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Abstract

The combined effects of crystallinity and nano-sized clay mineral (montmorillonite)
filers on the water vapour barrier properties of poly(lactic acid) (PLA)
nanocomposites are investigated. Both amorphous and semi-crystalline PLA
nanocomposites containing 0 to 5 wt.% montmorillonite clay are prepared by melt
compounding followed by compression moulding with two different thermal
treatments: quenching and annealing. Thermal properties and morphology are
investigated using differential scanning calorimetry (DSC), polarised light microscopy,
transmission electron microscopy (TEM) and wide-angle X-ray diffraction (WAXD). It
is confirmed that the nanocomposite structures are intercalated and the
montmorillonite aspect ratio is measured to be 40 in both quenched and annealed
samples. Water vapour transmission rates (WVTR) through the film samples are
measured. A new tortuous path model is developed that fits the WVTR data and
accounts for the effects of crystallinity as well as montmorillonite aspect ratio,

concentration and orientation.
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1 Introduction

The development of bio-based and compostable polymers in recent years has been
in response to growing concerns about the environmental impact of plastic waste.
Poly(lactic acid) (PLA) is one of the most commercially successful bio-plastics. Its
monomer, lactic acid, is derived from renewable sources, such as starch or maize
sugar, through fermentation (Garlotta, 2002). Since lactic acid has an asymmetric
carbon atom, it has two optically active configurations (L- and D-lactic acid).
Commercial PLA is produce by ring-opening polymerization of the lactide (Lim et al.,
2008), which is a dimer of lactic acid. The two configurations can form into three
forms of lactide: L-lactide (a dimer of L-lactic acid); D-lactide (a dimer of D-lactic acid)
and meso-lactide (a dimer of L- and D-lactic acid). The crystallisability of PLA is
dependent on the ratio of L-, D- and meso-lactide in the polymer backbone: higher
crystallinities are obtained with the more optically pure polymers because of their
higher chain symmetry (Madhavan Nampoothiri et al., 2010). PLA resin that contains
50%-93% L-lactic acid is amorphous and PLA with L-lactic acid higher than 93% is

semi-crystalline (Auras et al., 2004).

A challenge posed by compostable polymers is that they tend to have poor water
barrier properties compared with conventional thermoplastics. This is because they
are polar polymers and therefore have high water vapour solubility and hence high
permeability. One way of addressing this problem is through the development of clay
mineral polymer nanocomposites, which have been very successful in improving

barrier properties (LeBaron et al., 1999; Neppalli et al., 2014; Tan and Thomas, 2016).
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At relatively low additions of nano-sized clay mineral, it is possible to achieve quite
dramatic reductions in permeability to both gases and water vapour. For example,
Yano et al. reported a reduction of 83% in water vapour permeability in a
polyimide/montmorillonite hanocomposite with a montmorillonite loading of 8 wt.%
(Yano et al., 1993). In a further study (Yano et al., 1997), a reduction of water vapour
permeability of up to 90% was reported for a polyimide/mica composite with a mica
content of only 2 wt.%. These researchers demonstrated that the barrier properties of
the nanocomposites are greatly affected by the length of the clay mineral filler

particles.

It is generally accepted that the mechanism by which the barrier properties of polymer
nanocomposites are improved is by a so-called ‘tortuous path’ effect. In this model,
the diffusion path length of gas or water vapour molecules is dramatically increased
due to obstacles created by impervious particles, as illustrated in Figure 1. The model
was first proposed by Nielsen (Lawrence E. Nielsen, 1967), who quantified the
permeability of polymer/filler composites. In the ‘Nielsen model’, the single layers of
clay mineral are assumed to be circular or rectangular, evenly dispersed and aligned

perpendicular to the diffusion direction. The Nielsen model is given in equation (1).

