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Poly(lactic acid) (PLA)/poly(e-caprolactone) (PCL) blends were prepared via melt blending technique. Glycidyl methacrylate
(GMA) was added as reactive compatibilizer to improve the interfacial adhesion between immiscible phases of PLA and PCL
matrices. Tensile test revealed that optimum in elongation at break of approximately 327% achieved when GMA loading was up to
3wt%. Slight drop in tensile strength and tensile modulus at optimum ratio suggested that the blends were tuned to be deformable.
Flexural studies showed slight drop in flexural strength and modulus when GMA wt% increases as a result of improved flexibility
by finer dispersion of PCL in PLA matrix. Besides, incorporation of GMA in the blends remarkably improved the impact strength.
Highest impact strength was achieved (160% compared to pure PLA/PCL blend) when GMA loading was up to 3 wt%. SEM analysis
revealed improved interfacial adhesion between PLA/PCL blends in the presence of GMA. Finer dispersion and smooth surface
of the specimens were noted as GMA loading increases, indicating that addition of GMA eventually improved the interfacial

compatibility of the nonmiscible blend.

1. Introduction

Over decades, the extreme usage of nonbiodegradable poly-
olefin-based plastics had raised numerous environmental
problems including reproducibility and wastes generation as
well, subsequently causing increased volume of commercial
and industrial dumps in the landfills [1]. Although many solu-
tions have been proposed for management of plastic waste
including recycling, landfill disposal, and waste incineration,
but none of these have made a significant impact towards
the environmental issues caused by the nonbiodegradable
plastics. Recycling of plastics has not been a major choice
because recycled products will not have good quality due to
natural characteristics of plastic. Incineration of plastics will
eventually release toxic gases and vapors which are proven to
be serious health threats [2]. Dumping of plastics in landfill
will be the least chosen due to space limitations. This phe-
nomenon induces the development towards biodegradable

polymers which are produced from fully renewable resources
such as feed stocks and plants. Biodegradable polymers yet
receive high attention due to the major advantage of being
fully-biodegradable into simple organic substances of carbon,
hydrogen and oxygen by interactions with microorganisms
such as bacteria, algae, and fungi, upon disposal on bioactive
environments. Poly(lactic acid) (PLA) is a linear polyester
produced from renewable resources primarily corn starch
and sugar canes [3]. The monomer, lactic acid is a compound
that plays a significant role in several biochemical processes.
It is mainly prepared by the bacterial fermentation of car-
bohydrates. The promising characteristics of PLA are good
mechanical properties, thermal stability, process ability, and
low environment impact by being fully biodegradable [4].
Momentarily, large-scale usage of PLA in industrial appli-
cations was mainly of films and container for packaging,
pharmaceutical as well as medical usage. Increase in demands
of biodegradable plastics in designing materials for green



environment opens up a new market in which PLA promises
high potential in commercial usages. However, the brittleness
characteristics as well as its high glass transition temperature
at around 60°C render it to be hard and stiff at room
temperature. These limit PLA application in various fields [5];
thus there is a need of modifying the stiff backbone chain of
polylactides.

Modification of PLA has been carried out by many
researchers including grafting, polymer blending, and addi-
tion of plasticizer [6]. Chemical and radiation grafting was
more commonly done due to the ease of being carried
out and steps wise process. Hassouna et al. [7] studied a
new way of plasticizing polylactide with anhydride-grafted
PLA (MAG-PLA) copolymer. Addition of the copolymer
significantly lowers the glass transition temperature of the
blends. Besides, molecular weight of PLA does not drop
dramatically by thermal degradation upon addition of MAG-
PLA. In another study by Su et al., glycidyl methacrylate
grafted poly(ethylene-octane) (mPOE) were prepared by
chemical grafting method. PLA matrix was molten mixed
with mPOE with increasing content of mPOE from 10, 15,
and 30 up to 45 wt%, respectively, and it has been claimed
that glass transition peaks of PLA and mPOE approach
closer to each other as mPOE content increased, indicat-
ing enhanced compatibility. Besides, significant improve-
ment was noted on the elongation at break and impact
strength of the blend [8]. Polylactide grafted with maleic
anhydride-functionalized poly(ethylene-octene) copolymer
(TPO-PLA) via free radical reaction was reported success-
fully reducing the interfacial tension between the immiscible
polymers.

