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Abstract

Polystyrene (PS)/montmorillonite (MMT) nanocomposite films were prepared by bi-
axially stretching compounded and extruded PS/MMT nanocomposite sheets, with an aim to
achieve intercalation/exfoliation during compounding and an improved level of exfoliation and
orientation during stretching. The characterization results support that the expected morphology
of improved exfoliation and orientation was achieved, which leads to more significant property
improvement compared to the non-stretched nanocomposite sheets. Meanwhile, only marginal
deterioration in optical properties was observed in the PS/MMT nanocomposite films.
Considering mechanical stretching can be adopted for large scale production, it represents a

facile and potential mass production method of nanocomposites for practical applications.
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Introduction

Since the pioneering work on nylon-6/montmorillonite (MMT) nanocomposites were
reported in early 1990s,'” polymer nanocomposites containing inorganic nanofillers have been
well investigated and developed.*’ If nanofillers are properly incorporated into a polymer

matrix, significant property improvements, including mechanical, barrier, thermal-mechanical,

8-10

and flame retardant properties are expected at low loading levels.” ~ New functionalities may

also be introduced based on the nature of nanofillers.!'!?

14-19

Although  0-dimenional (0-D) nanoparticles and 1-dimensional (1-D)

nanofibers/tubes/rods?>* have both been well investigated, 2-dimeional (2-D) nanosheets are

26, 27

arguably still the most ideal nanofillers for polymers, particularly for barrier properties

29-40

improvement.® Among a wide variety of 2-D materials, including various clays, metal

28,41-52 28, 53-60

phosphates and phosphonates, graphite, MMT has remained to be the most popular
layered compound in polymer nanocomposite research, mainly because of its low cost,’' high
inherent modulus (~270 GPa),** and high aspect ratio.”’ In order to achieve sufficient dispersion

of MMT in polymer matrix to obtain desirable properties, MMT is typically treated with organic

modifiers to improve its compatibility with monomers/polymers.> *
Polystyrene (PS) nanocomposites have been well explored mainly because of the

widespread application of PS.””7 PS/MMT nanocomposites typically exhibit moderately
P pp p ypically

5,6, 74

improved mechanical and barrier properties. Further improvement of such properties is

highly desirable.”® Based on a sufficient level of dispersion which has already been realized,® **
6% it would be ideal if one can achieve orientation of MMT nanosheets within a PS matrix for

further property enhancement. Orientation of 1-D nanofillers, such as nanotubes and nanofibers,

has been explored and achieved.”™™ Similarly, the orientation of 2-D nanosheets with a high
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aspect ratio in a polymer matrix has been investigated because of its significant impact on the
final properties of nanocomposites. For example, it is well known that nanocomposites
containing exfoliated and oriented clay nanosheets exhibit higher mechanical performance.’
Furthermore, the nanocomposites containing orientated nanosheets also demonstrate anisotropic
mechanical properties with a higher mechanical strength in the orientated direction.®' For barrier
properties, the highly oriented clay nanosheets are much more effective than randomly
distributed nanosheets.®® Such property enhancements may enable PS nanocomposites to
compete with certain engineering plastics and thus significantly widening their applications and
increasing their values. Thus, it is essential to study the orientation of nanosheets in the polymer
matrix. However, much less work has been reported on the orientation of 2-D nanosheets in
polymer matrices via conventional processing techniques, mainly owing to the technical
challenges.gl’ 82 Certain techniques, such as drop casting and layer-by-layer self-assembly have
been applied to achieve orientated clay nanosheets in polymer matrix, but such methods are hard
to be scaled up for commercial production.®*

In this research, we aim to prepare PS/MMT nanocomposites via the common
compounding approach. Subsequently, the extruded PS/MMT nanocomposite sheets were bi-
axially stretched to prepare PS/MMT nanocomposite thin films. The mechanical stretching force
may serve two functions: (1) slide the MMT nanosheets (that were intercalated during
compounding) apart, which might help separate the MMT nanosheets that were not exfoliated
during compounding; (2) align the MMT nanosheets along the stretching direction (film in-plane
direction). A higher degree of orientation and an improved level of exfoliation of MMT
nanosheets in PS matrix via such a facile mechanical stretching process are expected to

effectively improve its physical properties, including stiffness and barrier properties.
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Experimental

