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Abstract
In this work, mechanical and thermal properties of maleated 
ethylene-propylene rubber (EPR-g-MAH) toughened 
poly(lactic acid) (PLA)/nano-precipitated calcium carbonate 
(NPCC) nanocomposites were investigated. It was found that 
elongation at break of PLA/NPCC was increased with increas-
ing EPR-g-MAH content up to 15 phr (parts per hundred resin). 
The investigations on the crystallization behaviours demon-
strated that the NPCC acted as nucleating agent for the PLA. 
However, the degree of crystallinity of PLA was reduced by the 
addition of EPR-g-MAH which appears to be due to encapsu-
lation of NPCC by the maleated rubber. Dispersion of NPCC 
was observed using transmission electron microscopy (TEM), 
and it was revealed that both nano-dispersed and agglomer-
ates NPCC exist in the PLA matrix. Moreover, encapsulation 
of NPCC was favored in the presence of EPR-g-MAH.

Keywords
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1 Introduction
In recent years, the interest in renewable and biodegradable 

polymeric materials has increased enormously in the academic 
and industry community. Poly(lactic acid) (PLA) produced 
from renewable resources has become attractive and popular 
in various fields, such as packaging, textile and automotives 
industries. Among all biodegradable polymers, PLA is a very 
promising eco-friendly alternative compared to traditional 
petroleum based thermoplastics. This is attributed to its high 
modulus and strength, biodegradability, and superior transpar-
ency. Among the limitation of PLA, its low thermal stability 
and brittleness has to be mentioned [1-4].

Several approaches have been used to improve the proper-
ties of PLA, for example, incorporation of filler and additives, 
blending with flexible polymers, and adding of functionalized 
rubber and tougheners. Recently, PLA-based nanocomposites 
prepared by the incorporation of nanofillers (e.g. nanoclay, 
nano-calcium carbonate, titanium oxide nanoparticles, cel-
lulose nanofiber and carbon nanotube) exhibited remarkable 
improvement in mechanical and thermal properties, dimen-
sional stability, barrier and physicochemical behaviours [5-10].

Although the hybridization of polymer and nanoparticle can 
be a potential class of materials, there are few issues always 
need to be considered, e.g. compatibility between polymer and 
nanoparticles, dispersion and distribution of nanoparticles, brit-
tleness and toughness of the polymer nanocomposites, as well as 
their ease of processing. Therefore, chemical and physical mod-
ifications are often applied to achieve these objectives. Simi-
larly, the need of toughness and impact strength improvement of 
PLA/nanofiller nanocomposites was recognized and most of the 
related works are based on chemical and physical modification. 
There is a need to improve the toughness and flexibility of PLA 
so that it can complete with commodity thermoplastics. Thus, 
various approaches including copolymerization, plasticization, 
and blending with elastomeric materials have been carried out 
to enhance the impact properties and toughness of PLA.

Maleated rubbers such as maleic anhydride grafted eth-
ylene-propylene rubber (EPR-g-MAH) and maleic anhy-
dride grafted styrene-ethylene/butylene-styrene copolymers 
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(SEBS-g-MAH), has been used as polymeric compatibilizer, 
interfacial modifier and toughening agent. Recent reports have 
proved that the addition of EPR-g-MAH could enhance the dis-
persion of the nanoclay and improve the mechanical and ther-
mal properties of various polymer nanocomposites, including 
polyamide 6/polypropylene/organoclay nanocomposites [11], 
PLA/clay nanocomposites [12-14].

In our previous work we have examined the impact strength, 
elongation at break and thermal stability of PLA/organo-
montmorillonite and PLA/nano-precipitated calcium carbonate 
nanocomposites, and found that their properties improved sig-
nificantly by the addition of SEBS-g-MAH [15,16]. The aim of 
this work is to improve the flexibility and thermal properties of 
the PLA/NPCC by the addition of EPR-g-MAH. Accordingly, 
the mechanical, thermal and morphological properties of PLA/
NPCC/EPR-g-MAH are discussed thoroughly in this paper.

2 Experimental
2.1 Materials

PLA (IngeoTM 3051D) was supplied by NatureWorks LLC®, 
USA. The specific gravity and melt flow index of the PLA 
are 1.25 and 25 g/10 min (2.16 kg load, 210°C), respectively. 
The stearic acid treated NPCC (Zancarb CC-R; particle size: 
40–80 nm; specific gravity: 2.50) was supplied by Zantat Sdn. 
Bhd (Kuala Lumpur, Malaysia). EPR-g-MAH was purchased 
from Shanghai Jianqiao Plastic Co. Ltd., China. The melt flow 
index and specific gravity of the EPR-g-MAH were 0.2 g/10 
min (2.16 kg loads, 230°C) and 0.88 respectively. The graft-
ing content of MAH on EPR is approximately 1.0 wt%. The 
ethylene/propylene ratio of the material was 70/30 (wt/wt). The 
designation and composition for PLA/NPCC nanocomposites 
are shown in Table 1.

