulitic morphology
and growth studies in the following section. Note that the 1/t,5 value
increased with increasing GPOE content and exhibited the maxi-
mum value in the PLA/GPOE20 blend, suggesting that the GPOE
loading had a significant effect of accelerating the crystallization of
PLA/GPOE blends. Therefore, it was necessary to discuss the effect
of the presence of GPOE and their loadings on the crystallization
behavior of PLA/GPOE blends. The overall crystallization process
of polymers generally involved both nucleation and growth. The
crystals formed in the blends played two different or competing
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Fig. 8. Temperature dependences of (a) t,; and (b) 1/t,5 for neat PLA
and various blends at various Ts.

roles in affecting the crystallization process of PLA/GPOE blends.
On the one hand, GPOE served as nucleating agent accelerate the
isothermal crystallization of PLA/GPOE blends as discussed ear-
lier. On the other hand, during crystallization process, the poly-
mer chains had to overcome certain energy barriers to diffuse and
attach onto the growing front of a crystal. The presence of GPOE
might act as a physical cross-linking point to restrict the movement
of chain segments and hinder the crystal growth process by impos-
ing constraints on the surrounding polymer chains, especially when
they have good interactions with polymer chains. The crystallization
of PLA/GPOE blends was enhanced with increasing the GPOE
loading because the nucleation effect induced by the GPOE pre-
dominated.
7. Crystalline Morphology

Spherulitic morphology of neat PLA and PLA/GPOE blends was
studied with POM. Fig. 9 shows the spherulitic morphology of neat
PLA and PLA/GPOE blends isothermally crystallized at 110 °C for
1 h. From Fig. 9(a), well-developed spherulites grow to about 50 m
in diameter, and the boundaries can be seen clearly for neat PLA

' 4
50 wm

Stjum " ) oAy 50
. F - . - ]

Fig. 9. Spherulitic growth process of neat PLA and PLA/GPOE
blends at a crystallization temperature of 110 °C for 60 min:
(a) 100/0; (b) 95/5; (c) 90/10; (d) 85/15; (e) 80/20.

sample. Fig. 9 panels (b), (c), (d), and (e) illustrate the POM images
of the blends with the GPOE loading from 5 to 20 wt%. The pres-
ence of GPOE in PLA/GPOE blends resulted in the nucleating
density of the spherulites being increased, the size of the spheru-
lites decreased and obscurer spherulites boundaries. However, the
content of GPOE in the blends did not show obvious effect on the
morphology of spherulites. This result was in consistent with the
crystallinity data from DSC (Table 2).
8. X-ray Analysis

Fig. 10(a) shows the WAXD patterns for the neat PLA and PLA/
GPOE blends. It can be seen that the incorporation of GPOE does
not modify the crystal structure of PLA in the blends relative to
the neat PLA. The degree of crystallinity of PLA was calculated as
follows [40,41].

2C (O, 1ia(O)
WC X: :
T 2C (O () +k Co(O)1,(6)

x100% (6)

where W, is the degree of crystallinity, I, ,,(6) and L,(6) are the
relative intensities of the crystalline and amorphous peaks, respec-
tively, and C; (0 and C,(6) are the correction factors of the crys-
talline and amorphous peaks, respectively. On the basis of the X-
ray diffraction intensity theory, K is the total correction factor, the
calibration [K=C,(8)xk, where k; is the relative scattering coeffi-
cient, which is a ratio of calculated diffraction intensity (31, ;) to
total scattering intensity (31; ;) for unit weight of crystalline
polymer, and k=3 I; /2 1; ora (ki<1)]. Here, C;;(6) or C,(6)
can be calculated by the following equation:

Korean J. Chem. Eng.(Vol. 33, No. 3)
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Fig. 10. Crystal X-ray analysis: (a) WAXD patterns of neat PLA and
PLA/GPOE blends isothermally crystallized at 110 °C for
1h, (b) magnification of the WAXD curve of PLA for the
crystalline and amorphous portions, (c) Lorentz-corrected
SAXS curves of neat PLA and PLA/GPOE blends.
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Table 4. X-ray diffraction data of pure PLA

hkl A 010 200 203

260 15.6 15.0 16.5 18.9

1(8) or I (6 10000 200 4506 807

I 9000 181.9 5279 1356
T 0.93 0.93 0.92 0.89

=127+ 12f0+4f;  196.4 199.1 191.8 180.2
LP 106.1 1144 9373 714
C(9) 1 0.91 1.17 1.68
K 0.9

Table 5. X-ray degree of crystallinity for the PLA/GPOE blends from
isothermally crystallized at 110 °C for 1 h

PLA/GPOE 100/0 95/5 90/10 85/15 80/20
W, (%) 48.69 41.17 39.84 38.50 37.73

where f is the atomic scattering factor for one crystallographic struc-
tural repeating unit, f; is the scattering factors of the ith atom, N; is
the number of ith atoms in a repeating unit, 28 is the Bragg angle,
the angle factor (LP)=(1+cos’26)/sin’&os6, the temperature fac-
tor (T)=e """ and 2B=10. f; can be expressed approximately by

d P
. "
f(sind/A)=>a;-e (sin6/2)
=1

C €)
where the values of a, b, and C are given in ref [42]

The total WAXD curve of neat PLA was resolved into crystal-
line and amorphous portions (Fig. 10(b)). From Egs. (6)-(8), the
X-ray diffraction data of the PLA/GPOE blends are shown in Table
4. Ly=C, 11 O], 1(6) or C,(OL(6) is the integrating intensity scat-
tered over a suitable angular interval by the crystalline and the amor-
phous phases, respectively. The total atomic scattering factor was
£ =3fo+4f5+2f5, where k=09, C,(6)=1, and K=kC,(6)=0.9. With
the data of Table 4, Eq. (8) can be reduced to give Eq. (9).

0917530 +1.171,0,+1.68L

W, .= 9
©%0.911;+1.171,30+1.68L,5 +1, ©)

where I, is the intensity of amorphous peak.

The degree of crystallinity (W, ,) for the neat PLA and PLA/GPOE
blends was calculated with the Eq. (9), the values shown in the Table
5, which the crystallinity value in Table 2 exhibited W, ,>X.. The
crystallinity determined from X-ray diffraction (W, ,) was equal to
the sum of the crystalline and interphase contents, while the meas-
urement of fusion enthalpy by calorimetry (X,) yields values which
were equal to the crystalline content. Imperfections of crystals were
not easily distinguished from the amorphous phase. Therefore,
some disagreements among the quantitative results of crystallinity
by different measurement methods were frequently encountered
[43].

As shown in the WAXD pattern, after reactive compatibilization
between PLA and GPOE, the reaction point worked as a physical
cross-linking point, entangled structures in amorphous area impeded
the transportation of macromolecular chains between polymer
chains, restricting the crystalline ability of PLA and forming more
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Table 6. Crystallite dimension of the neat PLA and its blends

PLA/GPOE ACS (A)
(wiw) (010) (200) (203)
100/0 124.8 170.8 1436
95/5 1215 167.7 142.6
90/10 121.1 166.3 1413
85/15 120.8 165.3 139.7
80/20 1204 163.1 1393

amorphous phase, leading to the degree of crystallinity decreased.
The apparent crystal size (ACS) was estimated by Scherrer’s equa-
tion [44]:

KA
Biuicos Oy

ﬂ:(BZ— b2)1/2 (1 1)

where K, the Scherrer constant, takes a value of 0.9, A is the wave-
length of the X-ray (1.5418 A) and @ s the Bragg angle. B is the
half width in radians of the diffraction angle of the (010), (200)
and (203), and b is the instrumental constant (0.1°). The calculated
values of ACS are listed in Table 6. It is seen that the crystallite
dimension of the blends was reduced relative to the neat PLA. This
indicated that the presence of GPOE had strong influence on the
crystallization of matrix PLA.