Cloisite® 15A, an organically treated MMT (from BYK Additives Inc., USA), was used
in this project. It was compounded with a crystal polystyrene (CX5229, Mn: 315,000,
polydispersity: 3.5; melt flow rate: 3.0 g/10 min, melt strength: 0.06 N, from Total
Petrochemicals USA, Inc.) at a concentration of 5.0 wt% (ca. 2.7 vol%, based on the density of
PS™® of 1.05 g/cm3 and MMT of 2.01 g/cm3)86 on a Leistritz ZSE 50 twin screw extruder. The
compounded samples were cast into 1.0 mm sheets on a sheet extruder. The PS/MMT
nanocomposite sheets were then stretched on a lab stretcher (Briickner, Germany) at 140 °C to a
6%6 areal draw ratio at a speed of 30 m/min in both machine direction (MD, lengthwise in terms
of sheet extrusion) and transverse direction (TD, across the sheet).

X-ray diffraction (XRD) patterns were recorded on a Bruker D5 diffractometer with a
graphite monochromator with Cu Ka radiation. Tensile properties (strength, modulus, elongation
at break) of all nanocomposite specimens were tested on a universal testing machine (Instron
5869) based on ASTM D 638-99. The transparency of the film samples were characterized on an
ultraviolet-visible (UV-Vis) spectrophotometer (VARIAN CARY 5000). For transmission
electron microscopy (TEM) characterization, the film samples were embedded into epoxy, which
were microtomed into thin slices with a thickness of 80-100 nm on Reichert-Jung Ultracut E
ultra-microtome, while the sheet samples were directly microtomed into slices. The thin slices
were deposited on 400-mesh copper grids for imaging under an FEI Tecnai T12 S/TEM with an
acceleration voltage of 120 kV. Oxygen transmission rates (OTRs) were tested on a MOCON
OX-TRAN® 1/50 W instruments (ASTM D-3985) at 23 °C and 0% RH. Water vapor

transmission rates (WVTRs) were tested on a MOCON PERMATREAN® 1/50 W instrument
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(ASTM F-1249) at 23 °C and 50% RH. Thermogravimetric analysis was performed using a
thermogravimetric analyzer (TGA, TA Instruments Q500) at a heating rate of 10 °C/min under

air atmosphere.

Results and Discussion

The main purpose of the mechanical orientation treatment is two folds: (1) potentially
slide/split the initially intercalated MMT nanosheets (achieved during compounding) apart,
which may help separate the MMT layers that were not exfoliated during compounding; (2) align
the dispersed MMT nanosheets with the help of polymer chain orientation, which was exerted by
the mechanical stretching force. The entire process is illustrated in Figure 1. As such, a quicker
and higher degree of stretching/chain orientation is preferred to achieve a higher degree of
exfoliation and orientation of MMT nanosheets. Based on this, in this study, it was attempted to
stretch the sheet samples at a relatively low temperature (140 °C, for more effective chain
orientation) at a high stretching speed (30 m/min) using the lab stretcher. It was also attempted to
stretch the films to a large areal draw ratio. The experiments showed that an areal draw ratio of

6x6 was ideal. An even higher draw ratio led to very thin PS films, usually with defects.