2.2 Preparation of PLA/NPCC nanocomposites
All the ingredients (e.g. PLA pellets, NPCC powders, and 

EPR-g-MAH pellets) were dried at 80oC for 15 hours in vac-
uum oven (Memmert GmbH, model: VO500, Germany) prior 
to extrusion. Then, the ingredients were pre-mixed by tumbling 
process. The melt-compounding was performed using a co-
rotating twin-screw extruder (Sino-Alloy Machinery, model: 
PSM30, Taiwan). The temperature zone and screw speed were 
set in the range of 160–190°C and 150 rpm, respectively. The 
PLA nanocomposites specimen [tensile (ASTM D638 type I); 
flexural (ASTM D790)] was injection moulded using an injec-
tion moulding machine (Haitian, model: HTF86X1, China). 
The barrel temperatures were set at a range of 165–190°C, 
from the feeding section to the nozzle, respectively. Prior to 
injection moulding process, the PLA extrudates were dried in a 
vacuum oven at 80°C for 15 hours.

Table 1 Material designation and composition for PLA/NPCC/EPR-g-MAH
nanocomposites.

Materials designation
Composition

PLA
(wt%)

NPCC
(wt%)

EPR-g-MAH
(phr)

PLA 100 - -

PLA/NPCC 98 2 -

PLA/NPCC/EPR-g-MAH 5 98 2 5

PLA/NPCC/EPR-g-MAH 10 98 2 10

PLA/NPCC/EPR-g-MAH 15 98 2 15

PLA/NPCC/EPR-g-MAH 20 98 2 20

2.3 Characterization of PLA/NPCC nanocomposites
2.3.1 Morphology assessment

TEM measurements were carried out with an energy filter-
ing transmission electron microscope (Carl Zeiss, model: Zeiss 
Libra 120 Plus, USA) operating at an accelerating voltage of 
120 kV. The specimens were prepared using an ultramicrotome 
(Boeckeler Instruments, model: PT-PC PowerTome, USA). 
Ultra-thin sections of about 50 nm in thickness of the PLA nano-
composite specimen was cut with a diamond knife (Diatome, 
model: ultra 45°, Switzerland) at room temperature. Then the 
specimen was stained with osmium tetroxide (OsO4) for 1 h.

2.3.2 Mechanical tests
Tensile tests were performed according to the ASTM D 638 

using a universal testing machine (Instron, model: Instron 3366, 
USA). The tensile tests were conducted at a crosshead speed of 
5 mm/min. Tensile modulus, strength and elongation at break 
of the composites was determined. Flexural tests were carried 
out according to the ASTM D790 using a universal testing 
machine (Instron, model: Instron 3366, USA). The flexural tests 
were done under three-point bending configuration at crosshead 
speed of 1.5 mm/min and support span length of 56 mm (16 x 
3.5 mm). Five specimens from each formulation were tested. 
Flexural strength and flexural modulus were determined.

2.3.3 Thermal tests
The thermal decomposition temperature of the PLA nano-

composites was characterized using a thermogravimetric ana-
lyzer (Perkin Elmer, model: Pyris 6, USA). The specimens 
were heated from room temperature to 600°C at a heating rate 
of 10°C/min in nitrogen atmosphere. 

Differential scanning calorimeter (Perkin Elmer, model: 
DSC 6, USA) was used to evaluate the thermal behaviour of the 
PLA nanocomposite specimens. The specimens were scanned 
from 30°C to 190°C at a heating rate of 10°C/min and held for 
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1 minute at 190°C. Then, they were cooled from 190°C to 30°C 
at a cooling rate of 10°C/min and held for 1 minute at 30°C. 
The glass transition temperature (Tg), melting temperature (Tm), 
cold-crystallization temperature (Tcc), and degree of crystallin-
ity (χc) were determined. The heat of fusion of 100% crystalline 
PLA (∆Hf) is approximately 93.6 J/g [17]. 

