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Abstract Various compositions of polypropylene (PP)

and poly(lactic acid) (PLA) blends were prepared by one-

step melt compounding in a twin-screw extruder. Two

compositions were selected for investigation of effect of

clay and n-butyl acrylate glycidyl methacrylate ethylene

terpolymer (PTW) as compatibilizer on thermal properties

and non-isothermal crystallization behavior of PP/PLA/

clay nanocomposite systems, i.e., PP-rich one (75/25

composition) containing Cloisite 15A and PLA-rich one

(25/75 composition) containing Cloisite 30B. The thermal

behavior of the systems was investigated by means of

differential scanning calorimetry (DSC) and correlated

with their microstructures. The narrowing down of the

peaks in the wide-angle X-ray scattering pattern of PP-rich

blend was associated with an increase in size and/or per-

fection of the crystals. On the other hand, the broadening of

the peaks in PLA-rich blend implied a decrease in the size

of the crystals. The calculated interlayer distance, using

Scherrer equation, in Cloisite 15A was slightly greater than

that of Cloisite 30B. Moreover, an increase of 100 % in

interlayer distance showed a greater level of intercalation

in PP-rich system as compared to the PLA-rich system.

Blending of PP and PLA led to significant changes in the

crystallinity behavior of the blends compared to the neat

components. Moreover, the incorporation of the both clays

into the two systems led to a greater change in the crys-

tallinity degree, comparing to that of unfilled blends.

Keywords PP/PLA blends � Clay nanoparticles �
Nanocomposites � Thermal properties � Microstructure

Introduction

Hybrid biocomposite systems with a multiphase polymeric

matrix have attracted attention in recent years because the

mechanical, physical, optical and rheological properties of

a polymer blend can often be modified with incorporating a

low content of inorganic nanofillers [1–3]. This attention is

due to the fact that one or more components can be bio-

based made from renewable sources. Interests in

poly(lactic acid) (PLA) blend nanocomposites have

emerged due to their biodegradability for use in packaging

and engineering applications [2, 3]. Biodegradable films

based on biopolymers have been developed, for important

purposes, e.g., to control the gas permeability, preservation

of surface integrity of products in the packaging industries.

Modified atmosphere packaging (MAP) material issue is

one of the interesting subjects of recent studies. Due to its

polar structure, PLA is an engineering plastic with high

oxygen barrier properties. Polypropylene (PP) is an ex-

cellent polymer with a combination of outstanding physi-

cal, chemical, mechanical, thermal and electrical

properties. It is a commodity polymer in the packaging

industries, but its poor barrier property to O2 limits its

applications [4]. Blending of PP and PLA can improve
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barrier properties in the blend comparing to that for pure

PP, due to lower oxygen permeability of PLA. Meanwhile,

crystallization behavior is a significant factor, determining

the diffusion of gases through a membrane [5]. The crys-

tallinity degree is of great importance because the mass

transport phenomena happen more easily in amorphous

regions comparing to that of crystal lattices [5].

Commercial PLA is a mixture of D- and L-lactides. The L-

isomer constitutes the main fraction of PLA derived from

renewable sources since the majority of lactic acid from bio-

logical sources exists in this form. Depending on the com-

position of the optically active L- and D,L-enantiomers, PLA

can crystallize in three forms (a, b and c). The a-structure is

more stable and has a melting temperature (Tm) of 185 �C
compared to the b-structure, with a Tm of 175 �C [6]. The

optical purity of PLA, i.e., the ratio of the two lactides, in-

fluences the thermal, barrier and mechanical properties,

crystallinity and even the degradation characteristics [7–11].

PLA polymers with a high L-content tend to be crystalline

while those with lower optical purity are amorphous [8].

Moreover, Tm, glass transition temperature (Tg) and crys-

tallinity decrease with decreasing L-isomer content [8, 11].

Although PLA possesses many desirable properties, its

crystallization rate is extremely slow in comparison with

commercial thermoplastics and achieving high degree of

crystallinity in PLA is difficult [12–14]. Similar to other

semi-crystalline polymers, the crystallization behavior of

PLA depends on both the nucleation activation energy and

the mobility of chain segments. The most viable method to

increase the overall crystallization rate is the blending of

nucleating agent and plasticizers. The thermal behavior can

be examined using differential scanning calorimetry (DSC)

studies detecting multiphase transitions such as glass

transition, cold crystallization and melting. Of these ther-

mal properties, crystallization is the most important from

both a scientific and commercial point of view, because

many mechanical properties and biodegradability of PLA

significantly depend on its crystallinity [12–14].

