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ABSTRACT: The effects of natural rubber (NR) on the mechanical, thermal, and morphological properties of multiwalled carbon

nanotube (CNT) reinforced poly(lactic acid) (PLA) nanocomposites prepared by melt blending were investigated. A PLA/NR blend

and PLA/CNT nanocomposites were also produced for comparison. The tensile strength and Young’s modulus of PLA/CNT

nanocomposites improved significantly, whereas the impact strength decreased compared to neat PLA. The incorporation of NR into

PLA/CNT significantly improved the impact strength and elongation at break of the nanocomposites, which showed approximately

200% and 850% increases at 20 wt % NR, respectively. However, the tensile strength and Young’s modulus of PLA/NR/CNT

nanocomposites decreased compared to PLA/CNT nanocomposites. The morphology analysis showed the homogeneous dispersion

of NR particles in PLA/NR/CNT nanocomposites, while CNTs preferentially reside in the NR phase rather than the PLA matrix. In

addition, the incorporation of NR into PLA/CNT lowered the thermal stability and glass-transition temperature of the nanocomposites.

VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 44344.

KEYWORDS: biopolymers & renewable polymers; graphene and fullerenes; mechanical properties; nanotubes; rubber; thermal properties

Received 20 October 2015; accepted 10 August 2016
DOI: 10.1002/app.44344

INTRODUCTION

Nonbiodegradable plastic wastes have caused serious environmen-

tal pollution problems. Therefore, there is a strong research inter-

est in the development of biodegradable polymeric materials from

renewable resources in order to reduce plastics waste pollution

and the consumption of petroleum-based polymers.1 Among

the commercially available biobased polymers, poly(lactic acid)

(PLA) is one of the most widely explored in recent years.1–5 PLA is

an aliphatic polyester produced by polymerization of lactic acid,

which can be obtained from fermentation of agricultural residue

such as corn starch.3 Rapid progress in research and development

has enabled large-scale production of PLA with good mechanical

properties comparable to commercial polymers such as poly

(ethylene terephthalate) (PET).2,6 Although PLA possesses good

tensile strength and elastic modulus, the elongation at break and

impact strength are relatively poor. This brittle characteristic of

PLA is considered to be the main drawback that limits its applica-

tion in areas that require high toughness.2,4,5

To further enhance the mechanical strength of PLA, one of the most

promising strategies is through the incorporation of nanofillers such

as carbon nanotubes (CNT),7–12 graphene,13 montmorillonite,14,15

and halloysite nanotubes16 to form polymer nanocomposites.

PLA/CNT nanocomposites have attracted strong research interest

because of the ability of CNT to impart good mechanical, thermal,

and electrical properties.7–12 Processing and preparation are the most

crucial elements in PLA/CNT nanocomposite development, since

they will affect the dispersion and interfacial interaction properties of

the polymer blend. Researchers have adopted solution-mixing7,17,18

and melt-blending8,19,20 techniques to achieve better dispersion

of CNTs in a PLA matrix. Moreover, functionalization of CNTs is

also shown to enhance the dispersion of CNTs in the PLA

matrix.9 However, despite the improvement of tensile strength

and stiffness, the incorporation of CNTs is shown to reduce the

impact strength and elongation at break of PLA.7,11,12 Therefore,

further investigations on the toughening of PLA/CNT nanocom-

posites are needed to realize the true potential of PLA for wider

applications.

VC 2016 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. , DOI: 10.1002/APP.4434444344 (1 of 9)

