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Abstract Intercalated nanocomposites comprised of poly(propylene carbonate)

(PPC) and organo-montmorillonite (OMMT) were prepared via a direct melt

blending method. The morphological, thermal, rheological, mechanical, and gas

barrier properties of composites were carried out in detail. Results of XRD, TEM,

and SEM revealed that OMMT dispersed homogeneously in the polymer matrix,

and were intercalated by PPC macromolecules. Compared with neat PPC, the PPC/

OMMT nanocomposites showed an enhancement in the 5 wt% weight loss tem-

perature (T-5%) by near 20 �C with 3 phr OMMT concentration. With the perco-

lation threshold formed, the rheological properties of composites translated from a

liquid-like behavior to a solid-like one. Interestingly, PPC/OMMT nanocomposites

revealed a concurrent improvement in the modulus, yield strength, and toughness

with the addition of homogeneously dispersed clay. The oxygen permeability of

well-dispersed PPC/OMMT nanocomposites reduced significantly compared with

that of neat PPC. Consequently, this convenient and effective method, which

facilitates to prepare PPC/OMMT nanocomposites with superior mechanical

properties and excellent gas barrier performances, can be considered to broaden the

application of PPC.
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Introduction

Polymers are emerging materials with functionality, lightweight, ease processing, and

lowcost. They have anopportunity to replacemanyconventionalmaterials (e.g.,metals,

ceramic and paper) in the packaging and other application fields [1]. Poly(propylene

carbonate) (PPC) with decent biocompatibility and biodegradability has attracted

increasing interest in last two decades. PPC is manufactured by the ‘‘alternating’’

copolymerization of epoxy compound and carbon dioxide which is proposed by Inoue

et al. at the end of the 1960s for the first time [2]. The consumption of CO2 in the

production process of this kind of polyester can not only reduce the pollution of carbon

dioxide but also contribute to resolving the shortage of petroleum. The biodegradability

of PPC is beneficial to relieve the ‘‘white pollution’’ problem as well [3–5]. Generally

speaking, the amorphous polymer PPC has superior characteristics of tensile toughness,

transparency, and relative great gas barrier properties.However, usingPPCseparately in

practical applications is limited by its glass transition temperature. Meanwhile, the

inferior tensile strength of PPC goes against a wide range of its application [6]. Blending

PPCwith other polymers can enlarge its applications. Nevertheless,most polymerswith

high processing temperature are not suitable for compositing with PPC, since PPC

begins to degrade at around180 �C.Therefore, improving the thermal stability ofPPC is

necessary for broadening its application [3, 6–9].

Both in industry and academia, polymer nanocomposites containing montmo-

rillonite layer silicates (MMT) have attracted great interests because of their high

mechanical properties, superior thermal stability, excellent gas barrier perfor-

mances, and outstanding biodegradability [10–13]. The 2:1 phyllosilicates mont-

morillonite with a high aspect ratio is considered impermeability for gas molecules.

Thus, the dispersed nanoplatelets can inhibit the transmission of gases and make

contributions to the gas barrier properties to the polymer nanocomposites. It is

reported that with addition of small amount of nanoclays can reduce gas

permeability through polymer films for about 50–500 times [14]. Moreover, the

exchangeable cations adsorbed on the silicate layer make it possible to change from

hydrophilic to organophilic. It is well known that the properties of nanocomposites

are mainly determined by the dispersion of clay nanoplatelets in polymers and the

interaction between nanofillers and matrix. The more homogeneously nanoplatelets

disperse in polymer matrix, the more superior properties will be acquired, such as

the well-dispersed and randomly exfoliated Polylactide (PLA)/MMT composites

prepared by Du et al. [15] through melt blending. Their results showed that the

randomly exfoliated montmorillonite particles decreased the diffusion coefficient of

water vapor in composites by effectively increasing tortuosity of the pathway for

water molecules to pass through the polymer membrane. Ion exchange reactions

have been used by modifying the layered silicates to make OMMT compatible with

non-polar polymers to achieve a well-dispersed nanocomposite. Converting the

hydrophilic silicate surface into organophilic can improve the dispersion of MMT in
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polymer matrix. Richert et al. [16] discussed the influence of two types of MMT