Where Py represents the permeability of the polymer composite, P, represents the
permeability of the unfilled polymer, @, is the volume fraction of the polymer, 7 is

the tortuosity factor as defined below:

distance a molecule must travel to get through film
thickness of film

T =
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In the Nielsen model the tortuous path is assumed to be the maximum distance that a

diffusing molecule must travel, therefore 7 is expressed as:
=14+ (L/2D)@g.ccveneanannnn.... (2)

where, L and D are the average length and thickness of the filler platelets and @ is

the volume fraction of the filler.
Combining equations (1) and (2), the permeability equation becomes:

Pr_ __ 170r
Py,  1+(L/2D)®fr
Many models have been proposed to explain water vapour transport behaviour in
polymer nanocomposites films. Tan and Thomas (Tan and Thomas, 2016) have
reviewed the existing models for the prediction of moisture barrier properties of
polymer nanocomposites and discussed anomalous phenomena that influence
moisture barrier properties. Among these models, that due to Nielsen is the most
commonly used to predict permeability and, despite its simplicity, the Nielsen
equation has proved to be remarkably successful. For example, Yano etal (Yano et
al.,, 1993) used the Nielsen equation to model the gas permeability of
polyimide/montmorillonite nanocomposites. It was reported that the experimental
results of gas permeability fitted the theoretical line predicted from the Nielsen model.
In a recent study, Duan et al. (Duan et al., 2013) showed that water vapour
transmission rates through films of poly(lactic acid)/montmorillonite nanocomposites

fitted well with the Nielsen equation.

It is generally agreed that the barrier properties of polymer membranes are related to

crystallinity because impervious crystallites can act as barriers to the diffusion path of
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gases and water vapour molecules (Drieskens et al., 2009). One of the earliest
papers on this was by Michaels et al. (Michaels et al., 1963), who studied diffusion of
various gases in glassy and rubbery polyethylene terephthalate in the temperature
range 25 to 130°C. They found that below the glass transition temperature (Tg),
diffusion was impeded by the presence of crystallites to an extent dependent on the
reciprocal of the amorphous volume fraction. The effects of crystallisation
polymorphism and crystallinity on the water vapour permeability of poly(L-lactic acid)
has been studied by Cocca et al. (Cocca et al.,, 2011). They reported that water
vapour permeability decreased slightly at low degrees of crystallinity but suddenly
dropped dramatically when the crystallinity reached a certain range between 0.39 and
0.4. This rapid decrease in water vapour permeability was attributed to the change of

crystal conformation from o' to a.

Duan and Thomas (Duan and Thomas, 2014) have modified the Nielsen equation to
predict the water vapour permeability of semi-crystalline PLA films by assuming that
the spherulites are impermeable spherical particles. Hence, in equation (3) if L=D and
the volume fraction (@) is replaced by the degree of crystallinity ( X.), then the

Nielsen model becomes

Pcrystalline _ 1—X¢

Pamorphous 1+2Xc

In their study, a series of semi-crystalline PLA samples with crystallinity ranging from
0 to 50% was tested and the experimental results of water vapour permeability were

found to fit well with the modified Nielsen model in equation (4).

In terms of gas permeation, Picard et al. (Picard et al., 2011) predicted the effect of

crystallinity on the oxygen barrier properties of semi-crystalline PLA nanocomposites

5
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using the Nielsen model (with L=D), and found good agreement between the

theoretical and experimental permeability for semi-crystalline PLA films.

The effect of nano-sized clay mineral on the water vapour barrier properties of PLA
nanocomposites has been reported in a number of studies (Gorrasi et al., 2004; Rhim
et al., 2009; Sanchez-Garcia et al., 2008; Thellen et al., 2005; Zenkiewicz and Richert,
2008; Zenkiewicz et al., 2010; Duan et al., 2013; Espino-Pérez et al., 2013; Tenn et
al., 2013). However, there is a limited number of studies on the combined effect of
crystallinity and clay mineral on the barrier properties. Only Picard et al. (Picard et al.,
2011) investigated the effect of nano-sized montmorillonite on the gas barrier
properties of both amorphous and annealed PLA nanocomposites. A reduction of 60%
in oxygen permeability in an annealed PLA nanocomposite sample was shown to
result from the respective contribution of the montmorillonite and the crystalline phase.
Johansson and Clegg (Johansson and Clegg, 2015) investigated oxygen permeability
of both annealed and non-annealed nanocomposites of ethylene-modified poly(vinyl
alcohol),with three different bentonites. It was found that the most effective bentonites
for the reduction of oxygen permeability was Na-montmorillonite and that the
combined effects of annealing and the nano-sized clay mineral caused a further

reduction in the oxygen permeability.