http://www.materialsviews.com/


The improvement of toughness in PLA and its nanocomposites

can be achieved by blending with plasticizers, elastomers, and

other ductile polymers. For instance, the use of plasticizers is

shown to effectively enhance the toughness of PLA, whereas the

thermal stability of the blend decreased due to reduction of the

glass-transition temperature (Tg).21 The ductile polymers such

as linear low-density polyethylene, poly(E-caprolactone), and

ethylene vinyl-co-acetate (EVA) were reported to improve the

toughness of PLA.22–25 More recently, natural rubbers (NR) are

also reported to improve the toughness of PLA.26–33 NR, which

originates from renewable resources, displays high elasticity,

flexibility, and toughness and has been used as a impact modifi-

er to improve the toughness of brittle polymers.34 In addition,

NR can be distributed evenly as small particles in a PLA matrix

to enhance the energy absorption, resulting in increased toughness

of the system.31 In a recent study, it was shown that the addition

of maleic anhydride (MA) grafted with NR (NR-g-MA) into PLA/

NR blends led to an improvement in impact strength.35

The effect of NR as an impact modifier in PLA nanocomposites

has also been reported. Bijarimi et al.36 showed a 143% increase

in impact strength with the addition of 10 wt % NR in a PLA/

nanoclay nanocomposite compared to neat PLA. In a prelimi-

nary study, the mechanical properties of NR-toughened PLA

nanocomposite at varying NR contents and 1 phr CNT were

investigated.37 The study revealed that the impact strength

increased with increasing NR content in PLA/CNT nanocompo-

sites, with a concomitant decrease in tensile strength and

Young’s modulus. In addition, the effect of pristine nonfunc-

tionalized multiwalled carbon nanotubes (p-CNT) on the

mechanical properties of NR-g-MA compatibilized PLA/NR

blends (PLA/NR/NR-g-MA) at different p-CNT loadings were

recently investigated.38 It was shown that with increasing p-

CNT content the Young’s modulus increased but the tensile

strength and impact strength decreased.

The current study is a more comprehensive one investigating

the effects of NR content on the mechanical, thermal, and mor-

phology properties of carboxylic functionalized multiwalled

CNT reinforced PLA nanocomposites prepared by a melt-

blending technique. The CNT content was fixed at 5 phr based

on our previous study,12 which indicated that the optimum

CNT content in PLA/CNT nanocomposites was 5 phr CNT.

EXPERIMENTAL

Materials

Injection-grade poly(lactic acid) (PLA 1323A) was purchased

from Shenzen Esun Industrial Co. Ltd., Shenzen, People’s

Republic of China with 1.35 g/cm3 density, a melt index of 7 g/

10 min (2.16 kg load), and melting temperature of 150 8C. Car-

boxylic functionalized multiwalled carbon nanotubes with aver-

age diameter of 10–11 nm and length of 12–15 lm were

obtained from Shandong Dazhan Nano New Material Co. Ltd.,

Binzhou, People’s Republic of China with a purity of greater

than 98% produced via chemical vapor deposition (CVD) with

10 atom % of carboxylic acid functional groups. Natural rubber

(Tg 270 8C) was supplied by the Malaysia Rubber Board, Kuala

Lumpur, Malaysia.

Nanocomposites and Blend Preparation

Before the mixing and extrusion process, PLA was dried for

24 h at 40 8C in a vacuum oven to remove moisture. It is known

that the hydrolysis of PLA typically accelerates in humid

conditions above its glass-transition temperature.20 Therefore,

the drying of PLA is required to avoid hydrolysis degradation of

PLA during processing. Raw NR was masticated for 20 min at a

temperature below 40 8C and later chopped into small pieces.

As pointed out by Jararotkamrjorn et al.,31 the mastication of

NR is necessary to reduce the molecular weight and viscosity of

NR for better processing and toughening effects.

PLA, NR, and CNT were melt-blended using a counterrotating

twin-screw extruder (Brabender Plasticoder PL 200, Duisburg,

Germany) having a screw diameter of 19 mm and barrel length

of 450 mm (L/D 5 24) with 40 rpm screw speed, while the mix-

ing temperature was varied between 160 and 190 8C. For PLA/

NR(a)/CNT nanocomposite preparation, the content of natural

rubbers was varied between 5 and 20 wt %, where (a) denotes

the NR loading for each formulation. The content of CNT was

kept constant at 5 phr in the nanocomposite formulations.

Table I summarizes the compositions of all nanocomposite for-

mulations. All of the extruded samples were pelletized and

injection-molded into test specimens for further mechanical

analysis. For comparison, sample formulations of neat PLA, a

PLA/CNT nanocomposite with 5 phr CNT, and a PLA/NR

blend with 5 wt % NR were also prepared.

Mechanical Testing

The effects of different loadings of NR in the PLA matrix nano-

composite on the mechanical properties of the new PLA nano-

composite were evaluated by tensile and impact testing according

to ASTM D638 and ASTM D256, respectively, on at least five

specimens for each formulation. Tensile tests were performed

using a Lloyd testing machine, West Sussex, United Kingdom with

a testing speed of 5 mm/min. Flexural tests were also carried out

with the Lloyd testing machine with a 3 mm/min testing speed.