(Cloisite 30B and Nanofil 2) on transmission rates of water vapor, oxygen, and

carbon dioxide for PLA nanocomposites. They found that the hydrophobic Cloisite

30B decreased the gas permeability much more effectively than the hydrophilic

Nanofil 2. At the same time, the compatible nanocomposites reduced the carbon

dioxide transmission rate more significantly. Various methods such as in situ

polymerization [17–19], solution [20, 21], and latex methods [22] are used to form

homogeneously dispersed nanocomposites. Melt blending is the most convenient,

low cost, and high yield technique to prepare polymer nanocomposites. Khan et al.

[23] and Xu et al. [24] had produced partially exfoliated PPC/clay nanocomposites

through melt blending, and this nanocomposite showed higher elastic modulus,

hardness, and anti-water absorption capacity than those of pure PPC. However,

polymer nanocomposites make contributions to enhancement in stiffness and

strength also at the expense of ductile. Even with so many advantages, melt

blending is reported to give rise to the thermal degradation of PPC inevitably during

the melt compounding process [25].

In this paper, we reported a direct melt intercalation of PPC/organo-montmo-

rillonite (OMMT) nanocomposites and gave a detailed explanation about the

transformation of thermal and rheological characteristic of the nanocomposites.

Moreover, the research mainly focused on further enhancing the mechanical and gas

barrier properties of PPC/OMMT nanocomposites. The novelty of the work is the

concurrent improvement in the modulus, yield strength, and toughness with the

addition of OMMT. As far as we know, this is the first report about the gas barrier

properties of PPC/OMMT nanocomposites. The excellent gas barrier properties and

unique mechanical properties of the nanocomposites prepared in this work have a

great potential to broaden the application of sustainable PPC.

Experimental

Materials

PPC, with a number-average molecular weight (Mn) of 77,000 g/mol, was supplied

by Tianguan Enterprise (Henan, China). The organo-montmorillonite (trade name

was DK2) (OMMT) was kindly provided by Fenghong Clay Co. Ltd., China,

modified with methyl tallow bis(2-hydroxyethyl) ammonium.

Preparation of nanocomposites

PPC/clay nanocomposites (PPCCNs) were prepared by direct melt compounding

OMMT with PPC in a torque rheometer (XSS-300, Shanghai Kechuang Rubber

Plastic Mechanical Equipment Co., Ltd., China) at 150 �C and 90 rpm for 10 min

until reach to a constant torque. Six different PPC/OMMT composites with weight

ratios of 100/1, 100/2, 100/3, 100/5, 100/7, and 100/10 were prepared. Before melt

blending, the PPC pellets were cryogenically pulverized to about 100 lm for 1 min

using WJX-A500 mill (Shanghai Yuanwo Industry and Trade Co., Ltd.) to prepare
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more homogeneous preblends with OMMT. Then, all the preblends were dried at

40 �C under vacuum for 24 h before using. For better comparison, the pure PPC

sample was also processed in rheometer to keep identical thermal history with

PPCCNs. After melt mixing, the samples were hot-pressed at 170 �C for 5 min and

then cold-pressed at room temperature to form 0.7 and 0.2 mm thick sheets to

satisfy the need of different measurement, respectively. In the discussion, the

resultant samples were briefly designated as PPCx, with x denoting the weight

percentage of OMMT, such as PPC3 is referred as nanocomposite with 3 phr

OMMT (phr = parts per hundred parts of PPC).

Characterization

A D8 advance X-ray diffractometer (Bruker, Germany) was used to characterize the

X-ray diffraction (XRD) patterns of the samples. The Cu Ka radiation

(k = 0.15418 nm) source was operated at 40 kV and 200 mA. The scanning angle

(2h) covered a range of 1�–10� for PPC/OMMT nanocomposites and neat OMMT at

a speed of 3� min-1 at room temperature.