PLA is also melt-blended with two or more polyesters
at which an improvement has been reported in mechanical
properties of virgin PLA matrix [3]. However, the polymer
blends often consist of nonmiscible two-phase system, at
which the mechanical and thermal properties of the main
matrix still retained the most within the blend itself, whereas
the extent of modification of the blend solely depends on
the amount of the second component being blended as well
as the extent of compatibilization between the two phases.
Particularly, the second component usually comprises of elas-
tomeric polymers with superb flexibility such as PCL, PBAT,
or PBS in expect to improve the toughness performance
of PLA matrix as being reported in several literatures [9-
11]. An often successful approach to modify or toughen the
brittle polymers is via blending of elastomeric components
at which poly(e-caprolactone) (PCL) is one of the most
promising choices [12]. PCL exhibited low glass transition
temperature, semi crystalline and retained high flexibility at
room temperature. Besides, it is nontoxic therefore suitable
for applications in various fields. PCL is highly elastomeric
and tough but exhibited much lower magnitude of modulus
compared to PLA. In order to be applicable and useful the
material properties must be tuned to fulfill the engineering
met [10]. Blending of PCL in brittle PLA matrix is expected
to improve toughness performance of PLA. Particularly,
blending of PLA/PCL has been reported to improve in
flexibility and ductility of the blends by various authors [2,
10, 13]. However, it was proven by the authors that the two
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biodegradable polymers are immiscible, thus deteriorating
other mechanical properties.

In current investigation, various compositions of poly-
(lactic acid) (PLA)/poly(e-caprolactone) (PCL) were pre-
pared by melt blending technique. Glycidyl methacrylate
is introduced as a compatibilizing agent into the polymer
matrices to improve the compatibility as well as interfacial
adhesion. The effects of the amount of GMA on mechanical
properties have been investigated.

2. Experimental

2.1. Materials. Poly(lactic acid) (PLA grade: 4060D) (poly-
D/L-lactide or PDLLA) was purchased from Nature Works
LLC, USA. The resin was provided in the form of pel-
lets with approximately 11% to 13% of D-lactide content.
Poly(e-caprolactone) was obtained from Solvay Caprolac-
tone, Warrington, England. Glycidyl methacrylate (GMA)
was obtained from Sigma-Aldrich, WI, USA. The physical
properties of polyesters and compatibilizing agent used in this
study was summarized in Table 1. PLA pellets were subjected
to preheating at 60°C for 24 hours in drying oven before melt
blending in order to remove moisture.

2.2. Melt Blending. PLA/PCL blends were prepared at various
compositions (90:10, 85:15, 80:20, 75:25, and 70:30). The
blending was carried out using a 30 g capacity twin screw
melt mixer (Brabender GmbH, Duisburg, Germany) with
rotary speed of 50 rpm and the temperature was set at 170°C
for 10-minute duration. Reactive compatibilizer, GMA were
premixed with fixed ratio of PLA/PCL (85:15) to prepare
PLA/PCL/GMA blends, respectively. Weight content of GMA
was varied from 1 to 5 wt% according to the total mass of melt
mixer capacity.

2.3. Specimens Preparation. Molded sheets with dimension of
0.1cm x 15cm x 15 cm of the virgin PLA matrix, PLA/PCL
blend, and PLA/PCL/GMA blends were prepared using a hot-
press (Hsin-Chi Machinery Co. Ltd) with upper and lower
pressure of 110 kg/cm” and a cycle time of 10 minutes. The
cooling duration was set for 5 minutes. Tensile test specimens
were prepared from the sheets using a Dumbbell cutter as
in ASTM D638-V standard. Flexural test specimens were
prepared from the sheets with dimension of 0.3 cm x 15 cm X
15cm according to ASTM D790, whereas Izod impact test
specimens were prepared according to ASTM D256.