Impact strength was measured on V-notched specimens with Izod

test methods using a Toyoseiki Izod impact tester, Tokyo, Japan.

All tests were carried out under ambient conditions.

Morphology Analysis

The impact-fractured surfaces of selected PLA nanocomposite

samples were observed using a Carl Zeiss Supra 35 field emission

Table I. Polymer Nanocomposite Compositions

Composition

Formulations PLA (wt %) NR (wt %) CNT (phr)

PLA 100 0 0

PLA/NR 90 5 0

PLA/CNT 100 0 5

PLA/NR(5)/CNT 95 5 5

PLA/NR(10)/CNT 90 10 5

PLA/NR(15)/CNT 85 15 5

PLA/NR(20)/CNT 80 20 5
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scanning electron microscope (FESEM, Jena, Germany) with

10 mm working distance and accelerating voltage of 10.00 kV. All

samples were coated with a thin layer of gold prior to observation

under the electron beam.

The morphology of the PLA/NR/CNT nanocomposites was fur-

ther investigated with an energy-filtered transmission electron

microscope (EFTEM) model Carl Zeiss Libra at 120 kV. Ultra-

thin sections of the specimens with a thickness of less than

0.1 lm were cut using an RMC Power Tome XL ultramicro-

tome, Tucson, Arizona, United States of America with a cryo-

diamond knife. Cut sections were placed on a copper grid for

observation under TEM.

Thermal Properties Analysis

The melting and crystallization behaviors of the nanocomposites

were studied using a PerkinElmer DSC-6 differential scanning calo-

rimeter (DSC, Waltham, Massachusetts, United States) under nitro-

gen atmosphere. Prior to this, all samples were weighed at about

10 mg and sealed into aluminum pans. For the first heating scan,

the temperature was gradually raised from 30 to 180 8C at 10 8C/

min heating rate to eliminate the influence of thermal and mechan-

ical history. After a period of 1 min, the samples were cooled to

30 8C at the same rate. The second heating scan was carried out

using a temperature range and heating rate similar to the first heat-

ing scan. The glass-transition temperature (Tg), melting tempera-

ture (Tm), and degree of crystallinity (Xc) of neat PLA, PLA/NR,

PL/CNT, and all NR-toughened PLA/CNT nanocomposites were

determined. The degree of crystallinity (Xc) of all specimens was

characterized using the following equation:

Xcð%Þ5
DHm

DHo
m31

3100% (1)

where DHm is the fusion enthalpy of PLA measured from the

DSC analysis, 1 is the weight fraction of PLA in the sample,

and DHo
m is the fusion enthalpy of PLA at 100% crystallinity,

selected as 93 J/g.25

The evaluation of the thermal-degradation behavior was analyzed

using thermogravimetric analysis (TGA) in a TA model Q500

thermogravimetric analyzer, New Castle, Delaware, United States

of America. Samples of about 12 mg were added to alumina cruci-

bles and heated from 25 to 500 8C at a heating rate of 20 8C/min

under nitrogen atmosphere.

RESULTS AND DISCUSSION

Mechanical Properties

Figure 1 illustrates the stress–strain curve of neat PLA, PLA/CNT,

and PLA/NR, and Table II shows the comparison of their respec-

tive mechanical properties. It is clear that the presence of CNT

increased the tensile strength and stiffness of PLA, as revealed by

the 29% and 4% increase in tensile strength and Young’s modulus,

respectively. However, as expected, PLA/CNT displayed lower

impact strength than neat PLA due to the presence of rigid CNT

nanofillers. On the other hand, Table II also shows an increase in

impact strength and elongation at break for PLA/NR blends as

compared to neat PLA. This finding shows a promising applica-

tion of NR to act as an efficient impact modifier for PLA. Howev-

er, the increase in impact strength was accompanied by a decrease

in tensile strength and Young’s modulus due to the low modulus

of the NR phase.