The transmission electron microscope (TEM) measurements were made on a

JEM-2010 (HR) high-resolution transmission electron microscope operating at

200 kV. The samples for TEM were sliced up using a cryo-microtome (Leica

RM2125, Germany). Ultrathin films of nanocomposites with thickness of 60 nm

were adhered onto copper web before observing. The field-emission scanning

electron microscope (SEM) (XL30 ESEM FEG, FEI Co., Eindhoven, The

Netherlands) was also applied to observe the morphology of nanocomposites. The

constant accelerating voltage was set at 10 kV. The specimens for SEM were cryo-

fractured after immersing in liquid nitrogen for at least 20 min and the fractured

surfaces were sputtering coated with a thin layer of gold under vacuum before the

measurement. The magnification used in SEM microscopy for OMMT nanoplatelets

is 10,000 and that for other samples is 2000.

The Fourier transform infrared (FTIR) spectra were collected with a Bruker

Vertex-70 instrument. The spectra of neat PPC, PPC3, and PPC10 films were

collected in the reflection mode; the spectrum of powdery OMMT was collected in

transmission mode. The spectra within the range 4000–400 cm-1 with a resolution

of 4 cm-1 were recorded.

Thermal analysis was performed using a TA Instruments differential scanning

calorimeter DSC Q20 (USA) under N2 atmosphere. The specimens with a nominal

weight of about 7 ± 0.3 mg were sealed in aluminum crucibles. The measured

specimens were firstly heated from 20 to 140 �C at a heating rate of 30 �C/min, after

erasing the previous thermal history, and then cooled to 0 �C at a rate of 10 �C/min.

The samples were further heated to 140 �C again from 0 �C at a heating rate of

10 �C/min.

The thermal stability of materials was measured by thermogravimetric analysis

(TGA) on a METTLER STAR. The samples were gradually heated at a rate of

10 �C/min from 50 to 600 �C under the protection of N2 atmosphere.

Rheological measurements were carried out using a rotational rheometer (TA

Series AR2000ex, TA Instrument, USA). The compression-molded samples were
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cut into the disks (25 mm in diameter and 0.7 mm in thickness). The measurements

were performed in dynamic (oscillatory) mode by means of 25 mm parallel

geometry at 150 �C under an air atmosphere. Amplitude sweeps were performed in

advance to ensure that the dynamic tests were in the linear viscoelastic range and a

strain value of 1.25% was consequently chosen. Dynamic frequency sweep tests

were executed in the ranged of 0.1–100 rad/s.

The oxygen permeation rate of the samples was measured according to ISO 2556:

1974 using gas permeation instrument VAC-V2 (labthink instruments, Jinan,

China). The measurements were performed using a constant-volume method at a

given pressure of 1 atm and a constant temperature of 23 �C (0% RH). Before

testing, the specimens were clamped tightly in test chambers. At first, the pure

nitrogen entered into the lower half of the chamber and high pure oxygen was

introduced in the other half of the chamber. Oxygen molecules were taken to the

sensor after permeating the specimen from the upper cavity into the another side.

The sensor detected the concentration of the permeable oxygen and transformed

them into the gas permeability rate expressed in cm3/m2 day. The oxygen

permeability coefficient (OP) which was also given by the instrument was

calculated from the measured gas permeability rate. The permeability of each

specimen was taken an average value of three tests.

Tensile properties were measured using an Instron-1121 tensile tester in

accordance with the standard ISO 527-93. The measurement was taken at room

temperature with an extension speed of 10 mm/min. The compressed specimens

were prepared into a dumbbell type with dimensions of 20 mm (effective

length) 9 4 mm (narrow portion width) 9 0.7 mm (thickness). All specimens

were stored for over 24 h under the test condition, and an average value of at least

five tests was taken for each specimen.