The aim of this paper is to investigate the combined effects of crystallinity and
montmorillonite concentration on the water barrier properties of PLA films and to
quantitatively model the results. PLA nanocomposites containing 0 to 5 wt.%
montmorillonite are prepared by melt compounding followed by compression
moulding with two different thermal treatments (i.e. quenching and annealing) to
obtain amorphous and semi-crystalline samples. The morphology, thermal properties,

and water vapour transmission rates of these samples are investigated. The

6
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combined effects of crystallinity and montmorillonite concentration on the water
vapour barrier properties of PLA are investigated and a new tortuous path equation is

derived to model the results.
2 Experimental
2.1 Materials

Two grades of polylactide (PLA) polymer (Ingeo™ 4060D and 4032D) were supplied
by Natureworks LLC (Minnetonka, MN, USA). 4060D is an amorphous polymer with
an average D-lactide content of 12 wt.% and a glass transition temperature (Tg) of
55-60°C, whereas 4032D is semi-crystalline with an average D-lactide content of 1.4
wt.% and a melting point in the range 155-170°C. The weight average molar mass
(My) of the two polymers as determined by gel permeation chromatography (GPC)
were found to be 89,000 g/mol and 94,000 g/mol respectively. The specific gravity is

1.24 glem®.

The clay mineral used in this study was Cloisite 30B obtained from Southern Clay
Products (Gonzales, TX, USA). It is a montmorillonite clay that has been organically
modified with an alkyl quaternary ammonium salt. This has the effect of lowering the
surface energy of the montmorillonite and thereby improving its compatibility with the

polymer matrix. It has a specific gravity of 1.98 g/cm®.
2.2 Preparation and processing of the PLA nanocomposites

Before processing, the PLA granules were dried at 60°C for 24 hr in a vacuum oven
to remove excess moisture. The PLA was then melt blended with 20 wt.% of Cloisite®
30B to make a masterbatch. Melt blending was carried out in a counter-rotating mixer

(Haake Rheomix OS) at 170°C for 10 min with a constant rotor speed of 60 rpm. The
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masterbatch was then diluted by adding dried PLA to form further compositions
ranging from 1-5 wt.% montmorillonite, for a further 10 min. The control PLA material
(neat PLA 4032D) was processed in the same way, so that it had the same thermal

history as the PLA nanocomposites.

PLA sheets for water vapour permeability measurements were prepared by
compression moulding. The materials were hot pressed at 180°C for 5 min at 15 tons,
creating a pressure on the sheet of 11.3 MPa. Two different cooling protocols were
used on the melt pressed sheets to produce amorphous and semi-crystalline sheets.
The different regimes adopted are described below:

e Quenching: PLA sheets were quenched between water cooled plates at 5 tons,
creating a pressure on the sheet of 3.8 MPa, for 3 min. This method was
applied to PLA 4060D to produce amorphous PLA nanocomposite sheets.

¢ Annealing: the quenched sheets were annealed at 115°C for 15 minutes at 5
tons. They were then cooled following the quenching procedure. This method
was used for PLA 4032D to produce semi-crystalline PLA nanocomposite

sheets.

The average thickness of the sheets was about 0.6 mm. 5 individual sheets were

produce for each montmorillonite concentration and crystallinity.

2.3 Characterisation techniques

2.3.1 Differential scanning calorimetry (DSC)

The thermal properties of the PLA nanocomposites were investigated using
differential scanning calorimetry (DSC). Measurements were performed using a DSC

Q200 (TA Instruments, USA) fitted with an auto-sampler and mechanical cooler.
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Samples of approximately 10-15 mg were cut out and enclosed in aluminium pans. A
reference pan was loaded with the sample pan into the cell, which was sealed in a
nitrogen atmosphere at a gas purging rate of 50 ml/min during the test. The samples
were heated from 20°C to 200°C at a heating rate of 10°C/min. Then data was
analysed using the TA universal analysis software. All the values represent the

average of 5 samples.