3 Results and Discussion
3.1 Transmission electron microscopy (TEM)

Figure 1 shows the TEM images of PLA/NPCC nanocom-
posites. It can be seen that the NPCC nanoparticles are in cubic 
shape with dimension of 40–80 nm. Both nano-dispersed NPCC 
and agglomerates of NPCC can be observed in the PLA matrix. 
Agglomerations of NPCC can be attributed to high surface 
energy of the particles. Figure 2 and 3 shows the TEM images of 
PLA/NPCC nanocomposites consisting of 5 and 20 phr of EPR-
g-MAH respectively. In Figure 2 and 3, the dark grey region 
(i.e. region that stained by osmium tetroxide) with dimension 
of approximately 1–2 µm can be ascribed to the EPR-g-MAH. 
Similar observation can be found on SEBS-g-MAH toughened 
PLA/NPCC nanocomposites, as reported in our previous work 
[16]. From Figure 2, one may notice that a few of NPCC nano-
particles are embedded in EPR-g-MAH. On the other hand, a 
higher number of NPCC were encapsulated by the maleated 
rubber in the PLA/NPCC/EPR-g-MAH20 (c.f. Fig. 3). This can 
be associated to the affinity between NPCC and EPR-g-MAH.

3.2 Mechanical properties of PLA nanocomposites
Table 2 shows the mechanical properties of neat PLA 

and its nanocomposites. As expected, the tensile modulus 
of PLA/ NPCC nanocomposites reduced marginally with 
the increasing content of EPR-g-MAH. Note that the tensile 
strength of PLA/NPCC nanocomposites also decreased with 
the increasing loading of EPR-g-MAH. This is associated with 
the lower modulus and elastomeric nature of the EPR-g-MAH.

The elongation at break of PLA/NPCC nanocomposite 
increased up to 148% by the incorporation of 20 phr of EPR-
g-MAH. The improvement in ductility of the PLA nanocom-
posites can be attributed to the elastomeric behaviour of the 
maleated rubbers which could contribute to the enhancement 
of toughness. Under the applied tensile stress, the maleated 
rubbers could absorb the fracture energy and prevent the 
propagation of the crack front which subsequently could lead 
to an increase in ductility of the nanocomposites. Moreover, 
the encapsulation of the NPCC particles by the EPR-g-MAH 
(as observed in the TEM, see Fig. 2 and 3) may avoid highly 
localized stress concentrations which could facilitate the PLA 
samples to elongate to a greater extent. It can be noted that the 
presence of EPR-g-MAH decreased the flexural modulus and 
strength of the PLA/NPCC nanocomposites. The effect became 
prominent as the loadings of EPR-g-MAH increased. This 
trend resembles to that of the tensile properties.

Fig. 1 TEM image of PLA/NPCC nanocomposite.

Fig. 2 TEM image of PLA/NPCC/EPR-g-MAH-5 nanocomposite.

Fig. 3 TEM image of PLA/NPCC/EPR-g-MAH-20 nanocomposite.



18 Period. Polytech. Mech. Eng. W. S. Chow, Y. Y. Leu, Z. A. Mohd Ishak

Table 2 Mechanical properties of PLA/NPCC/EPR-g-MAH nanocomposites.

Materials 
designation

TS 
(MPa)

EB 
(%)

TM 
(GPa)

FS
(MPa)

FM
(GPa)

PLA
59.4

± 0.43
8.4

± 0.16
1.18

± 0.02
97.0

± 0.2
3.61

± 0.07

PLA/NPCC
58.7

± 1.26
12.4

± 1.18
1.23 

± 0.03
96.1

± 1.5
3.79

± 0.07

PLA/NPCC/
EPR-g-MAH 5

34.7
± 2.25

29.4
± 1.74

1.02
± 0.02

78.2
± 2.5

3.53
± 0.08

PLA/NPCC/
EPR-g-MAH 10

30.4
 ± 1.85

31.2
± 1.05

0.97
± 0.01

67.6
± 1.1

3.20
± 0.06

PLA/NPCC/
EPR-g-MAH 15

29.1
± 0.55

31.7
± 2.25

0.90
± 0.02

60.8
± 0.9

2.83
± 0.02

PLA/NPCC/
EPR-g-MAH 20

23.3
± 1.58

30.8
± 0.83

0.83
± 0.02

54.1
± 1.6

2.48
± 0.10

(Note: TS = tensile strength; EB = elongation at break;

TM = tensile modulus; FS = flexural strength; FM = flexural modulus).

3.3 Thermal properties of PLA nanocomposites
The thermal stabilities of PLA/NPCC composites were eval-

uated by TGA with a temperature range from room temperature 
to 600°C. Figure 4 shows the TGA curves for PLA/NPCC and 
PLA/NPCC/EPR-g-MAH nanocomposites. The decomposition 
temperature is summarized in Table 3. The T5 corresponding 
to the temperature at 5% weight loss. The decomposition tem-
perature in the range of 335–362°C is related to the thermal 
decomposition of the PLA. The decomposition temperature of 
NPCC starts at 250°C and the char residue is approximately 
96.9% at the temperature of 600°C. The mass loss of NPCC is 
attributed to the decomposition of stearic acid surface modifier 
[16]. It is also found that the decomposition of organic modi-
fier may accelerate thermal decomposition for the PLA/NPCC 
composites. It can be seen that the first onset decomposition 
temperatures (Td1) of PLA/NPCC nanocomposites shifted to 
higher temperature by the addition of EPR-g-MAH. This can 
be due to the higher thermal stability of EPR-g-MAH.