Results and discussion

Dispersion of OMMT in PPC matrix

XRD is an effective method to characterize nanocomposites on the nanostructure

level. Figure 1 shows the XRD patterns of PPC/OMMT composites with different

clay contents and the corresponding values of 2h are listed in Table 1. The XRD

patterns display that after blending with PPC, the initial diffraction peak (001) of

OMMT shifts from 2h = 3.9� to almost 2.6�. This result is ascribed to the

intercalation of PPC macromolecular chains into the layers of silicate, resulting in

the interlayer distance of OMMT increased as already observed by Tunc and Duman

[26]. The (001) diffraction peaks of PPC/OMMT composites with clay contents

from 1 to 10 phr locate at 2h = 2.4�–2.7�, indicating that the intercalation of PPC

chains increases the d001 spacing of OMMT more than 1 nm. Moreover, there is no

significant difference which can be discerned inducing by the content of OMMT and

the processing procedure. In the case of PPC5, PPC7, and PPC10 composites, there

are small peaks appearing at 2h = 5.0� corresponding to a d-spacing of 1.7 nm. It is

believed that the presence of hydroxylated edge–edge interaction of the silicate
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layers leads to the flocculation of stacked and intercalated silicate layers [27]. What

worth noting is that the intensity of the (001) diffraction peaks with the content of

OMMT more than 3 phr is higher evidently than that of composites with lower

concentration of clays. Some reports stated that the lower intensity of the peaks was

attributed to the partial exfoliation of the OMMT platelets when the concentration

of OMMT was not too high [28]. Otherwise, from the aspect of peak intensity, it

seems that the agglomeration of clays increases upon increasing clay loadings.

Morphology of PPC/OMMT nanocomposites

Figure 2 presents the TEM images of PPC3 and PPC10 nanocomposites. In these

images, part of OMMT nanoplatelets denoted as the dark lump have been

intercalated and some individual nanoplatelets disperse homogeneously in PPC

matrix with a slice size lower than 1 lm. A minor extent of OMMT reveals a

number of agglomerates in PPC3; however, the dispersion of individual silicate

layers in the polymer matrix for PPC10 is less homogeneous than PPC3. In Fig. 2c,

the magnified sample edge of PPC10 is given to present the morphology of the

nanocomposites more clearly. From Fig. 2c, we confirm that the PPC/OMMT

nanocomposites are prepared successfully and the nanoplatelets are embedding in

the PPC matrix as we think. It also can be seen the distribution of the clays in the

Fig. 1 XRD patterns of the
samples with different PPC/
OMMT ratios via melt
intercalation

Table 1 Diffraction peaks and

interlayer spacing of PPC/

OMMT nanocomposites

2h (�) d001 (nm)

OMMT 3.9 2.2

PPC1 2.5 3.5

PPC2 2.6 3.4

PPC3 2.7 3.3

PPC5 2.6 3.4

PPC7 2.4 3.6

PPC10 2.6 3.4
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PPC matrix which depends on the amount of the OMMT which is consist with the

result of XRD. Even so, both PPC3 and PPC10 are considered as a partial

intercalated system.

The SEM micrograph of pure OMMT is shown in Fig. 3a, while neat PPC and

the nanocomposites SEM images are displayed in Fig. 3b–d. The image of OMMT

reveals an apparent layered structure and the original stack size of lamellar structure

is close to 4–6 lm. From the cross-section images of the PPC/OMMT composites, it

can be seen that the surface morphology changes according to the clay loading. For

brevity, we just list some representative micrographs. Neat PPC shows a smooth

surface, and the evenly dispersed white dots in the PPC matrix are residual Zinc

Fig. 2 TEM micrographs of a PPC3, b PPC10, and c the sample edge of PPC10

Fig. 3 SEM micrographs: a OMMT, b neat PPC, c PPC3, and d PPC10
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catalysts which have been verified by EDAX (Energy-dispersive X-ray spec-

troscopy). Moreover, PPC3 reveals a homogenous dispersion of OMMT in the

polymer matrix, though the surface becomes a little rough. The image of PPC10

displays a rougher surface and presents some microscale fillers and gaps due to the

agglomeration of individual silicate layers. Both the micrographs and XRD results

indicate that the organic modified clays can homogeneously disperse in the polymer

matrix at a small amount; however, agglomeration may form with higher loadings

of OMMT added.