In general, Figure 2(a) shows that the addition of NR decreased the

tensile strength and Young’s modulus of PLA/CNT. At 5 wt % of

NR, both the tensile strength and Young’s modulus of the nano-

composites decreased by 25% compared to the PLA/CNT. Subse-

quently, Figure 2(a) also shows that a further increase in NR

content resulted in a gradual decrease of Young’s modulus and ten-

sile strength. This is mainly due to the influence of low-modulus

NR and the low crystallinity of PLA in the ternary nanocomposite

system.25,33,39 The decrease in stiffness and tensile strength was also

attributed to low dispersion of nanotubes in the PLA matrix of the

PLA/NR/CNT nanocomposite system, which will be discussed later

in the morphology analysis section.

From Figure 2(b), it can be noted that PLA/NR(5)/CNT showed

lower elongation at break than PLA/NR, which demonstrates

the decrease in ductility with the presence of CNT. This is

expected, due to the high rigidity behavior of CNT. On the oth-

er hand, the ductility of the nanocomposites was increased with

the incorporation of NR, which was represented by the increas-

ing trend of elongation at break with further increase of NR in

Figure 1. Stress–strain plots of PLA, PLA/NR, and PLA/CNT. [Color figure can

be viewed at wileyonlinelibrary.com.]

Table II. Mechanical Properties of PLA, PLA/NR, and PLA/CNT

Formulations Tensile strength (MPa) Young’s modulus (GPa) Elongation at break (%) Impact strength (kJ/m2)

PLA 33.67 6 1.13 3.24 6 0.08 2.44 6 0.25 3.35 6 0.35

PLA/NR 21.41 6 1.10 0.89 6 0.04 11.93 6 1.68 4.52 6 0.38

PLA/CNT 43.35 6 1.43 3.37 6 0.08 2.44 6 0.22 1.84 6 0.14
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the nanocomposite systems. By comparing with PLA/CNT, it is

interesting to note that after a modest 70% increase of elonga-

tion at break in PLA/NR(5)/CNT, a larger increase was observed

in PLA/NR(10)/CNT (640% increase), followed by a slight

increase in PLA/NR(15)/CNT and PLA/NR(20)/CNT, with

780% and 850% increases, respectively. This observation is pre-

sumably related to the optimum size and distribution of rubber

particles displayed in the PLA/NR(10)/CNT nanocomposite sys-

tem, which will be discussed later in the morphology analysis

section. Among all the PLA/NR/CNT nanocomposites, PLA/

NR(5)/CNT displayed the highest Young’s modulus (2.52 GPa)

and tensile strength (32.38 MPa), while the highest elongation

at break was displayed by PLA/NR(20)/CNT.

As observed in Figure 3, in comparison to the flexural proper-

ties of PLA/CNT, the PLA/NR(5)/CNT shows a significant

decrease in flexural strength and flexural modulus of 24% and

34%, respectively. Subsequent introduction of more NR into

PLA/CNT resulted in a steady decrease in flexural properties.

The lowest flexural properties were displayed by PLA/NR(20)/

CNT, which recorded 68% and 49% decreased flexural strength

and flexural modulus, respectively, compared to PLA/CNT

nanocomposites. The decrease in flexural strength and modulus

was related to the presence of phase-separated low-modulus NR

domains in the PLA matrix. The decrease in flexural properties

is similar to the trend displayed in tensile properties observed

earlier [Figure 2(a)], thus confirming the dominant role of low-

modulus NR in the PLA/NR/CNT nanocomposites. This obser-

vation is also supported by other researchers working on NR

toughening of PLA/nanoclay nanocomposite systems.36,40 Inter-

estingly, at low contents of NR, PLA/NR/CNT nanocomposite

systems displayed much better stiffness than their PLA/NR/

nanoclay counterparts.

The impact test results revealed that NR acted as an efficient

impact modifier in the PLA/CNT nanocomposites, illustrated by

the increase in impact strength, even at low content of NR. As can

be seen from Figure 4, PLA/NR(5)/CNT nanocomposites showed

a 124% higher impact strength compared to PLA/CNT nanocom-

posites. However, it should also be noted that PLA/NR(5)/CNT

and PLA/NR(10)/CNT exhibit slightly lower impact strength

when compared with PLA/NR. This observation is due to the

rigidity of CNT, which decreased the mobility of PLA in the

PLA/NR/CNT nanocomposites at lower contents of NR. However,

Figure 2. Tensile properties of PLA, PLA/NR, PLA/CNT, and PLA/NR/

CNT at various NR contents. [Color figure can be viewed at wileyonlineli-

brary.com.]