3. Tests and Characterization

3.1. Mechanical Test. The prepared test specimens of virgin
PLA and blends were kept in sealed desiccators for 48 h
prior to mechanical test. Tensile strength, elongation at break,
and tensile modulus of the specimens were tested using
INSTRON (MODEL: 4032) mechanical tester. 5 replicate
specimens were subjected to the test and the average of
these data was reported. The standard deviation of the
corresponding experimental data was also indicated as error
bars. Specimen in dumbbell shape according to ASTM D638
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TABLE 1: Summary of physical properties of polyesters and compatibilizing agent.
Melting point (°C) Molecular weight Density (g/cm®) Molecular structure
CH,
HO CH H
PLA 4060D Amorphous 87,000 1.24 \ 0
(0]
n
ﬁ
PCL (CAPA 650) 60°C 50,000 110 C (CH,); —— O
n
0]
GMA Liquid 142,15 1.04 H,C O%
CH, 0O

V type was strained at cross-head speed of 10 mm/min and
gauge load of 1.0 kN. Flexural test was done using INSTRON
(MODEL: 4032) according to ASTM D790. Unnotched Izod
impact test was carried out using Izod Impact Tester (Inter-
national Equipments, Mumbai, India).

3.2. Morphological Properties

3.2.1. Scanning Electron Microscopy (SEM). Fracture sur-
face morphology of prepared PLA/PCL blend and PLA/
PCL/GMA blends was studied using a scanning electron
microscopy (SEM JEOL). The facture surface of specimens
was gold-coated prior to analysis in order to avoid electro-
static charging during the microscopy test.

3.3. Spectroscopy Analysis

3.3.1. Fourier Transformation Infrared Spectroscopy (FI-IR).
FT-IR spectra for virgin PLA, PCL, and prepared blends were
recorded over the range of (400-4000) cm™" using Spectrum
BX Perkin Elmer using Attenuated Total Reflectance (ATR)
method.

4. Results and Discussion

4.1. Mechanical Properties

4.1.1. Tensile Test. The mechanical properties including ten-
sile strength, elongation at break, and tensile modulus of
virgin PLA, PCL, and PLA/PCL blends were illustrated in
Table 2. As reported by various authors, virgin PLA exhibits
very high tensile strength (51.38 MPa) and tensile modulus.

However, relatively low elongation at break suggested that
virgin PLA matrix is very brittle and not mechanically fea-
sible. Being elastomeric, PCL exhibits a very high elongation
at break 0f1996.00% and a relatively much lower tensile mod-
ulus of 220.10 MPa. Thus, it was chosen as the blending target
for tuning rigid PLA matrix to ductile. PCL was blended with
PLA in the weight percentage of 10%, 15%, 20%, 25%, and
30% respectively. Notice that the tensile strength decreased
from 47.31 to 32.39 MPa and tensile modulus decreased from
1066.75 to 881.15MPa as the PCL content increased from
10 to 30 wt%. This is most probably due to the presence of
PCL in PLA matrix which reduced the crystalline behavior
of pure matrix, and there was very little mixing between PLA
and PCL in the blend [10]. PLA/PCL blend with the ratio
of 75:25 exhibited highest elongation at break compared to
other blend ratios, which may due to the introduction of
elastomeric PCL into PLA matrix given certain flexibility in
the blend. When the ratio of PCL exceeded 30 wt%, phase
separation occurred and poor interfacial adhesion between
the polymers resulted in a drop in elongation at break [1]. This
result is further confirmed by the literature [14]. As reported,
tensile strength of PLA/PCL blend decreased from 55.9 to
271MPa as PCL content increased from 0 to 50 wt%; however
its elongation at break increases from 4.9 to 379.3%.
Specimen of 90:10 ratio exhibited slightly higher elon-
gation than that of PLA85/PCLI5 specimen; however high
tensile modulus suggested that the specimen was stiff. Besides
that, specimen with 80: 20 ratio recorded higher elongation
with low modulus; however incorporation of more PCL
content was needed which will be very costly. Further
increment of PCL content up to 25wt% resulted in drastic
improvement in elongation at break with moderate tensile
strength achieved but not cost effective due to additional
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TABLE 2: Tensile properties of pure PLA, PCL and PLA/PCL blends.