Interaction between PPC and OMMT

The FTIR spectra of powdery OMMT, neat PPC film, and PPC10 film are illustrated

in Fig. 4. In spectrum of OMMT, the peaks at 2915 and 2849 cm-1 are assigned to

the characteristic absorptions of the C–H stretching vibration of the alkylammo-

nium. The broad band in the region of 3623 cm-1 attributes to the stretching

vibration of the –OH of the methyl tallow bis(2-hydroxyethyl) ammonium. The

FTIR reflection spectra of pure PPC film exhibits some characteristic absorption

peaks corresponding to polymeric groups of PPC. That peaks at 2850–3000 cm-1,

1739 , 1231, 1062, 784, and 1120 cm-1 which confirms the presence of C–H, C=O,

C–O, and C–O–C functional groups, respectively. The spectra of the PPC3 and

PPC10 nanocomposites show the characteristic peaks of both PPC and OMMT

which confirms that the PPC/OMMT nanocomposites are prepared successfully.

The nanocomposites exhibit a peak assigned to the hydroxyl stretching of OMMT

appeared at 3621 cm-1. The carbonyl band at 1737 cm-1 is wider, more intense,

and about 2 cm-1 lower than that of the neat PPC. Both the shift of hydroxyl peak

for neat OMMT and the carbonyl peak for neat PPC indicate the formation of

hydrogen bond between the hydroxyl group of OMMT and the carbonyl group of

PPC in the nanocomposites [29]. It is worth noting that the peak intensity of PPC3 at

1737 cm-1 is higher than that of PPC10, which suggests that the interaction

between PPC and OMMT in PPC3 is slightly higher than in PPC10. This result

Fig. 4 FTIR spectra of OMMT,
neat PPC, PPC3, and PPC10
composite films
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consists with the dispersion of OMMT in the PPC matrix demonstrated former that

better dispersion of OMMT results from better PPC-OMMT reaction.

Thermal behaviors

Thermal properties are important characteristics for thermoplastics, as they usually

give suggestions for the processing temperature range. In this research, DSC and

TGA are performed under nitrogen atmosphere to investigate the influence of the

OMMT on the thermal behaviors of the PPC/OMMT nanocomposites films. The

thermograms are depicted in Figs. 5 and 6, respectively.

The glass transition temperature (Tg) are investigated by DSC measurement and

the relevant values are obtained from the second heating process after erasing the

thermal history. The value of Tg increases slightly with the increases of OMMT

content, as summarized in Table 2. The behavior that the Tg values of nanocom-

posites increase with filler content increasing has been stated by other reports

[21, 24, 30]. The thermodynamic model, which was proposed by Lee [31] based on

the configurational entropy model and the Floy-Huggins theory, describes the

variation of Tg in binary polymer/nanofillers system. Both increase and decrease of

Tg that would present after the addition of nanocomposites to an amorphous

polymer depended on the interaction between the matrix and fillers. In short, the

strong interaction between matrix and nanofillers will bring an increment of Tg. On

the contrary, Tg decreases in the system with a very low interaction or without any

interaction. Consequently, the phenomenon that Tg increases with the augment of

the content of OMMT illustrates that there is some interaction between PPC matrix

and OMMT particles which is consistent with the result of FTIR.

