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This study investigated the different viscosity effects of natural isoprene rubber (NR) compared to the synthetic one (IR) on
toughening of polylactic acid (PLA). Here, 15 wt% rubber was melt blended with PLA in an internal mixer at 180°C and 50 rpm.
It was found that the addition of these rubbers led to a significant increase in the tensile toughness and impact strength. These
rubbers were masticated at 50°C and at 200 rpm for various mastication times to reduce their molecular weights. A too-long
mastication time was found to adversely affect the impact strength and tensile toughness due to the fast agglomeration of rubber
particles. At a comparable viscosity, it was remarkable that the impact strength of PLA/NR was higher than that of PLA/IR
regardless of the similar chemical structures probably because the presence of nonrubber components including proteins and
lipids could enhance the interfacial interaction between NR and the PLA matrix.

1. Introduction

Natural rubber (NR) from the Hevea brasiliensis tree is the
only nonsynthetic rubber that has been in commercial use
since the beginning of the 20th century. NR is practically
pure poly(cis-1,4 isoprene) (containing more than 99.9% of
cis-1.4 isoprene units) with a small amount of nonrubber
components including proteins, lipids, and phospholipids
[1]. The synthetic equivalent of natural rubber is the syn-
thetic polyisoprene rubber (IR), which can be produced by
the polymerization of 2-methyl-1,3-butadiene with the
Ziegler-Natta catalyst [2]. Even though IR has the same
building blocks as NR, it could not be synthesized as purely
cis-1,4 polyisoprene. The commercial IR contained about
98% cis-1,4 and approximately 2% 3,4-isoprene units [3].
Their slight difference in isomeric forms led to differences
in the crystallization characteristics and regularity of the
molecular structure. Consequently, the mechanical proper-
ties such as modulus, tensile strength, tear resistance, and
the building tack of IR are slightly inferior to that of NR
[4]. Moreover, because IR used a catalyst to synthesize the

equivalent chemical structure of NR, the price of IR is thus
more expensive. Both NR and IR are often mixed with other
ingredients such as oils, fillers, crosslinking agents, and anti-
oxidants to obtain various elastomeric properties. Both NR
and IR are excellent choices for dynamic applications at low
and ambient temperatures with good fatigue resistance.

In the past, the use of NR to improve the toughness of
PLA was of interest because NR has excellent elastic proper-
ties. Bitinis et al. [5] found that the optimal NR content to
improve the toughness of PLA was 10wt%. Tensile tests of
the samples showed a drastic increase in the average elonga-
tion at break from 5% to 200%. Chuanhui et al. [6] found that
the blend of PLA with 35wt% NR had an impact strength of
about 500 J/m, which was 7 times that of the neat PLA. Patta-
maprom et al. [7] found that masticated NRs could improve
the impact strength of the blends at lower NR contents than
the unmasticated NR. For the use of IR in PLA, Sachiko et al.
[8] found that the impact strength of PLA/IR blends at the IR
content of 10% was about 50 J/m, which was 3 times higher
than that of neat PLA. Phruksaphithak et al. [9] found that
the elongations at break of PLA/NR and PLA/IR at 5wt%
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rubber content were 29% and 18%, respectively, compared to
only 5% for neat PLA.

From the aforementioned literature, the toughening
effect of NR and IR in PLA seems to depend on their viscos-
ities, which is also directly relevant to their molecular weight.
To investigate other effects beyond molecular weight, this
current research systematically compared the effect of NR
and IR at various rubber viscosities on the mechanical prop-
erties and phase morphology of PLA/rubber blends.

2. Materials and Methods

2.1. Materials. Polylactic acid (PLA 4043D, NatureWorks,
USA) has a D-lactide content of 4.25% and an MFI of
3 g/10min (190°C, 2.16 kg). It was dried at 80°C for 8 hours
in an oven before use. The grade of natural rubber (NR)
was STR5L obtained from Srijareon Rubber Co. Ltd.,
Thailand. Polyisoprene (IR), grade IR2200, was obtained
from Innovation Group Co. Ltd., Thailand.