The injection molding grade PLA with a D-lactide content

of 4 % purchased in semicrystalline form was reported by

Tábi et al. [15] to become amorphous even at very low

cooling rates (without the use of nucleating agents) while

processing into a product, or mixing with natural fillers or

fibers using melt mixing techniques such as extrusion. They

reported on the changes in crystallinity during injection

molding processing and its effect on the reprocessing.

In order to improve the crystallinity degree as well as

the barrier properties of PLA, incorporation of proper fil-

lers is an alternative, changing the thermal properties sig-

nificantly [1–3, 12–14]. The crystalline properties of PLA

nanocomposites were studied by Liang et al. [12] and

Chow et al. [16] using DSC, to identify the influence of the

nanometer particle content on the crystalline properties.

Their results showed that thermal properties of PLA were

greatly influenced by the addition of CaCO3 [12] and

organo-montmorillonite (OMMT) [16]. The crystallization

onset temperature, crystallization temperature and crystal-

lization end temperature as well as the crystalline degree of

the composites in the presence of the nanoparticles were

reported to be higher than those of the unfilled PLLA. The

improvement of degree of crystallinity was attributed to

the heterogeneous nucleation of the nano-CaCO3 in the

matrix [12].

Several works have been reported on the crystallization

behavior of PLA hybrids [e.g., 3, 13–18]. The morphology,

microstructure, thermal and rheological properties of

PLA/polyhydroxybutyrate-valerate (PHBV) blends and

PLA/PHBV/clay nanocomposites were investigated by

Zhao et al. [13]. They reported on the effect of clay as a

crystalline nucleating agent improving the crystallinity of

the blends significantly, thus leading to a relatively high

modulus for both solid and microcellular specimens.

According to the literature, the combined usage of PLA

with PP seems to be a suitable choice for enhancing

crystallization of PLA to improve barrier properties and

incorporation of layered inorganic nanofiller, such as clay,

enhances this phenomenon more and affects crystallization

significantly [12, 16]. In our previous work, we reported on

the effects of composition and compatibilization of PP/

PLA blends on rheological properties of PP/PLA blends

[19]. Considering the importance of crystallization phe-

nomenon in PP/PLA/clay hybrid nanocomposite system

having a multiphase crystallizable polymeric matrix and

also influential role of clay and blend composition on this

phenomenon, in the current study, we aim to investigate,

for the first time, the effects of composition, clay inclusion

and compatibilization process on crystallization and melt-

ing behavior of PP/PLA/clay hybrid nanocomposites. An

attempt is also made to correlate the thermal properties

with the microstructure of the developed systems and to

study the nucleation ability of the clay nanoparticles in PP-

rich and PLA-rich systems of this hybrid.

Experimental

Materials

Polypropylene (Moplen HP501H grade, MFI = 2.1 g per

10 min (230 �C/2.1 kg), density = 0.9 g cm-3 supplied by

Basell Co.). PLA (4043D grade, density = 1.24 g cm-3

purchased from Nature Works, USA). EBAGMA, a ter-

polymer of ethylene, butyl acrylate (BA) and glycidyl

methacrylate(GMA), commercially known as Elvaloy

PTW (MFI = 12 g per 10 min (190 �C/2.16 kg), densi-

ty = 0.94 g cm-3) used as a reactive compatibilizer was
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supplied by DuPont, USA. Cloisite 30B and Cloisite 15A

were supplied by Southern Clay Products Inc., USA. Prior

to melt compounding, the materials were dried for 4 h at

80 �C in a vacuum oven.

Material processing

PP/PLA blends were prepared according to the procedure

was reported in [19]. Table 1 lists the compositions. As

shown in Table 1a, five PP/PLA binary blends covering the

whole composition range were compounded without

compatibilizer. Two systems were selected for considering

the effect of compatibilizer and clay nanoparticles, i.e., PP-

rich system (PP/PLA 75/25) and PLA-rich system (PP/PLA

25/75), as shown in Table 1a, c, respectively. The Cloisite

30B was chosen for PLA-rich system due to the polar

nature of PLA and better affinity between this nanoclay and

PLA. A nonpolar organoclay Cloisite 15A with long alkyl

tail surfactant was used for the PP-rich system [14].

Transmission electron microscopy (TEM)

The dispersion quality of the nanoparticles within the

matrix and the nanostructures of the nanocomposites were

investigated using a transmission electron microscope

(TEM) on a Philips EM208 microscope (Netherlands),

operated at 100 kV. The samples were microtomed at

-160 �C.