The amount of overall crystallinity was calculated from the following equation:

.. AH,, — AH,
% Crystallinity = [m

] X 100%

where, AH,, is the measured heat of fusion; AH. is the enthalpy of cold
crystallisation; 93.1 (J/g) is the enthalpy of fusion for 100% crystalline PLA; and w is

the weight fraction of PLA in PLA nanocomposites.
2.3.2. Transmission electron microscopy

Samples for transmission electron microscopy (TEM) were prepared by first cutting
the compression moulded sheets into a pencil-like point and then shaving off thin
slices (approximately 100 nm thick) at room temperature using a Cambridge
Instruments ultra-microtome fitted with a diamond edge blade. A reservoir of
de-ionised water was used to contain the sliced off sample pieces, which were then
scooped onto a copper mesh and left on an absorbent paper to dry before being
observed. TEM observation was carried out in a JEOL, JEM-2000FX electron
microscope operated at an accelerating voltage of 100 kV. The aspect ratios of the
single layers of the montmorillonite were measured from the TEM images using

Image J® photograph software.
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2.3.3 Optical microscopy

Optical microscopy was used to study the crystalline morphology of the PLA sheets.
Samples were observed between crossed polars in a Leica® DM LM binocular
transmitted light microscope. The spherulite structure was observed at room
temperature and then the samples were heated to 200°C using a hot stage facility at
a rate of 10°C/min. This allowed observation of the cold crystallisation and melting

behaviours.
2.3.4 X-ray diffraction

PLA nanocomposite samples were examined by wide-angle X-ray diffraction (WAXD)
in order to investigate the extent of intercalation or exfoliation of the montmorillonite.
The data were collected on a Brucker D8 Diffractometer using graphite-filtered Cu-Ka
radiation (A=1.542 nm). The diffractometer was controlled using Diffrac Plus XRD
Commander and the raw data was manipulated using EVA software. The Mt/PLA
nanocomposite sheets were laid flat on a plastic block. Each sample was carefully
adjusted so that its surface was at the same level as the reference plane of the

instrument. Each sheet was scanned over the angular region (26) of 1-10°.
2.3.5 Water vapour permeability measurements

Water vapour transmission rates through the PLA nanocomposite sheets were
measured using a MOCON (Modern Controls Inc., USA) Permatran-W@398
operated at 38°C and a relative humidity of 90%. The data was calibrated using a
‘Certified Yellow Film’ standard with a WVTR of 23.53 gm/m?/day at 37.8°C. Three to

five individual samples were measured for each formulation.

10



Applied Clay Science 141 (2017) 46-54

3 Results and discussion

3.1 Differential scanning calorimetry (DSC)

The DSC first heating scan for amorphous PLA, grade 4060D, and PLA
nanocomposites are shown in Figure 2. The step change at 56°C relates to the glass
transition temperature (T,) of the polymer. An endothermic peak is observed just after
the glass transition temperature. This is associated with relaxation of non-equilibrium
structure. It was observed that as the montmorillonite concentration increased the
endothermic peak tended to disappear, which suggested that the addition of
montmorillonite had a confining effect on polymer chain relaxation. However, the
glass transition temperature (see Table 1) decreased slightly as the montmorillonite
content increased in the PLA nanocomposites. This phenomenon may be due to a
plasticising effect of the montmorillonite surfactant. A decrease in Ty for PLA
nanocomposites also has been reported in some previous studies (Fukushima et al.,
2009; Pluta, 2006; Tenn et al., 2013). However, the opposite result was reported by
Araujo et al. (Araujo et al., 2014), who found that the T4 value of the Cloisite 30B/PLA
nanocomposite increased from 48.°C to 57.3°C in a nanocomposite with 3 wt.%
montmorillonite loading. The increase in T4 value was thought to be due to restricted

segmental motion at the organic-inorganic interface of the intercalated compositions.

Since the PLA grade 4060D is amorphous, the DSC curves in Figure 2 do not show

any cold crystallisation or melting peaks.