Fig. 4 TGA curves of PLA/NPCC/EPR-g-MAH nanocomposites.

Table 3 TGA data of PLA/NPCC/EPR-g-MAH nanocomposites.

Materials designation
Decomposition temperature (°C)

Td1 Td2 T5

PLA 353.4 - 346.0

PLA/NPCC 334.6 - 327.2

EPR-g-MAH 448.2 -  426.9

PLA/NPCC/EPR-g-MAH 5 343.4 435.7 324.3

PLA/NPCC/EPR-g-MAH 10 339.4 440.5 317.8

PLA/NPCC/EPR-g-MAH 15 348.1 441.3 327.0

PLA/NPCC/EPR-g-MAH 20 346.2 447.7 327.3

(Note: Td1= first onset decomposition temperature; Td2= second onset 
decomposition temperature; T5= temperature at 5% weight loss).

Figure 5 shows the DSC curves of PLA/NPCC nanocom-
posites. The DSC thermal characteristics (e.g. Tg, Tcc, Tm) of 
the PLA nanocomposites are summarized in Table 4. The glass 
transition temperatures (Tg) of the PLA and its nanocomposites 
remained unchanged. PLA shows a melting temperature peak 
(Tm1) at 168.8°C with a small shoulder peak (Tm2) at 161.2°C. 
Bimodal melting peaks are observed in all PLA/NPCC com-
posites with and without EPR-g-MAH. It is well known that 
multiple melting behaviour of PLA is depends on crystalliza-
tion conditions (thermal prehistory), melt-recrystallization and 
Tc value [18-20]. Double melting endotherms are commonly 
found in PLA which crystallized at Tc in the temperature range 
of 110–130°C [21]. In this study, the PLA/NPCC/EPR-g-MAH 
nanocomposites recorded Tc approximately 110°C, thus this 
crystallization temperature may favour the formation of dou-
ble-peak melting endotherms. 

From Table 4, it can be seen that the degree of crystallinity of 
PLA/NPCC nanocomposite is slightly higher than the neat PLA. 
The addition of NPCC particles may lead to the formation of 
more nucleation sites for the crystallization of PLA. It is known 
that different structures and surface characteristics of nanofill-
ers could influence the crystallization of a polymer matrix [22].

Fig. 5 DSC curves of PLA/NPCC/EPR-g-MAH nanocomposites.
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The presence of calcium carbonate greatly affected the crys-
tallization of the polymer by acting as multi-nuclei, leading to 
more spherulites formation [23]. On the contrary, the incorpora-
tion of EPR-g-MAH reduces the degree of crystallinity of PLA/
NPCC nanocomposites. This is attributed to the encapsulation 
of NPCC by EPR-g-MAH, which may diminish the efficiency 
of NPCC as nucleating agent in the crystallization of PLA.

Table 4 DSC thermal characteristics of PLA/NPCC/EPR-g-MAH 
nanocomposites.

Materials 
designation

Tg

(oC)
Tcc

(oC)
Tm1

(oC)
Tm2

(oC)
χc

(%)

PLA 60.9 112.7 168.8 161.2 33.3

PLA/NPCC 60.6 110.8 168.6 160.1 38.0

PLA/NPCC/EPR-
g-MAH 5

61.9 110.0 170.4 161.2 29.7

PLA/NPCC/EPR-
g-MAH 10

61.7 109.5 169.6 161.1 33.0

PLA/NPCC/EPR-
g-MAH 15

61.7 109.3 169.2 161.2 36.0

PLA/NPCC/EPR-
g-MAH 20

61.0 110.6 168.9 161.3 34.0

4 Conclusions
The PLA/NPCC/EPR-g-MAH nanocomposites were pre-

pared through a twin screw extruder followed by injection 
molding. EPR-g-MAH increased elongation at break but at the 
cost of modulus and strength for the PLA/NPCC nanocom-
posites. From the DSC results, it was found that NPCC acted 
as nucleating agent for PLA. However, EPR-g-MAH reduced 
degree of crystallinity of PLA/NPCC which can be due to the 
encapsulation of NPCC by EPR-g-MAH. The thermal stabil-
ity of PLA/NPCC was improved slightly with the addition of 
EPR-g-MAH. The dispersion of NPCC was affected by EPR-
g-MAH content, as can be shown from the TEM results that 
encapsulation of NPCC and nano-particle agglomerates tends 
to occur in the presence of high loading of the maleated rubber. 
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