SAXS was used to investigate the crystal structure and macro-
structure of neat PLA before and after blending with GPOE. Fig.
10(c) shows the Lorentz-corrected SAXS curves of the blends at
various compositions annealed at 110 °C for 1h. The long spac-
ing d,, which was defined as the crystal layer thickness together
with one interlamellar amorphous layer, measured along the lamella
normal and calculated using Bragg Eq. (12) [45]. The crystal layer
thickness d. and the amorphous layer thickness d, can be calcu-
lated using Eqgs. (13) and (14), respectively.

ACS (10)

d, = 2% (12)
Qinax

dc:dacXXc,Z (13)

da:duc_dc (14)

Here q,,,, represents the position of the intensity maximum in a
SAXS pattern, X_ , represents the crystallinity of the samples of SAXS,
which was derived from DSC measurement. The obtained q,,.,
d,, d. and d, values are summarized in Table 7. In Fig. 10(c), neat

Table 7. SAXS values of neat PLA and PLA/GPOE blends

PLA/GPOE X, d. d. d,
(wiw) (nm™) (%) (nm)  (nm)  (nm)
100/0 0055 4504 1146 516 630

95/5 0050 3984 1237 493 744
90/10 0050 3872 1237 479 758
85/15 0050 3802 1237 470 767
80/20 0050 3614 1237 447 790

PLA exhibits a broader scattering peak, which can be observed around
q=0.055nm"". The scattering peaks gradually shifted in position
to lower q values with increasing GPOE content, which indicated
the d,, values increased. In Table 7, the d,, d. and d, values were
114.6, 51.6, and 63.0 nm, respectively, for neat PLA. For the 80/20
PLA/GPOE blend, they became 123.7, 44.7, and 79.0 nm, respec-
tively. It is obvious that all of the values of d,. and d, increased and
the d, values decreased with increasing GPOE content. However,
the increase in d, was large. For example, the increase in d, was
around 16.0 nm after blending 20 wt% GPOE as compared to that
of neat PLA. Such significant increase in d, suggested that amor-
phous GPOE might destroy the crystalline of PLA and reside in
the interlamellar region of PLA spherulites.

CONCLUSIONS

PLA/GPOE blends were prepared successfully via simple melt
compounding at various GPOE loadings. The elongation at break
and impact strength were improved significantly compared with
neat PLA. Scanning electron microscopy observation indicated
that PLA could be significantly toughened by GPOE. The phenom-
enon of GPOE debonding from the PLA matrix, the cavitations
and plastic deformation were able to explain the toughening mech-
anism perfectly. Isothermal melt crystallization kinetics of neat PLA
and its various blends studied with DSC at various crystallization
temperatures and analyzed by the Avrami equation. The overall
crystallization rates were faster in the PLA/GPOE blends than that
in neat PLA; however, the crystallization mechanism remained un-
changed despite the presence of GPOE. The POM results showed
that the number of PLA spherulites was higher in the PLA/GPOE
blends than in the neat PLA; moreover, the size of PLA spheru-
lites was smaller in the PLA/GPOE blends than that in the neat
PLA. The increased nucleation density of PLA spherulites in the
blends indicated that reaction point formed in situ could act as effec-
tive nucleation sites during the crystallization process of the PLA/
GPOE blends. Furthermore, on the basis of the WAXD study, it
could be concluded that the incorporation of GPOE did not mod-
ify the crystal structure of PLA in the blends relative to the neat
PLA. The addition of GPOE decreased the degree of crystallinity
of PLA. In addition, the crystallite dimension and crystal layer thick-
ness of PLA decreased with the addition of GPOE. Consequently,
GPOE could be an effective toughener for PLA.
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