The thermal stability behaviors of PPC and PPC/OMMT nanocomposites are

further studied by TGA measurement. Figure 6a, b shows the thermal gravimetric

analysis (TGA) and differential thermal analysis (DTG) of PPC/OMMT nanocom-

posites with different clay contents. It clearly reveals in Table 2 that the 5 wt%

weight loss temperature (T-5%) of PPC3 is almost 19 �C higher than that of pure

Fig. 5 DSC thermograms
recorded during second heating
scans of PPC/OMMT
composites at the rate of 10 �C/
min
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PPC. However, the T-5% decreases slightly as the content of OMMT continues

increasing but still higher than that of pure PPC. The variation tendency of T-5% is

similar to the PPC/OMMT nanocomposites reported by Xu [24]. Moreover, it is also

noticeable that the initial decomposition temperature has decreased gradually from

267 �C for neat PPC to 257 �C for PPC10. The maximal decomposition temperature

(Tmax) of PPC10 reflected in DTG graph decreases about 60 �C compared with that

of neat PPC. The poor thermal stability of PPC/OMMT composites discovered in

our study is contrary to other researches [21, 32, 33], in which they showed that the

Fig. 6 TGA and DTG curves of
the PPC/OMMT composites.
The illustration in a and b is
TGA and DTG curves of
OMMT, respectively

Table 2 Thermal properties of

PPC/OMMT nanocomposites
Tg (�C) Td (�C) T-5% (�C) Tmax (�C)

PPC 22.4 267.1 220.8 334.8

PPC1 24.8 264.8 240.7 293.7

PPC2 24.7 261.4 238.9 292.9

PPC3 24.4 263.8 238.9 288.9

PPC5 24.9 259.4 236.6 285.3

PPC7 24.6 258.7 232.5 280.9

PPC10 26.2 256.9 230.2 275.7
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decomposition temperature of PPC/clay nanocomposites had enhanced by almost

50 �C. The phenomenon is on account of the poor thermal stability and high content

of organic modifier. From the illustrations in Fig. 7a, b, we find that the content of

modifier is 35 wt% of OMMT. In addition, the T-5% and T-10% of these organic

substances on the surface of OMMT are 253 and 280 �C, respectively. Both the two

temperatures are nearly 20 �C lower than those corresponding values of OMMT in

other reports [32]. We believe that the increase in T-5% of composites can be

attributed to the dispersed adiabatic silicate layers which form protective barriers on

the surface of PPC and impede the heat conduction in the matrix. Otherwise, the

polymer macromolecule chains just breakage and a small amount of volatile

molecules generate to be detected for the instrument at relatively lower temperature.

With temperature elevated, the long molecular chains of PPC are disassembled into

short units, because the excess poor thermal stabile methyl tallow bis(2-hydrox-

yethyl) ammonium groups on the layer surface of OMMT accelerate the thermal

degradation of PPC, leading to the Tmax decrease for all nanocomposites [25]. In

addition, there are no residues for neat PPC with temperature elevated to 450 �C.
However, the residues content for all nanocomposites increases with the increase

content of OMMT. This is due to the residues which are inorganic MMT platelets

which are not thermal degradable. According to the variation trend of T-5%, it

confirms that the thermal properties of nanocomposites are strongly dependent on

the dispersion of nanofillers.

Rheological properties

PPC/OMMT nanocomposites exhibit different rheological behaviors as compared

with neat PPC. Figure 7 shows the rheological properties represented by curves of

log G0, log G00, and logg* as a function of logx for the considered samples. One can

see that the higher organoclay concentration, the larger increment of G0 and G00,
especially at lower frequency, caused by the reinforcement of the fillers. The

reinforcing effect results from the hydrogen bonding interactions between the

hydroxyl groups in the organic modifier of the OMMT and the carbonyl group of

PPC chain segments [21]. It is notable that at higher frequencies, the values of G0

and G00 are both comparable for all the samples, and this declares that at higher

frequencies, the response of the samples is mainly determined by the properties of

the polymer matrix and has little relation to the content of OMMT [34].