Figure 3 is the DSC first heating scan for the crystallisable PLA, grade 4032D, that
had been annealed. The glass transition temperature is at 57°C and the melting point
is at 170°C . There is a small peak at about 162°C merging into the main melting

peak. The occurrence of such a double melting peak in PLA has been previously

11
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reported (Ling and Spruiell, 2006; Pan et al., 2008, 2007; Picard et al., 2011; Sawai et
al., 2002; Yasuniwa et al., 2004). One explanation of double melting is associated
with melt-recrystallisation, which suggests that the high-temperature endotherm can
be attributed to the melting of original crystals and the low-temperature endotherms
are due to crystals formed through recrystallisation due to cold crystallisation.
Sometimes double melting peaks can be associated with different crystalline forms.
For example, Sawai et al. (Sawai et al., 2002) obtained both a crystal and f
crystals in uniaxially orientated PLLA and found double melting peaks in the DSC
scan. The main melting peak corresponded to the melting of a crystals, whereas the
lower temperature peak, at about 10°C below the main peak, was due to the melting
of orientated £ crystal phases. In other cases the double peak is due to disordered
crystallites. Pan et al. (Pan et al., 2008, 2007) observed double melting in PLLA and
attributed it to the formation of a disordered a’ crystal phase. They proposed that the
high temperature melting peak corresponded to melting of the a phase, which is the
ordered crystalline form, whereas the lower peak corresponded to melting of the

disordered a’ phase.

Annealed PLA nanocomposites were found to have different DSC heating scans from
the annealed PLA as shown in Figure 4, which is the DSC heating scan for the
annealed PLA nanocomposite with 5 wt.% montmorillonite. Although, the glass
transition temperature and the melting point are still at 57°C and 170°C , the lower
melting peak has virtually disappeared, showing that the montmorillonite has

promoted formation of the more stable « crystal phase during annealing.

Table 1 Summarises the DSC result of samples with various montmorillonite

concentrations. The crystallinity of annealed PLA nanocomposites was about 30%,

12
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and montmorillonite concentration had no effect on the crystallinity of the annealed

samples.

3.2 Optical microscopy

The crystalline morphology of a semi-crystalline PLA film produced by annealing at
115°C for 15 min was investigated in a hot stage optical microscope between crossed
polars. A series of micrographs taken at different temperatures in the hot stage

microscope when heated at a rate of 10°C per minute is shown Figure 5.

The change in the crystallite morphology can be interpreted in relation to the DSC
scan in Figure 3. Some coarser spherulites in a background of tiny crystallites are
observed at 115°C during the heating process. As the temperature reaches 160°C,
some small crystallites begin to blur, whereas the larger crystallites grow. When the
temperature reaches the melting point, at 168°C, the small crystallites blur into the
dark background, whereas the large crystallites still exist. At 170°C the image

becomes completely dark, indicating that all the crystallites have melted.

3.3 X-ray diffraction

The wide-angle X-ray traces (WAXD) traces for montmorillonite (Cloisite 30B)
organoclay, PLA and PLA nanocomposite containing 3 wt.% montmorillonite are
shown in Figure 6. In the trace of the montmorillonite, the reflection at 4.8°
corresponds to a clay interlayer spacing (dyy,) of 1.8 nm. This value shifts to 2.7°
corresponding to an interlayer spacing of 3.3 nm in the PLA nanocomposite. This
result indicates that the clay particles has become delaminated and widened within

the PLA matrix, which means that an intercalated structure has been produced.

13
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The XRD result is in agreement with some other published WAXD data for PLA
nanocomposites. For example, McLauchlin and Thomas (McLauchlin and Thomas,
2012) have reported that Cloisite 30B has an interplanar spacing of 1.8 nm, which
increased to 3.5 nm in the intercalated PLA nanocomposites produced by solvent
casting. Rhim et al. (Rhim et al., 2009) found that the interlayer distance of Cloisite
30B was 1.86nm, while that for Cloisite 30B/PLA nanocomposite was increased to
3.14 nm. Duan et al. (Duan et al., 2013) reported that the interlayer spacing of Cloisite

30B was increased from 1.84 nm to 3.4 nm after melt compounding with PLA.

The WAXD traces of quenched and annealed PLA nanocomposites with 3 wt.%
montmorillonite are compared, as shown in Figure 7. It is found that the reflection
associated with clay interlayer structure is still at 2.7° after annealing, which means

the interlayer spacing of montmorillonite did not change during annealing.