Scanning electron microscopy

Scanning electron microscopy (SEM) was used to charac-

terize the morphology of cryofractured surface of the

samples. The samples sputter coated with Pt prior to ex-

amination and observed under a NEON 40 EsB (Carl Zeiss,

Oberkochen, Germany). SEM images were analyzed using

image processing software (JMicroVision v1.27). The

volume (Rv) and number (Rn) average radii and polydis-

persity of the particles (PD) were calculated using Eqs. 1–3

[19]. At least 200 particles were used to measure the

parameters.

�Rn ¼
P

niRiP
ni

ð1Þ

�RV ¼
P

niR
4
iP

niR
3
i

ð2Þ

PD ¼
�RV

�Rn

ð3Þ

where ni is the number of the droplets having radius Ri.

Differential scanning calorimetry (DSC)

A Mettler DSC (STARe SW 10.00) was used to study the

crystallization degree of the specimens. Samples of two

systems, i.e., PP-rich (75/25) and PLA-rich (25/75), were

selected in order to investigate effect of composition,

compatibilization and incorporation of clay nanoparticles

on thermal properties. About 5 mg of each sample was

scanned in a cycle of heating–cooling–heating from -20

to 200 �C. Thermal history was removed by scanning to

200 �C with a heating rate of 10 K min-1 and holding for

5 min. After cooling down, it was reheated with the same

rate from room temperature to 200 �C to obtain the

melting peaks.

In order to determine the crystallization enthalpy (DHc),

cold crystallization enthalpy (DHcc) and melting enthalpy

(DHm), the cooling and second heating scans were used.

The degree of crystallinity (Xc) of samples was calculated

using the following equation [14]:

Xc ¼
DH

DH0
m � ½1 � mass%: filler=100ð Þ� � 100 ð4Þ

where DH = DHc for cooling curves, i.e., the crystalliza-

tion enthalpy of the sample, or DH = DHm - DHcc for

second heating curves, DHm is the melting enthalpy of the

sample, DHcc is the cold crystallization enthalpy of the

sample and DH0
m is the melting enthalpy of the 100 %

crystalline polymer matrix (201.1 J g-1 for PP [20] and

93.0 J g-1 for PLA [18]) and mass% filler is the total mass

percentage of nanoclay and blend component [21, 22].

Table 1 Composition of the samples (a) uncompatibilized blends,

(b) PP-rich system and (c) PLA-rich system

Components Composition

(a) Uncompatibilized blends

Pure PP 100/0

PP/PLA 75/25

PP/PLA 50/50

PP/PLA 25/75

Pure PLA 0/100

(b) PP-rich system

PP/PLA/PTW 75/25/5

PP/PLA/Cloisite 15A 75/25/3

PP/PLA/Cloisite 15A 75/25/5

PP/PLA/Cloisite 15A 75/25/7

PP/PLA/PTW/Cloisite 15A 75/25/5/5

(c) PLA-rich system

PP/PLA/PTW 25/75/5

PP/PLA/Cloisite 30B 25/75/3

PP/PLA/Cloisite 30B 25/75/5

PP/PLA/Cloisite 30B 25/75/7

PP/PLA/PTW/Cloisite 30B 25/75/5/5
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Wide-angle X-ray scattering

Wide-angle X-ray scattering (WAXS) patterns were

recorded using Cu Ka radiation (k = 1.54 nm) generated

by an X-ray diffractometer (Xpert, Philips) operated at

40 kV and 30 mA. The scanning rate was 1 min-1 with a

step size of 0.1�.

Results and discussion

Morphology and microstructure

SEM, TEM, WAXS and DSC studies were carried out in

order to investigate the relationship between the thermal

properties and microstructures of the blends and

nanocomposites. The SEM micrographs of the blends are

shown in Fig. 1. The effects of compatibilization by the

PTW and incorporation of nanocalay on the morphology of

PP-rich and PLA-rich blends are shown in Fig. 2. These

SEM images were elucidated using the image analyzer

software. The Rn, Rv and PD values were calculated using

Eqs. (1–3), and the results were reported in Table 2.

Comparing the micrographs of Fig. 1 shows that the

discrete PLA spherical domains are almost uniformly dis-

persed in the matrices of the blends, but their sizes in the

PLA-rich blend are greater than those of PP-rich one.

Figure 2 shows the effects of compatibilization and in-

corporation of clay nanoparticles on the morphologies of

PP-rich and PLA-rich blends. There is a decrease in the

size of disperse phase and higher value of polydispersity of

the droplet size with compatibilization using the PTW.