We also compare the variation trend of the storage modulus and loss modulus

with the change of frequency for all the samples, as exhibited in Fig. 8. For the

molten nanocomposites with less content of OMMT and neat PPC, they reveal a

classical liquid-like behavior at lower frequency, that G0 is smaller than G00. The
difference between G0 and G00 decreases gradually with raising deformation

frequency and then G0 is larger than G00 at the highest x, behaving as an elastic

polymer. Moreover, for PPC5, two crossover points are observed: x1 = 0.35 and

x2 = 5.41 rad/s. Between x1 and x2, the behavior of the samples is liquid-like

(G0 \G00). Below x1, G
0 exceeds G00 which indicates the so-called ‘‘pseudo-solid-

like behavior’’ of the material at low deformation frequencies. For the nanocom-

posites PPC7 and PPC10, they behave as pseudo-solid-like polymers that G0
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exceeds G00 at all the range of x. As can be seen, the rheological properties of

nanocomposites have changed from liquid-like response to solid-like response,

which is ascribed to the formation of the threshold network of the PPC/OMMT

nanocomposites with the gradual addition of OMMT.

Fig. 7 Comparison of
rheological properties of PPC/
OMMT: a storage modulus,
b loss modulus, and c complex
viscosity
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Fig. 8 Frequency dependencies of the storage modulus (G0) and loss modulus (G00) of neat PPC and PPC/
OMMT composites
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Mechanical properties

The mechanical properties of PPC/OMMT nanocomposites are shown in Fig. 9.

As list in Table 3, it reveals that the yield strength and modulus increase stepwise

with the increase of OMMT content up to 3 phr, which suggests that the high

aspect ratio platelets OMMT reinforce the PPC matrix. Usually, the incorporation

of clays into polymer matrix usually decreases the elongation of composites

significantly. In the report of PPC/organo-vermiculite(VMT) nanocomposites put

forward by Xu [25], the elongation at break of nanocomposites decreased from

17.6% of pure PPC to 7.6% of PPC/4%VMT. In addition, the incorporation of

3 wt% of OMMT in PLA/clay nanocomposites also made the elongation at break

of neat PLA decrease from 29.0 to 7.8% [35]. However, in our PPC/OMMT

nanocomposites, the elongation at break increases upon increasing the content of

OMMT, and the optimal elongation is observed at 3 phr OMMT with a value of

538.1%, suggesting an excellent toughness of the composites. Tensile fracture

energy (ETF) shows the energy absorbed before tensile fracture, which is another

important characterization of material tensile toughness. ETF is defined as area

enclosed by stress–strain curve from tensile fracture and calculates according to

trapezoid rules [36]. The values of ETF increase sharply and then decrease slightly

Fig. 9 Stress–strain curves of
neat PPC and PPC/OMMT
composites

Table 3 Mechanical properties of neat PPC and PPC/OMMT blends

Modulus (MPa) Yield strength (MPa) Elongation at break (%) ETF (J)

PPC 551.3 ± 15.2 12.2 ± 1.2 361.9 ± 32.7 2.71 ± 0.12

PPC1 525.7 ± 11.1 14.7 ± 1.3 517.6 ± 24.2 3.16 ± 0.06

PPC2 653.7 ± 35.2 15.9 ± 0.2 521.6 ± 5.2 3.39 ± 0.09

PPC3 741.6 ± 19.2 16.7 ± 1.0 538.1 ± 15.5 3.46 ± 0.10

PPC5 554.8 ± 24.1 14.4 ± 0.1 521.5 ± 8.6 3.31 ± 0.06

PPC7 646.2 ± 22.3 14. 5 ± 0.6 464.2 ± 16.5 3.24 ± 0.11

PPC10 736.7 ± 15.6 15.6 ± 1.4 356.2 ± 18.0 2.97 ± 0.03
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with the further increment of OMMT, which manifest that the addition of OMMT

is beneficial to improving tensile toughness of the composites.

From the variation of tensile strength, modulus, elongation at break, and the

value of ETF with the incorporation of OMMT, we find that the composite with 3

phr OMMT has the optimal tensile performance. It is believed that the superior

mechanical properties are associated with the well dispersion of OMMT in polymer

matrix, because the dispersed nanofillers make the stress transfer from polymer

matrix to the platelets of OMMT [37].