3.4 Transmission electron microscopy

The transmission electron micrographs of the quenched and annealed PLA
nanocomposites containing 1 wt.% montmorillonite at low and high magnifications are
shown in Figure 8. For the quenched samples, good alignment of the single layers is
seen in the low magnification images. The alignment of the clay particles took place
during melt compounding, and remains in the same direction as the polymer melt flow
after cooling. The high magnification image shows intercalated structures of the
nano-sized montmorillonite. The single layered silicates are delaminated in the PLA

matrix.

However, for the annealed samples, the montmorillonite layers are randomly aligned
in the low magnification image and well dispersed single layers can be observed in

the high magnification image. Compared with the XRD result in Figure 7, it is

14
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concluded that the crystallisation process did not affect the dispersion state of the

montmorillonite but has affected the alignment of the montmorillonite particles.

A micrograph of a 1 wt.% montmorillonite sample at 400k magnification is shown in
Figure 9, in which the intercalated clay structure can be clearly observed. In these

micrographs, the dark lines are the edges of the single layered silicate.

The length and thickness of the montmorillonite layers are able to be measured from
the TEM micrographs using Image J® software. More than 200 montmorillonite
platelets were measured from 7 high magnification micrographs with different
montmorillonite content. The average length and thickness of the montmorillonite
platelets was found to be 90 + 15 nm and 2.1+0.5 nm, respectively. Hence, the
average aspect ratio (length/thickness) of the organoclay within the PLA matrix was
approximately 40. The transmission electron micrographs of annealed PLA
nanocomposites containing 1 wt.% at 200k magnifications are shown in Figure 10,
from which the length and thickness of montmorillonite platelets after annealing can
be measured. The average length and thickness of the montmorillonite platelets in
the annealed nanocomposite was found to be 155 + 35 nm and 3.8 + 1.6 nm,
therefore, the aspect ratio of the montmorillonite was about 41, which is similar to

the value measure on the quenched nanocomposite samples.
3.5 Water vapour permeability measurement
3.5.1 Interpretation by tortuous path models

Water vapour transmission rate (WVTR) data for quenched and annealed PLA
nanocomposite sheets was measured through the PLA sheets processed from the

amorphous PLA, 4060D, and the crystallisable PLA, 4032D, respectively. The

15
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experimental data are shown in Table 2. The measured water vapour permeability
data for the annealed samples is much lower than that of the quenched samples due

to the crystallinity of the annealed PLA nanocomposites.

The data for the quenched PLA and PLA nanocomposites are plotted Figure 11.
There is a significant decrease in water vapour permeability with increasing
montmorillonite content, which levels off at 5 wt.% loading. The sample with 5 wt.%
montmorillonite shows the lowest permeability, which was reduced by about 37%

compared with the neat PLA.

Since the quenched samples are amorphous, the reduction in water vapour
permeability originates from the incorporation of nano-sized montmorillonite. The
Nielsen model (equation (3)) was used to calculate the theoretical permeability of the
PLA nanocomposites given that the aspect ratio (L/D) is 40. A plot of permeability
predicted from the Nielsen model is shown in Figure 11 compared with the
experimental data. It is found that the line predicted from the Nielsen model is just
below the experimental data points, indicating that the experimental data fit well. This
is in agreement with the work of Duan et al. (Duan et al., 2013), who first fitted the

permeability of PLA nanocomposites with the Nielsen model.

WVTR data for the annealed PLA and PLA nanocomposite samples as a function of
weight % montmorillonite are plotted in Figure 12. A theoretical line predicted from the
Nielsen model is plotted on the same graph. All the experimental data are found to be
higher than the theoretical line and the reduction of permeability does not fit the
Nielsen model. This is thought to be due to the effect of annealing on increasing

crystallinity but also changing the alignment of the montmorillonite particles.

16
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According to the TEM images in Figure 8, the montmorillonite layers became more
randomly aligned after annealing. Therefore, a model, due to Bharadwaj (Bharadwaj,
2001), that takes into account the orientation of the particles, was applied to the
annealed data. Unlike the Nielsen model, which assumes the filler particles are
aligned at right angles to the diffusion direction, this model allows for the filler
particles to be oriented in different directions. In this model there is an orientation
factor, S, included in the tortuosity factor. The orientation factor is shown in equation
(5), where 8 is the angle between the perfect diffusion direction and the normal to the

filler particles.