PLA/PCL ratio Tensile strength (MPa) Elongation at break (%) Tensile modulus (MPa)
100/0 51.38 +1.19 6.64 + 0.46 1085.60 + 37.19
0/100 40.60 + 3.06 1996.00 + 221.00 220.10 £5.20
90/10 4731 £1.57 19.24 + 0.69 1066.75 + 14.64
85/15 42.88 £1.57 17.06 = 3.39 949.00 + 37.47
80/20 41.52+1.30 26.60 + 1.69 995.80 + 19.07
75/25 39.91 +1.68 46.60 + 2.96 980.20 + 24.13
70/30 32.39+£1.27 27.84 £0.65 881.15 + 21.36
amount of PCL were needed. Thus, 85:15 ratio was retained 60 -
to fabricate blends in the presence of GMA mainly of 50
the considerable high tensile strength as well as moderate £ 5/4—\,\‘_/_‘“
elongation at break. 2 403

Tensile strength, elongation at break, and tensile modulus §°
of PLA/PCL/GMA blends were shown in Figures 1,2, and 3. It g 301
was evident that PLA/PCL (85/15) blend exhibited improved 2 201
tensile strength (42.9 to 46.7 MPa) when the content of g
GMA exceeds 1.0 wt%, suggesting that the addition of 1wt% =104
GMA eventually improved the tensile strength of PLA/PCL 0 . . . . .
matrices. However, notice that tensile strength decreased 0 1 2 3 4 5

gradually as GMA content increased which may be due
to improved compatibilization that resulted more drastic
character of PCL was imparted on PLA. This result agreed
with that of Harada et al. [15] who reported that addition of
DCP as compatibilizer resulted in gradual decrease in tensile
strength of PLA/PBS blends. On the other hand, elongation
at breaks increased as GMA was introduced and the highest
elongation of 327.70% was achieved at 3.0 wt%, suggesting
that compatibilization effect eventually took place between
PLA and PCL components upon addition of GMA and the
outcome was most efficient at 3wt% of GMA. However as
the compatibilizer content exceeded optimum value, adverse
effects occur on the elongation, probably due to the excess
of GMA which was immiscible with PLA/PCL matrices and
thus resulted in phase separation. This result agreed with
the study of [16], where the ultimate strain of PLA/PBAT
blend increased when T-GMA content increased but then
dropped when beyond the optimum point of 5wt%. Tensile
modulus of the blends decreased slightly from 949.0 MPa
to 901.8 MPa when GMA loading increases up to 3 wt%,
suggesting that the specimen was tuned to stretchable. This
finding complied with the result of elongation where the
highest value was achieved at 3 wt% of GMA. The increase in
compatibility between virgin PLA matrix and PCL phase as
well as improvement of interfacial adhesion resulted in highly
stretchable nature of PCL was successfully imparted onto
PLA matrix. This was evident by large increment of elonga-
tion at break and lower tensile modulus recorded suggesting
that specimens were tuned highly deformable. The reactions
most probably took place between the epoxy group of GMA
and hydrolyzed carboxyl or hydroxyl groups at the terminal
of polymeric chains thus improving the interfacial adhesion
between PLA and PCL components. This finding was also
in accordance with the study in the literature [8] where the

GMA percentage weight (%)

FIGURE I: Tensile strength of PLA/PCL/GMA blends.

elongation at break and impact strength of PLA/POE blend
were increased when weight percentage of GMA-grafted POE
increased. The author explained that the reaction took place
between the epoxy groups of the mPOE and PLA, resulting
in surface tension and interface energy which were lessened,
thus strengthening the interfacial adhesion between PLA and
mPOE phases.