2.2. Sample Preparation

2.2.1. Preparation of Masticated NR. NR and IR were
masticated in an internal mixer (Brabender Plasticorder
350E 3Z) by using a Banbury-type rotor. The mastication
times were varied from 0 to 24min to reduce the rubber’s vis-
cosity, where the initial chamber temperature was set at 50°C
with a rotor speed of 200 rpm. After that, the masticated rub-
bers were cut into small pieces before blending with PLA. For
code names, NR and IR masticated for x minutes are called
NRx and IRx, respectively, and the unmasticated IR is
denoted as IR0. In addition, the compounds of PLA with
NRx and those with IRx are called PLA/NRx and PLA/IRx,
respectively.

2.2.2. PLA/Rubber Blend Preparation. The melt blending of
PLA with a rubber was carried out in an internal mixer at
180°C with a rotor speed of 50 rpm. The ratio of PLA to rub-
ber was fixed at 85 : 15 by weight. The mixing began by
kneading PLA in the internal mixer for 2 minutes before add-
ing the specified amount of rubber. The mixing was then
continued for another 12minutes.

2.3. The Thermal Analysis. The thermal properties of NR and
IR were investigated by a METTLER TOLEDO (DSC 3) dif-
ferential scanning calorimeter at a heating rate of 10°C/min
from −80 to 60°C.

2.4. Rheological Test. The dynamic frequency sweep mea-
surements of unmasticated and masticated rubbers (NR
and IR) were performed in the linear viscoelastic regime
using a Kinexus Pro rotational rheometer from Malvern
Instruments. The measurements were carried out using a
25mm diameter parallel plate fixture. Dynamic storage mod-
ulus (G′), dynamic loss modulus (G″), and complex viscosity
(η∗) were recorded as functions of angular frequency (ω) at
180°C. The frequency test was fixed at 1% strain amplitude
to ensure that all measurements were taken within the linear
viscoelastic limit.

2.5. Characterization by Fourier-Transform Infrared
Spectroscopy (FT-IR). FT-IR spectra were recorded with the
OPUS 7.0 software on a Bruker Tensor 27 spectrometer,
using the Attenuated Total Reflection (ATR) mode, in the
range of 3600-600 cm-1 with a resolution of 2 cm-1.

2.6. Mechanical Properties. Tensile tests were performed
according to ASTM D638 type I on an Instron machine
Model 5969, Instron Engineering Corporation, USA, at
25°C, with a cross-head speed of 5mm/min. Dumbbell-
shaped specimens were prepared from the sheet obtained
by compression molding at a pressure of 1500 psi at 190°C.
At least five specimens of each sample were tested to deter-
mine the mean value and the standard deviation of the
results. The notched Izod impact tests were measured
according to ASTM D256 by the Rasil impactor using a pen-
dulum energy of 2.7 J at 25°C. For this measurement, the
samples were cut, notched, and kept in desiccators overnight
before the tests.

2.7. Morphology of the Blends by Scanning Electronic
Microscope (SEM). The size and dispersion of rubber phases
in the PLA matrices were observed on the freeze-fractured
surfaces of the samples using a SEM (Camtrad, JEOL
MX2000 operated at 15 keV). The impact-fractured surfaces
of selected samples were also observed by a SEM to investi-
gate the fracture behavior of the blends. All samples were
coated with gold before the SEM analysis.

3. Results and Discussion

3.1. Characteristics of NR and IR. The glass transition tem-
peratures (Tg) of NR and IR are shown in Figure 1. It was
found that the Tg of NR and IR were not significantly differ-
ent at about -62°C. The FT-IR spectra of natural and syn-
thetic isoprene rubbers are compared in Figure 2. As can be
seen, the FT-IR spectra of NR and IR showed the hydrocar-
bon fingerprints of polyisoprene with slight differences in
some peaks. The 840 cm-1 band of the NR spectrum was
attributed to the C-H out-of-plane bending of the cis-1,4
additions, whereas this band was slightly shifted to 836 cm-1

for IR. The peak at 1016 cm-1 of IR was the stretching vibra-
tion of C–C bond. The slightly higher intensity of this peak in
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Figure 1: DSC thermograms showing the glass transition
temperatures of NR and IR.
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IR indicated the presence of the 3,4-isoprene isomer [10].
On the other hand, the NR spectrum indicated the pres-
ence of many polar nonrubber components. These bands
included an amine (N-H) stretching (3284 cm-1), an ester
(C=O) stretching (1739 cm-1), and an amide I stretching
(1630 cm-1). The amide I band was specific to peptide
bonds and was linked to the presence of proteins in NR.
On the other hand, ester, carboxyl, and carbonyl groups
indicated the presence of lipids in NR.