This is corresponded to the effect of the PTW compatibi-

lizer on the interfacial interaction between the phases,

leading to reduce the droplet size and a greater polydis-

persity of them. Interestingly, with the introduction of

5 mass% Cloisite 15A and Cloisite 30B nanoparticles into

the PP-rich and PLA-rich blends, respectively, the size of

the dispersed domains decreases significantly (Fig. 2c, d).

Figure 3 shows the TEM microstructures of the

nanocomposites. As shown, the clay nanoparticles in the

non-compatibilized PP-rich and PLA-rich systems (Fig. 3a,

c respectively) tend to be localized in the PLA phase.

Compatibilization using the PTW compatibilizer for two

systems changes the localization of the nanoparticles to the

interphase region (Fig. 3b, d). Addition of compatibilizer

to a clay-containing multiphase system can have its own

contribution toward clay positioning and its state of dis-

persion due to induced changes in the system thermody-

namic. This topic has been discussed intensively in the

literature [3].

Another notable point is the degree of exfoliation/in-

tercalation in the systems. A good compatibility between

the clay and the organic polymer is an essential factor in

order to achieve a proper dispersion of the individual sili-

cate layers in a polymer matrix, known as an exfoliated

morphology. However, in many cases, the silicate layers

are not completely exfoliated and intercalation happens

primarily. Therefore, both of the morphologies can be

achieved. Comparing the TEM micrographs of Fig. 3a, b

reveals that the extent of exfoliation of Cloisite 15A

nanoparticles in the compatibilized PP-rich blend is greater

Fig. 1 Scanning electron micrographs of cryofractured surfaces of PP/PLA blends: a 75/25, b 25/75, c 50/50
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than that for non-compatibilized one. Similarly, Fig. 3

shows that the exfoliation of Cloisite 30B in the PLA-rich

system is greater in the presence of the PTW compatibilizer

(Fig. 3d) as compare to non-compatibilized nanocomposite

(Fig. 3c).

WAXS study

The morphological features of polymer nanocomposite,

such as crystalline form and spherulite and nanoparticle

size and also the nature of nanoparticles, can affect the final

properties [23–25]. It is well known that PP mainly has

three crystalline forms: monoclinic a, hexagonal b and

orthorhombic c. It has a para-crystalline smectic form too.

However, b-PP is difficult to form unless specific nucle-

ating agents are used [23, 24]. Figure 4a shows the WAXS

patterns of pure PP, PLA and the blends. For the neat PP,

the amorphous scattering is assumed to include that from

the smectic phase. As shown in Fig. 4a, all of the samples,

except for PLA, show five distinct a-form crystalline peaks

at 2h values of 14.0�, 16.8�, 18.5�, 21.8� and 21.9� [24],

corresponding to 110, 040, 130, 111 and 041 reflections of

the monoclinic a-crystalline phase of PP, respectively.

However, the intensities of these peaks decrease with an

increase in PLA content. The narrowing down of the peaks

in PP-rich blend compared with those in the pure PP’

WAXS pattern is associated with an increase in size and/or

perfection of the crystals, as shown in Fig. 4a. Conversely,

the broadening of the peaks in PLA-rich blend implies a

decrease in the size of the crystals. The WAXS patterns of

neat Cloisite 15A, and non-compatibilized PP-rich blends

containing 0, 3, 5 and 7 mass% of Cloisite 15A are shown

in Fig. 4b. Similarly, Fig. 4c shows the patterns for neat

Cloisite 30B, and non-compatibilized PLA-rich blends

containing 0, 3, 5 and 7 mass% of Cloisite 30B. Comparing

the WAXS pattern of PP-rich blend and that of the

nanocomposites shows an increase in crystallinity. In order

to consider the effect of compatibilization, the WAXS

Fig. 2 Scanning electron micrographs of cryofractured surfaces of

compatibilized blends and nanocomposites: a PP/PLA/PTW 75/25/5,

b PP/PLA/PTW 25/75/5, c PP/PLA/Cloisite 15A 75/25/5, d PP/PLA/

Cloisite 30B 25/75/5, e PP/PLA/Cloisite 15A/PTW 75/25/5/5, f PP/

PLA/Cloisite 30B/PTW 25/75/5/5
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patterns of neat Cloisite 15A, and compatibilized and non-

compatibilized PP-rich blends containing 5 mass% of

Cloisite 15A are shown in Fig. 5a.