Intercalated

Stretching

g P AL

Compounding

Exfoliated

Figure 1. Schematic of the stretch-exfoliation-orientation process.
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The morphology of the inorganic nanosheets in polymer matrix is very critical for the
resulting performance of the nanocomposites. As shown in Figure 2, in pristine MMT (Cloisite®™
Na"), the interlayer distance is ca. 12.0 A. After organic modification, Cloisite” 15A exhibited an
interlayer distance of 29.6 A. After being compounded with PS, the diffraction peak of the MMT
in the PS/MMT nanocomposite shifted from 2.98° to 2.63°, corresponding to an interlayer
distance increase from 29.6 to 33.6 A. This indicates the intercalation of PS chains into MMT
layers in PS/MMT nanocomposite sheet samples, during which the organic modifiers might be
partially replaced by PS chains. The existence of this peak also suggests that the layered MMT
was not completely exfoliated during the compounding process. After being mechanically
stretched into thin films, the film sample exhibited a diffraction peak at ca. 2.68° (33.0 A). This
slight decrease in interlayer distance is expected as during stretching, compression force
perpendicular to the stretching (film in-plane) direction was spontaneously generated. The PS
chains pre-intercalated into the MMT layers may also be stretched. As a result, the intercalated
MMT layers would shrink slightly, leading to a slightly reduced interlayer distance. Meanwhile,
the nanocomposite film samples exhibited a slightly less intensive diffraction peak compared to
the sheet sample. It is expected that a higher level of exfoliation should be achieved during
mechanical stretching process. As such, the diffraction peak should diminish significantly. The
reason that this diffraction peak appeared to be more intensive than expected is believed owing
to the orientation of nanosheets achieved during the stretching process. The alignment of MMT
layers led to preferred orientation along the film in-plane direction, which leads to a higher
sensitivity during XRD characterization, thus a more intense peak. Both an enhanced level of
exfoliation and orientation is proved in the TEM characterization and will be discussed in detail

in the following section.



RSC Advances

L —20=2.68°, d=33.0A
= L 20=534°, d=16.5A
§ PS/MMT Film
bl 20=2.63°, d=33.6A
& . ,
= 260=5.26°, d=16.8A PSIMMT Sheat
S
= 0=2.98°, d=29.6A
- Closite 15A
-w7.380' d=120A Closite Na’
% T " T L T L T L] T LS T
2 4 6 8 10 12 14

20 (deg.)

Figure 2. XRD Patterns of PS/MMT nanocomposite films.

TEM characterization offers a direct assessment of the dispersion and orientation of
MMT nanosheets in the PS matrix. Figure 3(a-c) presents the TEM images of the PS/MMT
nanocomposite sheet sample at various magnifications. It shows that the MMT nanosheets are
roughly randomly dispersed in the PS matrix with few appreciable signs of orientation. In
principle, extrusion may generate a low level of alignment due to melt flow induced orientation.

The reason that such a phenomenon was not observed is probably owing to the relatively large

thickness of the extruded sheet sample (1.0 mm) in comparison to the length of MMT nanosheets.

Figure 3(b) shows that the layered MMT was partially exfoliated with pristine plate-like shape
without breakage. The high magnification TEM image in Figure 3(c) clearly shows that most
MMT still consists of multiple layers and some MMT layers were sheared/peeled from the
original layered structure, probably by the high shear force during the twin-screw extrusion

- 87-89
process. Similar phenomenon was observed by Paul and coworkers. *’
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After being stretched, the MMT nanosheets in the PS/MMT nanocomposite films
exhibited a decent level of orientation as shown in Figure 3(d). This is consistent with the more
intense diffraction peak of the film sample as shown in Figure 2. The mechanical stretching force
renders the MMT sheets to rotate and align along the stretch direction (SD). Figure 3 also shows
that MMT nanosheets exhibit a higher density in the film sample than those in the sheet sample.
This phenomenon is exactly expected and is believed simply owing to the sliding/splitting of the
MMT nanosheets during the mechanical stretching process. With the help of an image
processing software (Nano Measurer version 1.2), the average lateral dimension of the
nanosheets as shown in Figure 3e is estimated to be 96+36 nm (Figure 4). Under even higher
magnification (Figure 3f), some blur gray shadows were observed around almost each MMT
sheet. Such shadows are believed to be contributed by the MMT nanosheets that were split from
the original structure, which were tilted and curved and thus out of focus under TEM image. This
result supports our hypothesis that the stretching process not only help align MMT nanosheets,
but also split some layers out of the MMT layered structure. Such delaminated layers were also
roughly oriented along the stretching direction.