Figure 3. Flexural properties of PLA, PLA/NR, PLA/CNT, and PLA/NR/

CNT at various NR contents. [Color figure can be viewed at wileyonlineli-

brary.com.]

Figure 4. Impact strength of PLA, PLA/NR, PLA/CNT, and PLA/NR/CNT

at various NR contents.
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it is worth noting that the impact strength steadily increased with

increasing NR content in the ternary nanocomposite blends.

The highest impact strength was observed at PLA/NR/CNT with

20 wt % NR loading, which recorded 21% and 200% increases

as compared to PLA/NR and PLA/CNT, respectively. These

results are in agreement with previous studies that showed the

ability of NR to act as an efficient fracture energy absorber in

other nanocomposite systems. In a study by Shi et al.25 on eth-

ylene-co-vinyl acetate (EVA) toughened PLA/CNT (PLA/EVA/

CNT) nanocomposites, they reported an increase of 192% in

impact strength with the incorporation of 20 wt % EVA. Thus,

it can be concluded that the NR is an efficient impact modifier

comparable to other type of rubbers such as EVA.

The mechanical properties analysis revealed the important find-

ing regarding the trade-off between the improvement in tough-

ness and the decrease in stiffness and tensile strength of NR-

toughened PLA/CNT nanocomposite. Figure 5 shows the effect

of NR toughening on the tensile strength and elongation at

break of NR-toughened PLA/CNT nanocomposites. Tensile

strength and elongation at break data of the neat PLA, PLA/NR

blend, and PLA/CNT nanocomposite were also included for

comparison purposes. It can be observed that PLA/NR(10)/

CNT showed the best balance of tensile strength and elongation

at break compared to other formulations. As compared to pure

PLA and PLA/CNT, this formulation also displayed a significant

improvement of elongation at break and at the same time

showed the most minimal decrease of elongation at break

among all the PLA/NR/CNT nanocomposites.

Morphology

Figure 6 shows the FESEM micrographs of impact fractures in

PLA/CNT and PLA/NR/CNT nanocomposites. The morphology

of PLA/CNT in Figure 6(a) shows a typical brittle fracture with

a rough fracture surface. Generally, all formulations with NR

Figure 5. Mechanical properties comparison between PLA, PLA/NR, PLA/

CNT, and PLA/NR/CNT based on tensile strength and elongation at

break. [Color figure can be viewed at wileyonlinelibrary.com.]

Figure 6. FESEM micrographs taken from impact fracture surfaces at 1000 3 magnification of (a) PLA/CNT, (b) PLA/NR(5)/CNT, (c) PLA/NR(10)/

CNT, and (d) PLA/NR(20)/CNT.
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show a phase-separated morphology, where the dispersion of

rubber particles is distributed in spherical droplets and empty

voids throughout the PLA matrix. The spherical-particle-

dispersed morphology of rubber in the polymer matrix were

also observed by many researchers in an immiscible polymer

blend, and this phenomenon was proven to help improve the

impact resistance of the brittle PLA by acting as a stress concen-

trator, initiating and terminating crazes.26,30 The morphology

observation of PLA/NR(5)/CNT nanocomposites shows well-

distributed small NR particles and empty voids. Similarly, the

morphology of PLA/NR(10)/CNT nanocomposites [Figure 6(c)]

also displays a uniform dispersion of NR with slightly larger

voids and NR particles. This leads to more resistance to crack

propagation and hence enhances the impact properties.26 On

the other hand, the impact fracture surface of PLA/NR(20)/

CNT nanocomposites [Figure 6(d)] exhibits the presence of

larger empty voids measuring around 5 to 10 lm among the

PLA matrix. The existence of such large numbers of empty

voids on the surface showed weak interfacial adhesion between

NR and the PLA matrix.39

TEM observations revealed that PLA/CNT nanocomposites [Fig-

ure 7(a)] show a good dispersion of CNTs in the PLA matrix.