Assuming the width of the peaks to be solely due to the

size, the d-spacing size of PP, blends and nanocomposites

can be calculated by the Scherrer equation. The Scherrer

formula is:

t ¼ Kk= B cos hð Þ ð5Þ

where t is the average dimension of crystallites normal to

the plane of the reflection used; K is the Scherrer constant,

a somewhat arbitrary value that falls in the range 0.87–1.0

(it is usually assumed to be 1); and B is the integral breadth

of a reflection (in radians 2h) located at 2h. The Scherrer

formula is only applicable if the particle size is *200 nm

or less [25]. In order to calculate the dimensions of the

crystallites, we used the peaks at 2h values of 14.0� cor-

responding to 110 reflection for PP. In order to calculate

the intergallery spacing (interlayer distance) in the clays,

the peaks at 2h values of 2.35� and 4.7� were used for

Cloisite 15A and 30B, respectively, both corresponding to

100 reflection. The characteristic peak for the clay is that of

the diffraction at (100), such peak interdistance is ex-

pressed by d100. Based on the diffraction peak of Cloisite

15A and Cloisite 30B in WAXS patterns (Fig. 4b, c),

having different treatments, the interlayer distance values

were calculated. Crystallite size of each nanocomposite

was also calculated from the WAXS peak broadening.

Following Scherrer equation, the interlayer distances were

determined for Cloisite 15A and 30B clays as well as for

their nanocomposites [26–29]. The calculated sizes in the

nanocomposites are reported in Table 3.

Fig. 3 Transmission electron micrographs of: a PP/PLA/Cloisite 15A 75/25/3, b PP/PLA/Cloisite 15A/PTW 75/25/5/5, c PP/PLA/Cloisite 30B

25/75/3, d PP/PLA/Cloisite 30B/PTW 25/75/5/5

Table 2 Quantitative values obtained from SEM micrographs of the

blends compatibilized with various amounts of PTW

Components Composition �Rn=lm �RV=lm PD

PP/PLA 75/25 0.54 0.81 1.52

PP/PLA 50/50 0.82 1.22 1.49

PP/PLA 25/75 0.64 0.99 1.55

PP/PLA/PTW 75/25/5 0.28 0.69 2.45

PP/PLA/Cloisite 15A 75/25/5 0.40 0.84 2.08

PP/PLA/PTW/Cloisite 15A 75/25/5/5 0.23 0.43 1.31

PP/PLA/PTW 25/75/5 0.54 0.79 1.46

PP/PLA/Cloisite 30B 25/75/5 0.57 1.07 1.88

PP/PLA/PTW/Cloisite 30B 25/75/5/5 0.31 0.61 1.94
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Regarding to Fig. 4b, c and the calculated values shown

in Table 3, the average dimensions of the crystallites in-

creased with an increase in filler concentration in the both

systems, corresponding to the nucleating effect of the

nanofillers, causing crystallization at higher temperature.

Table 3 shows that the original interlayer distance in

Cloisite 15A is slightly greater than that of Cloisite 30B.

As shown in Fig. 5a and the data in Table 3, the charac-

teristic peak of Cloisite 15A, at 2h of 2.35�, has not been

significantly shifted to the lower 2h degree in PP-rich

nanocomposites. However, an increase of 100 % in inter-

layer distance (Table 3) shows intercalated and exfoliated

structure for them. Moreover, the height of this peak has

decreased significantly in compatibilized nanocomposite,

implying a structure with almost exfoliated tactoids.

Figure 5b shows the WAXS patterns of pure Cloisite 30B,

and PLA-rich blend containing 5 mass% of Cloisite 30B

without compatibilizer and that with compatibilizer. As

clearly seen, the characteristic peak of Cloisite 30B, at 2h
of 4.7�, has been shifted significantly to a lower angle in

the compatibilized and non-compatibilized PLA-rich

blends. This shows presence of nanoparticles with inter-

calated structures in the nanocomposites. A comparison

between interlayer distance values of Cloisites within PP-

rich and PLA-rich blends with respect to that of neat ones

(Table 3) shows that the interlayer distances of silicate

layers within the PP-rich system are greater than that those

of PLA-rich system. It can be due to different cationic

modifiers present on the clay surfaces. Comparing to the

cationic modifier of the Cloisite 30B surface, the modifier

of Cloisite 15A has less affinity with PLA matrix due to the

nonpolar nature of 15A and polar nature of PLA [14].

These results confirm that the structure of clay modifier is

one of the most important factors that can influence the

level of dispersion of nanoclays.
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Another notable point is that the addition of PTW

compatibilizer to the composition can lead to a greater shift

toward small angle and also decrease in the height of the

peak implying a greater intercalation and exfoliation in the

compatibilized PLA-rich blend. These results are in good

agreement with the TEM images shown in Fig. 3 and

confirm the microstructures explained therein.