4.1.2. Flexural Test. The flexural test of pure PLA,
PLAS85/PCLI15, and PLA85/PCL15/GMA blends was shown
in Figures 4 and 5. The brittleness characteristic of neat PLA
was shown by high value of flexural strength and modulus,
indicating that the specimen was stiff and rigid. Figure 4
revealed that the flexural strength of pure PLA/PCL blend
dropped from 62.01MPa to 47.87 MPa as GMA content
increased from 0 to 5wt%. Increasing content of GMA
resulted in decreasing the stiffness of PLA/PCL blend.
Similarly, flexural modulus of the blends dropped gradu-
ally from 2980.5 MPa to 2415.0 MPa when increasing GMA
content from 0 to 5wt%. This may be due to the fact
that epoxy group of GMA could react with the hydrolyzed
carboxylic or hydroxyl groups upon high temperature treat-
ment of PLA and PCL, therefore improving the interfacial
adhesion of PLA/PCL blends. Note that PCL has elastomeric
properties, thus contributing ductile behavior towards the
PLA matrix. This may have contributed toward decreasing
flexural strength and flexural modulus of PLA/PCL blend. A
decrease in flexural strength and flexural modulus showed
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FIGURE 2: Elongation at break of PLA/PCL/GMA blends.
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that the force needed to bend the specimen was lower,
indicating that the specimen was more flexible. Supporting
findings were reported by Xu et al. [17] where GMA was
grafted onto PLA polymer chains (PLA-GMA) and added
in PLA/Bamboo flour (BF) biocomposites as compatibilizer.
As claimed there was an increment in flexural strength
and flexural modulus when PLA-GMA content increased,
probably because the epoxy group of PLA-GMA reacted
with hydroxyl groups in cellulose of BE, whereas PLA-GMA
has good compatibility with PLA matrix; thus interfacial
adhesion of PLA/BF composites is improved. BF was added
as filler, and therefore improved compatibility of PLA and BF
resulted in stronger and stiffer biocomposites.

4.1.3. Izod Impact Test. Figure 6 shows the unnotched Izod
impact test as the function of GMA loading on PLA/PCL
blends. The impact strength of virgin PLA is relatively low
(235.83 J/m). This finding confirmed the brittle characteristic
and low impact strength of PLA. There is a dramatic incre-
ment of impact strength when PCL was blended into PLA
matrix, indicating that the introduction of PCL tunes the
brittle PLA into ductile (418.36 J/m). As the GMA loading
increases from 0.5% up to 3.0%, a significant increase in
impact strength of the samples was recorded from 477.68 J/m
up to 811.12]/m (170%), respectively. Further increment of
GMA loading resulted in a drop in impact strength of the
blends which may be due to the excess of immiscible GMA in
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FIGURE 4: Flexural strength of pure PLA, PLA85/PCLI5, and GMA
blends.
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FIGURE 5: Flexural modulus of pure PLA, PLA85/PCL15, and GMA
blends.
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FIGURE 6: Effect of GMA on impact strength of PLA/PCL blends.

PLA/PCL matrix, causing phase separation and thus affecting
the toughness properties of prepared blends.
4.2. Morphology Properties

4.2.1. Fourier Transform Infrared Analysis (FT-IR). Figure 7(a)
shows FT-IR analysis of virgin PLA, PCL, and PLA/PCL
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FIGURE 7: (a) FT-IR spectra of pure PLA, PCL and PLA/PCL (85:15) blend. (b) FT-IR spectra of PLA/PCL/GMA blends.

blends. Notice that there are a few characteristic peaks of
virgin PLA matrix as well as PCL in the blends. Peaks
located at 2995.99 cm™, 2946.08 cm™! for virgin PLA and
2942.98 cm™', 2865.88cm™! for PCL were responsible for
the stretching vibration of -CH, whereas peaks located at
1748.00 cm ™' for PLA and 1721.93 cm ™" for PCL were assigned
to the vibration of -C=0 bonds, respectively. Besides, peak
recorded at 1183.20 cm ™' was responsible for stretching vibra-
tion of C-O of PLA. For the blend, the characteristic peaks
of PLA were noticed at 2996.09 cm™, 2946.44cm™}, and
1747.48 cm™", respectively. C-O stretching vibration was also
noticed at 1183.13 cm ™' [18]. No significant shift in wavenum-
ber was detected for the blend, suggesting that little or no
interactions occurred within PLA and PCL components upon
blending. Peaks for PCL were hardly noticed due to minor
content of PCL (PLA/PCL ratio: 85/15) in the blend.