The PLA/NR/CNT nanocomposites [Figure 7(b)] exhibit the

separated phase morphology that is typical for an immiscible

blend. Interestingly, in PLA/NR/CNT, the CNTs were found to

disperse dominantly in the NR phase rather than in the PLA

phase. Therefore, the amount of CNT in the PLA matrix of

PLA/NR/CNT nanocomposites was low, which is another possi-

ble reason for the decrease in tensile modulus and tensile

strength observed earlier. The preference of CNT to not be in

the PLA phase was also observed in PLA/EVA/CNT nanocom-

posites25 and PLA/poly(butylene adipate-co-butylene terephthal-

ate)/CNT nanocomposites.41 The preferential location of

nanofillers in a composite of two different polymers is influ-

enced by interfacial tension and melt viscosity between poly-

mers and the nanofiller.25 In the case of PLA/NR/CNT

nanocomposite systems, the tendency of CNT to reside in the

NR phase implies that the interfacial tension of NR-CNT is low-

er than that of PLA-CNT. It is believed to be caused by Van der

Waals interactions between CNT sidewalls and the NR chain,

and cation-p bonding between phospholipids at the terminal

end of the NR chain with the CNT sidewalls.42 The higher-

magnification TEM image of the PLA/NR/CNT nanocomposite

in Figure 8 also reveals interesting observations related to the

tendency of CNT to distribute at the interface between PLA and

NR (marked in dashed box), which presumably led to better

interfacial interaction between NR and PLA. Therefore it can be

deduced that CNTs become unifying elements that bind all the

components in a PLA/NR/CNT nanocomposite.

Figure 7. TEM images at 10,000 3 magnification of (a) PLA/CNT and (b) PLA/NR/CNT.

Figure 8. TEM image of PLA/NR/CNT at 25,000 3 magnification.
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Differential Scanning Calorimetry

DSC thermograms for the second heating cycle of PLA, PLA/

NR, PLA/CNT, and PLA/NR/CNT nanocomposites are shown

in Figure 9, and the detailed thermal properties are listed in

Table III. Two distinct sharp peaks of melting temperature (Tm)

were observed in the thermograms of PLA/NR/CNT nanocom-

posites, which are believed to be caused by the presence of two

different PLA crystal structures after the cooling cycle.43–46

Although no significant changes were observed in the Tm of all

the PLA/NR/CNT nanocomposites, the gradual decline of both

Tm1 and Tm2 with the increase in NR loading is associated with

the interference of NR during the formation of the crystalline

part of PLA.39

On the other hand, DSC analysis also shows that the Tg

decreased with the increased content of NR in PLA/CNT nano-

composites. The Tg of PLA/CNT nanocomposites was shifted

from 57.2 8C to 55.1 8C for PLA/NR(20)/CNT, so it can be

deduced that by having a very low Tg (270 8C), the presence of

NR apparently influenced the reduction of the glass-transition

temperature in the PLA/CNT nanocomposite.30,31 Similar obser-

vations were also made in the PLA/NR blends, which showed a

reduction of Tg, which was recorded at 53.6 8C as compared to

56.3 8C for the neat PLA. As shown in Figure 9, the DSC

thermograms of all the PLA/NR/CNT nanocomposites exhibit

the presence of a cold crystallization exothermic peak but

at a slightly higher temperature than for the PLA/CNT

nanocomposites. Jaratrotkamjorn et al.31 deduced that perhaps

NR acted as a nucleating agent, or the molecular weight of the

PLA matrix decreased after the blending process, resulting in

relatively shorter chains of PLA that can be easily crystallized

during heating above the Tg. Furthermore, the presence of CNT,

which is widely reported as a good nucleating agent, also con-

tributed to the enhancement of crystallization.20,25 However, it

is also interesting to note that the addition of more rubber into

PLA/CNT nanocomposites gradually decreased the crystallinity

of the nanocomposites, which might contribute to the drop in

the tensile strength and stiffness properties of the PLA/NR/

CNT.