Differential scanning calorimetry (DSC)

In this section, we investigate the effect of composition of

the blends, and compatibilization using the PTW com-

patibilizer and addition of nanoclay and its content on the

crystallization behavior of the two systems. The degree of

crystallization (Xc) is used for comparison of the relative

changes in the crystallization behavior. Figures 6, 7 and 8

represent the curves of all samples, and the obtained results

are summarized in Table 4.

The curves of Fig. 6 show the effect of composition of

the blends on the thermal properties of the blends. The

second heating DSC analyses done from -20 to 180 �C
show no glass transition and no cold crystallization tem-

perature for PP in the investigated temperature range

(Fig. 6a), but the endothermic peak of melting is at 164 �C.

The DSC cooling curve of PP (Fig. 6b) shows one

exothermic peak. This narrow exothermic peak with a

maximum at 116 �C is the main peak due to the crystal-

lization of PP. In the case of PLA, the second heating curve

shows a glass transition at 60.7 �C. Moreover, there is a

cold crystallization temperature at 121 �C, and the melting

peak is at 152.7 �C. The DSC cooling curve for PLA is

very smooth, and no exothermic peak can be observed,

indicating that no crystallization occurs during the cooling

process at this cooling rate (Fig. 6b). This suggests that

melt crystallization of PLA is more difficult than cold

crystallization in the non-isothermal quenching process.

Blending of PP and PLA leads to significant changes in

the thermal behavior of the blends compared to pure

components. As shown in Fig. 6a the second heating curve

of the PP-rich blend shows an insignificant glass transition

corresponding to the PLA phase, and a melting peak cor-

responding to the PP phase at 163.5 �C. The cooling DSC

curve shows a narrow exothermic peak at 115.7 �C for this

blend (Fig. 6b). This suggests a behavior for PP-rich blend

similar to the PP. In the case of PLA-rich blend, there is a

slight decrease in Tg and a significant decrease about 10 �C
in cold crystallization temperature as compared to those for

pure PLA. This decrease is attributed to a defective crys-

tallization of PLA in the presence of PP droplets in the

PLA-rich blend. The crystals in PLA-rich blend have been

formed partially during cooling and partially during cold

crystallization. This argument is confirmed by the shoul-

ders in melting peak (Fig. 6a) and crystallization in cooling

curve (Fig. 6b) and the data of Table 4. The effects of

incorporation of the clay nanoparticles and compatibiliza-

tion using the PTW compatibilizer on the thermal proper-

ties of PP-rich system are shown in Fig. 7. Regarding the

second heating curves shown in Fig. 7a and transitions’

values reported in Table 4, almost all of the samples in this

system have not shown Tg transition except for non-com-

patibilized nanocomposite. Moreover, the unfilled blend

that compatibilized using the PTW has not shown cold

crystallization phenomenon. The incorporation of the

Cloisite 15A clay has induced cold crystallization. Cold

Table 3 Average dimensions of crystallites using Scherrer equation for diffractions of 110 and 100 for PP and Cloisites, respectively

Components Composition Peak position 2h
for 110 (PP)/�

Peak position 2h
for 100 (Cloisites)/�

B for 110

(PP)/�
B for 100

(Cloisites)/�
Crystallite

sizes in

PP/nm

Interlayer distance

for Cloisites/nm

Pure PP 100/0 14 – 0.5 – 18.2 –

PP/PLA 75/25 14 – 0.46 – 19.8 –

PP/PLA 50/50 14 – 0.49 – 18.8 –

PP/PLA 25/75 14 – 0.55 – 16.7 –

PP/PLA/PTW 75/25/5 14 – 0.46 – 19.8 –

Cloisite 15A – – 2.3 – 0.84 – 10.6

PP/PLA/Cloisite 15A 75/25/5 14 2.3 0.45 0.45 16.7 19.6

PP/PLA/PTW/

Cloisite 15A

75/25/5/5 14 2.2 0.48 0.41 19.0 21.6

PP/PLA/PTW 25/75/5 14 – 0.5 – 18.2 –

Cloisite 30B – – 4.7 – 0.9 – 9.8

PP/PLA/Cloisite 30B 25/75/5 14 2.3 0.56 0.59 16.2 15.0

PP/PLA/PTW/

Cloisite 30B

25/75/5/5 14 2.2 0.43 0.62 21.2 14.2
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crystallization phenomena induced via nanoparticle incor-

poration were reported by other researchers [14, 30, 31].

This role of nucleating agent also is seen in the cooling

DSC curve of Fig. 7b. This effect has been reflected in

the Xc values (Table 4), as there is an increase in Xc value

of PP-rich blend with incorporation of 5 mass% of

Cloisite 15A.