Overall, the combined characterization of XRD and TEM suggested that partial
exfoliation of MMT was achieved in the bi-axially stretched PS/MMT nanocomposite films. The
series of TEM images allow us to visualize the process of the stretch induced nanosheets
alignment and delamination in the PS matrix. The alignment and the improved level of
exfoliation by the mechanical stretching is believed to be able to effectively improve the
mechanical and barrier properties of the formed nanocomposite films, which will be discussed in

detail in the following sections.
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Figure 3. TEM images of the PS/MMT nanocomposite sheet (a-c) and the bi-axially oriented
PS/MMT nanocomposite film (d-f) under various magnifications. MD: machine direction during
extrusion; SD: stretch direction.
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Figure 4. Distribution of the lateral dimension of the MMT nanosheets shown in Figure 3e.
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Figure 5 shows the transparency of the neat PS and PS/MMT nanocomposite films with a
same thickness of 26 pum. The PS/MMT nanocomposite film can retain a high level of
transparency, showing only a marginal decrease in the transmittance, although it contains 5.0 wt%
MMT. Overall, the PS/MMT nanocomposite film exhibited outstanding optical transparency
along the entire visible spectrum range as demonstrated by both the spectra and the digital
picture in Figure 5.

100

90 -

80 —//
S 70 =
s ——PS Film
8 604 —— PSIMMTFilm
c
g = e
g
2 404 U 3
e
304 EEEm v

20 - T

) PSFilm  PS/MMT Film

0 T T T g T ¥
400 500 600 700 800

Wavelength (nm)

Figure 5. UV-Vis spectra of the neat PS and PS/MMT nanocomposite films. The inset shows a
digital picture of a neat PS film (left) and a PS/MMT nanocomposite film (right) placed above a
printed rainbow pattern, exhibiting a high transparency along the entire visible spectrum range.
The mechanical testing results (Table 1) show that after bi-axial orientation, both PS and
PS nanocomposite film exhibited improved stiffness and strength, which is owing to the polymer
chain orientation. With the incorporation of 5.0 wt% MMT, the Young’s modulus of the
PS/MMT nanocomposite sheet only increased by ca. 4% compared to the neat PS. Meanwhile,
its tensile strength and elongation at break decreased. The phenomenon of an increase of
modulus and a decrease of strength and elongation is rather common, as polymer
nanocomposites tend to be stiffer but more brittle after the incorporation of rigid inorganic

nanofillers, which has been reported in the case of PS/laponite and PS/MMT.”" °' For the

11
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PS/MMT nanocomposite films, ca. 33% of improvement in Young’s modulus was achieved
compared to the neat PS film, which is much more significant than the improvement in the
PS/MMT nanocomposite sheets (ca. 4%). Meanwhile, a simultaneous improvement in tensile
strength (ca. 11%) was also achieved, in contrast to a decrease in tensile strength in the PS/MMT
nanocomposite sheets. The elongation at break still deceased but very marginally. The much
more significant mechanical property improvements in the PS/MMT nanocomposite films
compared to the un-stretched sheets are believed owing to the bi-axial stretching induced
orientation and exfoliation of the MMT nanosheets, as shown in Figure 3 and discussed above.
Similar results were also reported in fibers and nanotubes reinforced polymer systems.” It was
reported that the mechanical reinforcement is greatly affected by the orientation and distribution
of nanosheets.” The split and partially exfoliated MMT nanosheets with exposed edges by the
stretching process can increase the interface area between the MMT nanosheets and the PS
matrix. The extra interface area can help carry more loads from the PS matrix and thus exhibiting
higher mechanical performance. Overall, the results show that the stretching induced
delamination and orientation of MMT nanosheets in the PS/MMT nanocomposite films can help

effectively enhance the mechanical properties.

Table 1. Mechanical properties of PS and PS/MMT nanocomposite samples.

Young’s Modulus | Tensile Strength Elongation at

(MPa) (MPa) Break (%)

Extruded PS 1,985 + 44 345+2.0 3.7+04

Sheet (1.0 PS/MMT 2,063 + 248 31.5+£5.0 25+04
mm) Improvement 4% -9% -32%

Bi-axially PS 2191 + 280 73.4+3.6 3.9+0.2

Oriented PS/MMT 2921 + 151 81.7+5.7 3.6+0.3
Film (26 um) | ymprovement 33% 11% -8%