In equation (5), when the filler particles are orientated perpendicular to the direction of
diffusion (i.e. 6=0) then S=1 and the equation becomes the same as the Nielsen
model. However, if the filler particles are orientated parallel to the direction of diffusion

(i.e. 6=11/2) then S=-1/2. When there is random orientation, then S=0.

The order parameter is inserted into the Nielsen equation to allow for orientation

(Bharadwaj, 2001), as shown in equation (6)

= )
P’u_ 1+%(§) (S+%) ..............

This model is fitted to the WVTR data from the annealed samples in Figure 13. The
best fit between the experimental data and the predicted line was found with a
regression coefficient, R?, of 0.8 when S = 0.15, which indicates that the orientation of

the montmorillonite particles was in a nearly random state.

17
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3.5.2 Building a new model and interpretation

In the Nielsen model, the tortuosity factor is the maximum possible value given by
t=1+ (L/2D)®f

In the case of a crystalline polymer without filler, the spherical crystals are assumed
to be impermeable fillers with L = D. Exchanging the volume fraction of fillers for the

fractional degree of crystallinity, X, , the tortuosity factor is given by

r=1+%XC .................. (7)

Then the Nielsen equation is modified to give equation (4), in which P. is the
permeability of the semi-crystalline polymer, P, is the permeability of the amorphous

polymer, and X. is the fractional degree of crystallinity (Duan and Thomas, 2014).

PC _ 1_XC

Py 1+-X,

In the present study, the permeability of the annealed PLA (P¢,¢omt) Can be predicted
by using equation (4) with a known crystallinity of X. = 0.3 (Table 1) and P, =

180 g — mil/[m? — day], therefore, it becomes

1_XC

PC+0%Mt = PO * (1+%XC) .................. (8)

This gives a value of 110 g - mil / [m® — day], which is in good agreement with the

measured value of 111 g - mil / [m? — day].

As discussed previously, the model of Bharadwaj (equation (6)) fitted well with the

experimental data from the annealed PLA nanocomposites (see Figure 13).

18
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Therefore the permeability of the annealed PLA nanocomposites containing 0 to 5 wt.%

montmorillonite can be expressed as follows:

1-0f

PC+TLO/MII == PC+00/Mt * (L(D—) .................. (9)
one = Pevonne * Qoo

By inserting equation (8) into equation (9), the theoretical permeability of

semi-crystalline polymer nanocomposites becomes

1-X, 1-0f
0 = W ol Sl Boll G v watY e 1
PC+nA)Mt PO * (1+%Xc) * (1+%(2)(5+%)) (10)

3

Permeability predicted from equation (10) was plotted together with the experimental
data from the semi-crystalline PLA nanocomposites, as shown in Figure 14. When S
= 0.15, the experimental data gives a reasonable fit to the predicted line with R = 0.8.
This confirms that the new model fits the experimental data well as the model of
Bharadwaj, showing that the new tortuous path model gives a good prediction of the
combined effect of crystallinity and nanoclay on water vapour permeability of polymer

films.
4 Conclusions

PLA nanocomposites containing 0 to 5 wt.% montmorillonite were prepared by melt
compounding followed by compression moulding with two different thermal
treatments (i.e. quenching and annealing). Both amorphous and semi-crystalline PLA
nanocomposite samples were obtained. Thermal properties of the samples were
measured by DSC. The crystallinity of the annealed PLA and PLA nanocomposites
was found to be 30%. The morphology of crystallites was observed by polarised
optical microscopy. The montmorillonite structure was measured using TEM and

WAXD. It was confirmed that the nanocomposite structures were intercalated and the
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montmorillonite aspect ratio was about 40 in both quenched and annealed samples.
The montmorillonite layers were aligned in the same direction in the quenched
samples. However, there was random orientation in the annealed samples due to the

crystallisation process.

Water vapour transmission rates through the film samples were measured at 38°C
and at a relative humidity of 90%. It was found that the measured values of WVTR of
the quenched PLA nanocomposites decreased consistently with montmorillonite
concentration and the data showed a good fit with the Nielsen model. The measured
WVTR data of the annealed PLA nanocomposites fitted the model of Bharadwaj

when the montmorillonite orientation was assumed to be nearly random.