The second heating DSC curves of the samples of PLA-

rich system are shown in Fig. 8a. As shown, all of these

samples show a Tg around 60 �C. There is a decrease in Tg

value of PLA-rich sample with compatibilization using the

PTW, implying that this is an effective compatibilizer for

this system [33–35]. There is a decrease in Tcc value with

incorporation of the Cloisite 30B nanoparticles to the PLA-

rich blend with the help of the reported values in Table 4.

In the PLA-rich system, the compatibilization using the

PTW compatibilizer has reverse effect in the cold

crystallization temperature. The results show that the ad-

dition of PTW leads to reduction in the crystallization

process and crystallite formation, which subsequently re-

duce the degree of crystallinity of PP/PLA/clay nanocom-

posites. It is suggested that the nucleating efficiency maybe

disappeared due to the compatibilizer action which en-

capsulates the nanoparticles, causing the kinetic restriction

on the crystallization phenomenon. There are several works

reported on the effect of interfacial interactions on the

crystallization behavior of blends and nanocomposites

[32–34]. For example, it was reported that the addition of

acrylic acid-grafted polypropylene as compatibilizer im-

proved the nucleation of CaCO3 nanoparticles in PP/

CaCO3 nanocomposites, and the crystallization tem-

perature of the composites increased because of the en-

hanced nucleation of the nanoparticles [33]. Yang et al.
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Fig. 6 DSC curves of the blend components; PP-rich and PLA-rich

blends a second heating, b cooling
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compatibilized blend nanocomposites of the PP-rich system a second

heating, b cooling
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[34] reported that addition of PP-g-MA and POE-g-MA

into b-nucleated iPP/PA66 blends increased the b-crystal

content of PP. Moreover, they reported that the increase in

the non-isothermal crystallization temperature depends on

the type of compatibilizer [34].

It is acquired for a good nucleating agent that Tcc is

decreased and Tc is increased [35–38]. Hence, the Cloisite

30B is a nucleating agent for PLA, while PTW is not a

proper nucleating agent for it. A shoulder endothermic

peak at approximately 154 �C was observed for PP-rich

and PLA-rich samples; however, no similar peak was re-

vealed for pure PLA. According to Martin and Avérous

[35], a very small melting endotherm at 152 �C has been

recorded and corresponded to the residual crystallinity.

They also reported that these two distinct peaks are owing

to the lamellar re-arrangement during crystallization of

PLA. Di Lorenzo et al. [36] have reported that poly(Llactic

acid) (PLLA) is a polymorph material that presents several

crystal modification. A shoulder or low-temperature peak

was reported to form on the melting endotherm of the

original crystallites [37]. Scheirs [38] reported that multiple

melting peaks can be observed in a number of semicrys-

talline polymers during a DSC scan. These occur when

imperfect crystals that have melted at a lower temperature,

recrystallize to give crystals at a higher temperature [16].

Figure 8b shows the cooling DSC curves of the PLA-

rich samples. As shown, there are shoulders for all of the

samples in this system resulting in complexity in analyzing

the data. In other words, a fractionated crystallization of

samples occurred during cooling. Such behaviors were also

reported for PLA/LLDPE blends [14]. The crystallization

of the minor component in incompatible polymer blends

starts sometimes at distinctly larger undercooling than that

of meat polymer, and proceeds in several separated steps.

The most likely explanation for the appearance of several

different exotherms in the molten PLA-rich blend is the

fact that when the polymer is dispersed into droplets, the

content of heterogeneities of each droplet could be differ-

ent and also the polymer may contain different types of

heterogeneities which will be activated at cooling de-

pending on their specific interfacial energy differences with

the molten polymer. When the polymer is in the bulk, the
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Fig. 8 DSC curves of the unfilled blend, compatibilized and non-

compatibilized blend nanocomposites of the PLA-rich system a sec-

ond heating, b cooling

Table 4 DSC analysis of the blend components and their nanocomposites at cooling/heating rate of 10 Kmin - 1