12
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The barrier properties, including WVTR and OTR, of the PS/MMT nanocomposite films
are shown in Table 2. The neat PS film (26 pm) exhibited a very high OTR of 7600 cc/(m?+day)
and a moderate WVTR of 20 g/mz'day. With 5.0 wt% (2.7 vol%) MMT nanosheets, the OTR
and WVTR of PS/MMT nanocomposite film were reduced to 5300 cc/(m”day) and 10 g/m?«day,
representing a 30% and 50% decrease, respectively. The less effective OTR reduction is
probably owing to the high oxygen affinity of PS.”* While we were not able to prepare a control
PS/MMT film sample without MMT orientation for comparison, some literature data (Table 3)
show that the PS/MMT nanocomposite film exhibited a more effective barrier property
improvement compared to the conventional nanocomposites containing the same or a higher
concentration of MMT. Such a much more effective reduction of OTR and WVTR can again be
attributed to the MMT nanosheets orientation, in which MMT nanosheets act as impermeable
blocks to make the penetration pathway much more tortuous for molecules to travel through.

Table 2. Barrier properties of the PS and PS/MMT nanocomposite films.

Thickness OTR Normalized OTR WVTR Normalized WVTR
Samples
(um) (cc/m?sday) (ccemm/m’eday) (g/m*+day) (gemm /m’+day)
PS 26 7600 197.6 20 0.52
PS/MMT (2.7 vol%) 26 5300 137.8 10 0.26

Table 3. Literature data of OTR and WVTR reduction of nanocomposites containing MMT.

Samples Reduction of OTR Reduction of WVTR
PS/MMT (5.0 wt%) in this report 30% 50%
PS/VDAC/MMT (5 wt%) *° 8~18% -
Polyurethanes/MMT (5 wt%) %6 17~25% -
Starch/MMT (5 wt%) - 12~34%
Nylon 6/MMT (10 wt%) *® - 15-36%

13
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In order to obtain an even better assessment of the barrier property improvement, the
relative permeability data of a nanocomposite containing 2.7 vol% nanosheets with various
aspect ratios based on four widely accepted permeation models assuming perfect nanosheet

100

orientation, the Nielsen model,99 the Cussler model (regular array) ,  the Fredrickson-Bicerano
g y

101 102
1 1,

model ', and the Gusev-Lusti mode are plotted in Figure 6. According to Figure 4, the
MMT nanosheets in the PS matrix possess an average lateral dimension of 96+36 nm. While it is
hard to estimate the thickness of the nanosheets mainly because of the blur shadows as shown in
Figure 3f, we assume the MMT nanosheets were perfectly exfoliated into single layers with a

thickness of ca. 1.0 nm.'®”

Under such a most ideal scenario, the average aspect ratio of the
MMT nanosheets could be up to 96+£36 (the real average aspect ratio should be lower since some
MMT are not completely exfoliated). Based on the above four models as shown in Figure 6, our
result is close to three of the models. Since all of the four models are based on perfect sheet

orientation, this result indirectly supports that effective orientation and exfoliation has been

achieved during the mechanical stretching process.

14
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Figure 6. Relative permeability of polymer nanocomposites estimated by various models.

Similar to the barrier properties, the PS/MMT nanocomposite films exhibited a higher
thermal stability than the neat PS film, mainly owing to the effective blocking of heat transfer
and oxygen permeation by the MMT nanosheets. The TGA thermograms in Figure 7 clearly
show the improvement of the thermal stability of PS after the addition of MMT nanosheets. For
the neat PS film, the 10% thermal induced weight loss occurred at ca. 325 °C, which it was

343 °C for the PS/MMT nanocomposite film.

15
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Figure 7. TGA thermograms of the neat PS and PS/MMT nanocomposite films.

Conclusions

PS/MMT nanocomposite films were prepared by bi-axially stretching the compounded
and extruded sheet samples. The TEM and XRD characterization results show that both
orientation and exfoliation of MMT nanosheets were improved by mechanical stretching. Overall,
partial exfoliation has been achieved during this very facile process. The characterization data
show that the PS/MMT nanocomposite films exhibit much more significant improvement in
terms of both mechanical and gas barrier properties than the non-stretched PS/MMT
nanocomposite sheet samples. Such more effective property improvements are believed owing to
the nanosheet orientation and exfoliation induced by stretching. Considering mechanical
stretching can be adopted for large scale production, it represents a facile and potential mass

production method of nanocomposites for practical applications.
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