Figure 7(b) represents FT-IR spectra of PLA85/PCLI15
blend and PLA/PCL/GMA blends. For blends with GMA
content from 1, 3, and 5 wt%, the spectrum shows the peaks at
29474944 cm™', 2946.9144 cm ™', and 2948.3844 cm™' which
are due to C-H stretching. Stretching vibration for C=0
remained nearly unchanged upon addition of GMA which
could be observed at 1748.0344 cm™", 17477744 cm™", and
1748.3244 cm ™, respectively, which explained that no reac-
tion occurred on C=0 bonds of PLA backbone chains. C-
O bond stretching vibration for PLA85/PCLI15 blend was
noticed at 1183.13cm™'. However, the value shifted to a
higher wavelength of 1185.0344 cm™, 11874144 cm™", and
1187564 cm ™", respectively, as the GMA content in specimens
increased from 1 to 5wt%. This indicated that reactions
eventually occurred at hydroxyl groups at the terminal of
PLA polymeric chains which resulted in the shifting of C-O
stretching vibration.

4.2.2. SEM Morphology Analysis. Scanning electron micro-
scopy (SEM) was applied to observe the tensile fracture
surface directly in microstructure scale of PLA/PCL blend

(Figures 8(a) and 8(b)), and GMA compatibilized blends
(Figure 7 c-h).

From Figures 8(a) and 8(b), the fracture surface of
PLA/PCL matrices could be evaluated. It can be seen that
the ductile nature of PCL is brought into the brittle PLA
matrix with random and fibrous structure [14]. As the weight
percentage of GMA increases from 1 to 3 wt% (Figures 8(c)-
8(f)), it can be observed that the fracture surface of the
samples was tuned to be smoother and more uniform. The
random and fibrous structure of 85/15 blend was tuned into
a finer dispersion morphology, showing better compatibility
of PCL as dispersed phase in PLA matrix. This indicated
that GMA effectively acts as reactive compatibilizer at the
interface of PLA and PCL as expected. Similar findings were
claimed in the literature [1] where the author stated that
in the presence of GMA, the blends of PLA and PBAT
showed a better miscibility and more shear yielding upon
fracture. However when 5wt% of GMA are added (Figures
8(g) and 8(h)), it can be seen that small tiny nodes which
are embedded on PLA/PCL blend matrix are observed, which
can be clearly seen on 1000x magnification (Figure 8(h)). The
nodes seem to be in the GMA phase which in excess, due
to immiscibility between GMA and PLA matrices. Similar
result was also recorded by author [19], where PE-GMA phase
was found as the nodes in LDPE matrix due to immiscibility
between PE-GMA and LDPE matrices.

5. Conclusion

PLA/PCL/GMA blends were prepared using melt mix-
ing technique. The influence of GMA on mechanical and
morphological properties of the blends has been studied.
Addition of GMA as compatibilizing agent has remarkably
enhanced the elongation and impact toughness of the blends
at 3wt%. Flexural strength and flexural modulus drop as
GMA loading increases, indicating the specimens were suc-
cessfully tuned to be ductile and deformable. SEM analysis of
fracture surface of specimens revealed that a finer and smooth
dispersion was observed as GMA loading increases up to
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JEOL 15Ky

FIGURE 8: ((a)-(h)) SEM micrograph of PLA/PCL blends at GMA wt% of 0.0 ((a) and (b)) 1.0 ((c) and (d)) 3.0 ((e) and (f)) and 5.0 ((g) and
(h)) at different magnifications ((a), (c), (e), and (g)) 0.3kx, ((b), (d), (f), and (h)) 1.0kx.
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