Sampled Second heating Cooling

Tg/�C Tcc/�C DHcc/J g-1 Xcc/% Tm/�C DHm/J g-1 Xm/% Tc/�C DHc/J g-1 Xc/%

Pure PP – – – – 164.2 101.9 51.0 116.4 100.5 50.0

PP/PLA 75/25 – – – – 163.5 88.3 58.5 115.7 71.6 47.0

PP/PLA/PTW 75/25/5 – – – – 162.7 77.3 51.2 114.7 66.1 44.0

PP/PLA/15A 75/25/5 60.5 107.2 5.5 3.9 162.7 67.2 47.7 113.3 68.6 48.7

PP/PLA/PTW/15A 75/25/5/5 – 112.3 5.9 4.5 163.2 62.6 47.9 115.3 62.5 47.8

Pure PLA 60.7 121.1 15.5 16.7 152.7 26.7 28.7 128.7 7.5 8.1

PP/PLA 25/75 61.5 109.9 15.3 21.9 154.7/163.4 1.3/39.3 2.5/56.3 91.6 0.5 1.0

PP/PLA/PTW 25/75/5 60.3 114.1 15.7 22.1 149.7/162.9 1.2/38.1 1.9/58.5 89.1 20.5 31.5

PP/PLA/30B 25/75/5 61.2 107.6 16.0 22.5 155.6/162.9 5.6/39.3 9.3/60.4 110.1 6.6 10.9

PP/PLA/PTW/30B 25/75/5/5 60.3 118.0 18.8 31.1 151.8 34.7 57.4 104.9 10.8 17.9
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heterogeneity with the lowest specific interfacial energy

difference is activated and dominates the crystallization

of the polymer via secondary nucleation at the created

crystals [39].

The data shown in Table 4 reveal that there is an in-

crease in Tc and Xc of PLA with compatibilization using the

PTW. Interestingly, incorporation of the Cloisite 30B

nanoparticles has opposite effect on crystallization. This

effect was also seen in the crystallite size that the size of

crystals in non-compatibilized PLA-rich nanocomposite

was smaller than that for unfilled PLA-rich one (Table 3).

The crystallization behavior of these systems and its

influence on the mechanical properties was reported else-

where [40]. There was an increase in Young’s modulus

with increase in degree of crystallinity. The results of ex-

perimental permeability values accompanied by a mole-

cular dynamic simulation (MD) on diffusion of oxygen

were also submitted elsewhere. The results of permeability

values also agree with the results of crystallinity. The in-

crease in crystallinity led to increase in barrier properties of

the final hybrids.

Conclusions

The non-isothermal crystallization behaviors of PP, PLA

and their blends and hybrid nanocomposites were investi-

gated and correlated with the microstructure. Morpho-

logical studies were performed on PP/PLA blends with

different compositions, i.e., PP-rich and PLA-rich ones

containing different types of nanoclays, i.e., Cloisite 15A

and 30B, respectively. It is found that the morphologies of

the both systems being droplet in matrix were refined by

addition nanoclays. The WAXS patterns of all the PP-

containing samples showed five distinct crystalline peaks,

corresponding to the monoclinic a-crystalline phase of PP.

The narrowing down of the peaks in the WAXS pattern of

PP-rich blend compared with those in the pure PP was

associated with an increase in size and/or perfection of the

crystals. Conversely, the broadening of the peaks in PLA-

rich blend implied a decrease in the size of the crystals.

Comparing the WAXS patterns of PP-rich and those of the

nanocomposites showed an increase in degree of crys-

tallinity. Moreover, the calculated values obtained by the

Scherrer equation showed that the average dimensions of

the crystallites increased with an increase in filler content

in the both systems. This was attributed to the nucleating

effect of the nanofillers, resulting in crystallization to occur

at higher temperature.

The DSC results showed that for the neat PLA the melt

crystallization in the non-isothermal quenching process

was more difficult than cold crystallization. Blending of PP

and PLA led to significant changes in the thermal behavior

of the blends compared to pure components. While the

thermal behavior of PP-rich blend was almost similar to the

pure PP, there was a slight decrease in Tg and a significant

decrease about 10 �C in the cold crystallization tem-

perature in the case of PLA-rich blend, as compared to

those for pure PLA. This decrease was attributed to an

effective crystallization of PLA in the presence of PP

droplets in the PLA-rich blend. There was a decrease in Tg

value of PLA-rich sample with compatibilization using the

PTW, implying that this was an effective compatibilizer for

this system. While there was a decrease in Tcc value of

PLA-rich sample with incorporation of Cloisite 30B, im-

plying this clay is a good of nucleating agent for crystal-

lization in PLA-rich blends. The study of crystallization

behavior revealed that the Cloisite 15A clay, as a strong

nucleating agent, altered the PP-rich blend crystallization

during heating. In addition, the PLA crystals in PLA-rich

system were formed during heating and fractionated crys-

tallization of samples occurred during cooling. From the

above results, it is concluded that regarding to the greater

values of degree of crystallinity in the PP-rich system

comparing to that for the PLA-rich one, resulting in high

barrier properties, the PP-rich system can be used as a

potential biodegradable material for modified atmosphere

packaging (MAP).
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