Thermal Stability

TGA was performed to investigate the thermal stability of the

PLA nanocomposite systems, and the measurements are illus-

trated as TGA thermogram curves and differential thermal

gravimetric (DTG) curves in Figure 10(a) and (b), respectively,

and the values of T10 and Tpeak obtained from the analysis are

given in Table IV. During early decomposition, the T10 shows

that the thermal decomposition of all PLA/NR/CNT nanocom-

posites decreased compared to PLA/CNT nanocomposites. Simi-

larly, a significant decrease was observed in Tpeak values for all

PLA/NR/CNT nanocomposites compared to Tpeak for PLA/CNT

nanocomposites. The most drastic decline of Tpeak was observed

Figure 9. DSC thermograms of second heating run. [Color figure can be

viewed at wileyonlinelibrary.com.]

Table III. DSC Data for Neat PLA, PLA/NR, PLA/CNT, and PLA/NR/

CNT

Formulations Tg (8C) Tm1 (8C) Tm2 (8C) DH (J/g) Xc (%)

PLA 56.3 145.7 154.9 20.4 22.0

PLA/NR 53.6 146.5 155.7 19.46 22.0

PLA/CNT 57.2 147.7 156.9 24.2 28.4

PLA/NR(5)/CNT 57.1 147.4 155.7 19.3 23.0

PLA/NR(10)/CNT 56.2 146.5 155.5 17.5 21.9

PLA/NR(15)/CNT 55.6 147.9 155.4 15.4 20.4

PLA/NR(20)/CNT 55.1 146.7 154.9 14.2 20.0

Figure 10. (a) TGA thermograms and (b) DTG curves of PLA, PLA/NR,

PLA/CNT, and PLA/NR/CNT nanocomposites. [Color figure can be

viewed at wileyonlinelibrary.com.]
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for PLA/NR(20)/CNT nanocomposites, which was recorded at

301.1 8C, as opposed to 354.6 8C for the PLA/CNT nanocompo-

sites. Based on these findings, it can be concluded that the addi-

tion of NR significantly decreased the thermal stability of PLA/

CNT nanocomposites. The PLA/NR/CNT nanocomposites with

10 and 15 wt % NR recorded almost similar values of T10 and

Tpeak and were also the most thermally stable nanocomposites

among the studied PLA/NR/CNT formulations. As can be

observed from Figure 10, PLA/NR/CNT nanocomposites gener-

ally showed higher thermal stabilities compared to the PLA/NR

blend and neat PLA. The improvement in the thermal stabilities

of nanocomposites is due to the uniform dispersion of CNT

nanofillers in the PLA matrix, as confirmed earlier by the TEM

results. The uniform dispersion of CNT nanofillers retarded the

diffusion of oxygen into the polymer matrix through tortuous

paths and barrier effects against the volatile pyrolized products

of PLA, eventually retarding the thermal degradation of the

polymer nanocomposites.47

CONCLUSIONS

A PLA/NR blend and PLA/CNT and PLA/NR/CNT nanocom-

posites were prepared by a melt-blending method using a coun-

terrotating twin-screw extruder. The PLA/NR blend exhibited

significant increases in impact strength and elongation at break

compared to neat PLA (approximately 35% and 400%, respec-

tively). The tensile strength and Young’s modulus of PLA/CNT

nanocomposites were increased approximately 29% and 4% by

the incorporation of CNTs, respectively. In addition, the flexural

strength, flexural modulus, and thermal stability of PLA/CNT

increased, whereas the impact strength decreased compared to

neat PLA. The toughness of PLA/CNT was improved signifi-

cantly by the incorporation of NR. The highest impact strength

and elongation at break of PLA/NR/CNT was observed at 20 wt

% NR content, which showed approximately 200% and 840%

increases compared to PLA/CNT nanocomposites, respectively.

However, the tensile strength, tensile modulus, and flexural

properties of PLA/CNT decreased with the addition of NR.

Based on the mechanical testing of the obtained nanocompo-

sites, the PLA/NR(10)/CNT nanocomposite can be suggested as

an optimum formulation with balanced mechanical properties

compared to other formulations. FESEM and TEM analyses

revealed that the NR particles are homogeneously dispersed in

PLA/NR/CNT nanocomposites, while the CNTs preferentially

reside in the NR phase rather than in the PLA matrix. The TGA

analysis showed that the addition of NR into PLA/CNT nano-

composites decreased the thermal stability of the nanocompo-

sites. In addition, PLA/NR/CNT exhibited a lower Tg and degree

of crystallinity than neat PLA/CNT nanocomposites.
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