3.2. Mastication of NR and IR. The rheological properties of
various masticated NRs and IRs were compared in terms of
the complex viscosity (η∗) as a function of angular frequency
(ω) in Figures 3 and 4, respectively. It was found that the η∗

of NR masticated for 12minutes (NR12) decreased only
slightly from that of NR masticated for 6 minutes (NR6).
However, when increasing the mastication time to 24
minutes (NR24), the η∗ dropped significantly. This could
be explained by the plastograph plotted between torque and

temperature during mastication in Figure 5, which indicated
that the temperature of NR6 rose to a maximum of 180°C. At
longer mastication times, the mastication temperature of NR
decreased due to lower viscosities indicating that the chain
scission mechanism at this stage was shifted from shearing
action toward thermooxidative degradation. The insignifi-
cant decrease in viscosity of NR12 from NR6 could be
explained by the ineffective chain scission in the transition
zone [11]. In addition, Pattamaprom et al. [7] reported the
η∗ of NR0, which was the highest viscosity (3 × 105 Pa · s).
On the other hand, the temperature of masticated IRs rose
to a stable temperature of 140°C indicating that the chain
scission of IR occurred by both shearing action and thermal
degradation throughout the mastication process [12].

3.3. The Effect of Mastication Time on the Impact Strength of
PLA/NR and PLA/IR Blends. The impact strengths of PLA
blended with unmasticated and masticated NRs and IRs at
different mastication times are shown in Figure 6, and their
stress-strain curves are illustrated in Figures 7 and 8,
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Figure 4: Complex viscosity of IR with the mastication times of 0, 6,
and 12minutes denoted by IR0, IR6, and IR12, respectively.
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Figure 3: Complex viscosity of NR with the mastication times of 6,
12, and 24 minutes denoted by NR6, NR12, and NR24, respectively.
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Figure 2: FT-IR spectra of NR and IR.
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respectively. As can be seen, the masticated rubbers could
impart at least a higher impact strength of 93 J/m than the
neat PLA and their toughness was also reflected by incom-
plete fractures of specimens after impact (Figure 9). For

50

70

90

110

130

150

170

190

0

20

40

60

80

100

120

140

160

180

12:25:55 AM12:17:17 AM12:08:38 AM12:00:00 AM

To
rq

ue
 (N

m
)

Time (HH:MM:SS)

Temperature

Torque

NR6 NR12 NR24

Te
m

pe
ra

tu
re

 (°
C)

(a)

50

70

90

110

130

150

170

190

0

20

40

60

80

100

120

140

160

180

0:12:580:08:380:04:190:00:00

Te
m

pe
ra

tu
re

 (°
C)

To
rq

ue
 (N

m
)

Time (HH:MM:SS)

Temperature

Torque

IR6 IR12

(b)

Figure 5: The plastograph of masticated NR and IR.
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Figure 6: The impact strength of PLA/rubber blends.
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Figure 7: Stress-strain curves of PLA/NR with various mastication
times.
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NR, Pattamaprom et al. reported in 2016 that the unmasti-
cated NR (PLA/NR0) has an impact strength of about
175 J/m with high viscosity and the decreased viscosity of
masticated NR led to an improvement in impact strength
and % elongation at break of PLA/NR blends [7]. However,
a too-long mastication time (24min) led to a significant
decrease in viscosity and to a dramatic decrease in both the
impact strength and the % elongation at break. The changes
in the impact strength and the % elongation at break could
be explained by their SEM micrographs in Figure 10. As
can be seen, an appropriate mastication time (12min), which
led to the highest impact strength, provided a smaller average
rubber size in the freeze-fracture micrograph due to the lower
molecular weight and viscosity. Moreover, a lot of fibrillation
observed in the impact-fractured surface indicated the tough-
ening mechanism by shear yielding. Nevertheless, at a too-
long mastication time (24min), the average rubber size of

PLA/NR24 was larger due to the higher degree of shear-
induced agglomeration of low-viscosity rubber. This led to
only a small amount of fibrillation in the impact-fractured
surface due to a too-low entanglement network, and this
could explain the lowest impact strength of PLA/NR24.