Gas barrier properties

Good gas barrier materials can reduce the oxygen permeability rate so as to prolong

the shelf life of products. Lamellar inorganic fillers are considered as impenetrable

by gas molecules, and thus, the incorporation of OMMT can lengthen tortuosity

route for gas molecules transporting and retard the penetration process so as to

improve barrier properties of the composites. The processing method of poly-

mer/clay nanocomposites can play a key role in the distribution of the nanoplatelets

in the matrix and, therefore, determines the barrier characteristics of the resulting

materials. The melt intercalation technique has widely been used to make

polymer/clay nanocomposites because of convenient processing. In the process of

melt compounding, the imposed external shear force makes the layered clays be

intercalated and disperse in the molten polymer matrix.

In this study, values of oxygen permeability coefficient (OP) of the PPC/OMMT

nanocomposites are shown in Fig. 10 to evaluate the oxygen barrier properties of

the composites. It is obvious that the OP decreases stepwise with the content of

OMMT up to 3 phr and then increases slowly with more OMMT added. The OP of

the PPC3 reduces by 44.7% of pure PPC. It is well known that the gas barrier

properties of nanocomposites are mainly determined by the morphology and

dispersion of clay nanoplatelets in polymers. This can be attributed to the well-

dispersed platelets lengthen a bypass path of gas molecules effectively. The value of

OP increases slowly when continue adding OMMT indicates that the oxygen barrier

Fig. 10 Oxygen permeability
of neat PPC and PPC/OMMT
composites
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properties of the composites reduce with excess OMMT. It may be that the

aggregation of OMMT leads to the emergence of gaps between the interface of

matrix and OMMT particles, as shown in Fig. 3d, which makes the gas molecules to

pass through polymer films easily. Free volume is considered as a channel for gas

molecules transporting through the polymer membrane, which is caused by chain

packing and chain segment rearrangement. Wilson et al. [38] used positron

annihilation lifetime spectroscopy (PALS) technique to study the free volume

changes in the EVA/OMMT composites. They found that the relative fractional free

volume decreased in homogeneous composites attributed to the interaction between

high aspect ratio of platelet layered silicates and polymer. However, the excess

fillers began aggregate, additional voids were introduced and caused the free

volume increase, leading to the permeation of gas easier. Our research is similar to

the previous reports that the gas permeability decreases in well-dispersed

nanocomposites. Generally speaking, the homogeneous composites can bring

superior oxygen barrier properties and may contribute to broadening the wide range

application of PPC in packing industry.

Conclusions

PPC/OMMT nanocomposites with different concentration of OMMT were

fabricated by a facilitate and effective melt blending method. The results of

XRD, TEM, and SEM indicated that OMMT could well disperse in the PPC

matrix and were intercalated by PPC macromolecules. The addition of organic

modified OMMT made an increase in the Tg of PPC due to the interaction between

matrix and nanoparticles demonstrated by FTIR spectra. According to the results

of TGA, T-5% of the composites increased because of the protective function of

these adiabatic silicate layers. However, the initial thermal decomposition

temperature of PPC decreased, since the high content of organic modifier

accelerated the thermal degradation of PPC at elevated temperature. The

formation of percolation network made the rheological properties of PPC/OMMT

nanocomposites translated from a liquid-like behavior to a solid-like one, after the

incorporation of sufficient OMMT. Interestingly, PPC/OMMT nanocomposites

possessed not only higher modulus and strength; the toughness of the composites

was enhanced simultaneously. The oxygen permeability of well-dispersed PPC/

OMMT nanocomposite with 3 phr OMMT reduced by 44.7% compared with that

of pure PPC. The superior oxygen barrier properties and preferable mechanical

properties of PPC/OMMT nanocomposites consequently expanded the application

fields of PPC.
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