A new tortuous model was built based on the models of Nielsen and Bharadwaj to
predict the combined effects of crystallinity and nano-filler on the water vapour
transmission rates through the polymer films. The new model showed a good fit with

the experimental data from the annealed PLA nanocomposites.
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Table 1 DSC data for all samples

Tg Tm Xc

Quenched PLA 56+1 °C e 0%

Quenched PLA+1wt.% montmorillonite 55+1 °C - 0%

Quenched PLA+2wt.% montmorillonite 52+1 °C - 0%

Quenched PLA+3wt.% montmorillonite 53+1 °C -—-- 0%

Quenched PLA+4wt.% montmorillonite 51+1 °C - 0%

Quenched PLA+5wt.% montmorillonite 52+1 °C - 0%
Annealed PLA 57+1 °C 170+1 °C 30+£1%
Annealed PLA+1wt.% montmorillonite 56+1 °C 170+1 °C 32+1%
Annealed PLA+2wt.% montmorillonite 56+1 °C 169+1 °C 31+1%
Annealed PLA+3wt.% montmorillonite 57+1 °C 169+1 °C 32+1%
Annealed PLA+4wt.% montmorillonite 56+1 °C 170+1 °C 31+1%
Annealed PLA+5wt.% montmorillonite 56+1 °C 170+1 °C 30+1%
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Table 2 Summary of results of water vapour transmission rate

Crystallinity | WVTR (gm-mil/[m?-day])

Quenched PLA 0% 180 + 3
Quenched PLA+1wt.% montmorillonite 0% 165 + 3
Quenched PLA+2wt.% montmorillonite 0% 147 + 2
Quenched PLA+3wt.% montmorillonite 0% 134 + 3
Quenched PLA+4wt.% montmorillonite 0% 118 + 1
Quenched PLA+5wt.% montmorillonite 0% 112 + 3

Annealed PLA 30+1% 1M1 + 2
Annealed PLA+1wt.% montmorillonite 32+1% 108 + 6
Annealed PLA+2wt.% montmorillonite 31+1% 107 + 3
Annealed PLA+3wt.% montmorillonite 32+1% 87 + 2
Annealed PLA+4wt.% montmorillonite 31+:1% 86 + 2
Annealed PLA+5wt.% montmorillonite 30+1% 88 + 1
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Figure 1 Schematic diagram of the tortuous path model
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Figure 2. DSC heating scan for the amorphous PLA and PLA nanocomposites
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Figure 3. DSC heating scan for the annealed PLA
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Figure 4. DSC heating scan for the annealed PLA nanocomposite with 5 wt.%
montmorillonite
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Figure 5. Annealed PLA viewed in hot stage polarised optical microscope when
heated at 115°C, 160°C, 168°C and 170°C
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Figure 6. WAXD traces of montmorillonite, PLA and PLA nanocomposite
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Figure 7. WAXD traces of quenched and annealed PLA nanocomposites with 3 wt.%

montmorillonite
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Quenched Annealed

Figure 8 TEM images of quenched and annealed PLA nanocomposites containing 1
wt. % montmorillonite at magnifications of 60k and 200k
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Figure 9 Transmission electron micrograph of quenched PLA nanocomposite with 1
wt.% montmorillonite at 400K magnification

200 him

Figure 10 TEM images of annealed PLA nanocomposite with 1 wt.% montmorillonite

at 200k magnification
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Figure 11 Water vapour permeabilities of quenched PLA and PLA nanocomposites in
comparison with Nielsen theoretical values (volume fraction was converted to weight

fraction)
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Figure 12. Water vapour permeabilities of annealed PLA and PLA nanocomposites in
comparison with Nielsen theoretical values (volume fraction was converted to weight

fraction)
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Figure 13 Water vapour permeabilities of annealed PLA and PLA nanocomposites in
comparison with theoretical values predicted from the Bharadwaj model
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Figure 14. Water vapour permeabilities of annealed PLA nanocomposites in
comparison with theoretical values predicted from the new model in equation
(10)
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