For the case of IR, the effect of mastication time was dif-
ferent. The impact strength and elongation at break of
PLA/IR successively decreased with mastication time as
shown in Figures 6 and 8. It was found that the impact
strength and elongation at break of PLA/IR decreased with
longer mastication times, where PLA/IR0 had the highest
impact strength (218.2 J/m) and tensile elongation (30%).
The decrease in impact strength and elongation at break
could be explained by the SEM micrographs (Figure 11). As
can be seen, IR with a longer mastication time indicated a
larger rubber size and the lower-viscosity rubber led to faster
shear-induced agglomeration of rubber particles. The SEM
micrographs after impact fracture also indicated a smaller
amount of fibrillation when masticating at longer times.

Note that the improvement in the mechanical properties
of PLA/NR blends when NR was masticated was proposed by
Zhang et al. in 2013 to be due to more carbonyl or hydroxyl
groups generated after mastication of NR [13]. However, our
FT-IR results in Figure 12 indicated that NR inherently pos-
sesses carbonyl/carboxyl groups but the amounts of these
groups barely change with mastication. In a similar way,
the carbonyl/carboxyl peaks were not present in the FT-IR
spectrum of unmasticated IR nor did it occur after masti-
cation. This ruled out the effect of increased PLA/rubber
interaction after mastication and confirmed that the
changes in the mechanical properties of PLA/masticated
rubber blends for the same rubber depended mainly on
the rubber viscosity.

3.4. The Comparison of PLA/NR and PLA/IR Blends at the
Same Viscosity. The impact strengths of PLA/NR and
PLA/IR are plotted as a function of complex viscosity (η∗)
at an angular frequency of 0.1Hz in Figure 13. The effect of
viscosity was excluded by comparing the specimens at the
same η∗. Here, IR6 possessed a comparable viscosity to
NR12; however, the rubber domain size of NR12 was found
to be smaller with a narrower size distribution
(2 09 ± 0 36μm) than that of IR6 (2 23 ± 0 46). Moreover,
PLA/NR12 possessed an outstandingly higher impact
strength with a much higher elongation at break than
PLA/IR6, regardless of their comparable η∗ and similar
chemical structures. It was probably because the nonrubber
components, including lipid and protein molecules, could
improve the interfacial interaction between the PLA matrix
and NR domains as shown by a smoother phase boundary
of PLA/NR (Figure 14). The specimen after the impact test
also showed a higher degree of fibrillation indicating better
energy absorption with the localized plastic deformation of
PLA/NR. The effects of %crystallinity of the blends to the
impact strength were disregarded as all samples possessed
%crystallinity lower than 5%. This was apparent in our previ-
ous work [7], where there was no correlation between the
%crystallinity and the impact toughness for blends with low
%crystallinity.

PLA NR IR

Figure 9: The fractured specimens after the notched Izod impact
tests.
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Figure 8: Stress-strain curves of PLA/IR with various mastication
times.
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Figure 11: SEM micrographs at 500x of PLA/IR blends using IR masticated for different mastication times.
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Figure 10: SEM micrographs at 500x of PLA/NR blends using NR masticated for different mastication times.
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4. Conclusion

The brittleness of PLA could be lessened by blending with
NR or IR. The addition of 15wt% of NR or IR led to an
approximately 10 times increase of impact strength and a
20-fold increase in % elongation from that of neat PLA. It
was found that the mastication time affected the viscosity,
impact strength, and tensile toughness of the blends. In the
case of NR, the optimal NR viscosity was 4 03 × 104 Pa · s
(at 0.1Hz, 180°C), which was achieved by masticating for
12min. However, a too-long mastication time (24min) led
to a dramatic decrease in both the impact strength and the
% elongation at break due to fast shear-induced agglomera-
tion of the low-viscosity rubber. For IR, the impact strength
and elongation at break of PLA/IR successively decreased
with mastication time, where the optimal IR viscosity was
that of the unmasticated IR (2 68 × 105 Pa · s at 0.1Hz,
180°C). When comparing NR and IR at similar viscosities
(NR12 and IR6), it was found that the impact strength and
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Figure 12: FT-IR spectra of (a) IR masticated for 0, 6, and 12 minutes and (b) NR masticated for 0, 6, 12, and 24 minutes.
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% elongation at break of PLA/NR12 were higher than those
of PLA/IR6, regardless of similar chemical structures. It was
probably because the nonrubber components could enhance
the interfacial interaction between NR and the PLA matrix
and provided smaller rubber domain sizes.
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