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Laminated film composites of multilayered plastic film
and inorganic polymer binder as an alternative
to transparent and hard glass
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INTRODUCTION
Various types of glasses, soda-lime, Pyrex,
quartz, and crown glass are used as hard and
transparent materials for a variety of indus-
trial applications such as windows, displays,
screens and lenses.! However, glass materials
have several limitations. First, glass is quite
heavy and is two to three times heavier than
plastic.z’3 Second, glass is brittle with low
toughness, which readily leads to catastrophic
cracks and broken pieces; this can cause
mechanical damage that injures humans.*°
To reduce the brittleness and to increase the
strength, glass surfaces are processed by
controlled thermal and chemical treatments.
For example, Gorilla Glass’ is chemically
strengthened through an ion-exchange®’
process that creates a deep compression
layer on the surface of the glass substrate.
These glasses have high compressive stress
and are widely used as protective covers for
electronic displays such as laptop computer
screens and mobile devices. However, the
sophisticated ~ processes  involved  are
expensive, and the large weight is still
problematic.!°

Plastics are being considered as a light and
transparent alternative material to heavy and
brittle glass. In particular, plastic substrates
are of great interest for applications in flat
panel displays and optical industries. Poly
(ethylene terephthalate) (PET), poly(methyl
methacrylate), polycarbonate and polyether-
sulfone have been used to replace heavy and
fragile glass substrates.!! For example, PET
has lower light loss and greater transmittance
at visible wavelengths than normal glass and
thus has merit as a transparent substrate.!?
It has been applied to various display and
optical products such as windows of mobile
phones, car navigation systems and digital

multimedia broadcasting (Figures la and b).
However, despite these advantages, a low
Young’s modulus and low surface hardness
limit its applicability. Various attempts have
been made to improve the modulus of bulk
plastic materials and surface softness by
using organic—inorganic hybrid composites
and coating techniques.'> Recently, poly-
hedral oligomeric silsesquioxane (POSS)
nanocages have attracted attention owing
to their observed mechanical and physical
enhancement of a variety of organic systems
as an inorganic polymer reinforcement
(Figure 1c)."»!® In particular, the in-
corporation of a reactive group containing

POSS facilitates consolidation through
simple ultraviolet (UV) or thermal
exposure in the presence of suitable
additives.!® Rather than the dispersed

composite phase of binary organic and
inorganic components with  different
homogeneities as previously reported, the
laminating approach is an interesting and
fresh concept that may be able to achieve
lightweight  glass-like = materials, while
multilayered plastic film composites with
high flexibility have been wused for
packaging applications such as food
packing, tubing and boxes, as well as
sandwiching glass plates with plastic film
for safety glass applications.!”

In this paper, we propose a new approach
to fabricating laminated film composites with
a high modulus, transparency and light-
weight as an alternative to glass. The lami-
nated film composite was fabricated by
alternately layering plastic PET films and
methacrylate—POSS inorganic polymer inter-
layers and a subsequent simple UV curing
process. The UV-curable viscous inorganic
polymer methacrylate—POSS was mixed with

an organic additive to strongly bind the PET
film layers together through the cross-linking
reaction. The obtained multilayered PET/
POSS composites were evaluated to deter-
mine the modulus, transparency and haze.

MATERIALS AND METHODS

Materials

Commercially available 100 pm thick malinex PET
film (Teijin DuPont Films, Tokyo, Japan) was cut
into pieces. 3-(3,5,7,9,11,13,15-Heptacyclopentyl-
pentacyclo[9.5.1.1.1.1]-octasiloxane-1-yl) ~ propyl
methacrylate was purchased from Hybrid Plastics
Co. (Hattiesburg, MS, USA). Ethylene glycol
dimethacrylate  (EGDMA)  monomer, 2,2'-
dimethoxy-2-phenylacetophenone,  2,4,6,8-Tetra-
methyl-2,4,6,8-tetravinylcyclotetrasiloxane (V4D4),
tertbutylperoxide (TBPO) and trichlorovinylsilane
(TVC primer) were all purchased from Sigma
Aldrich Chemical Co. (Milwaukee, WI, USA).

The surface modification of PET film by

initiated chemical vapor deposition process
The surface of PET film was modified by three
steps to enhance the adhesion with inorganic
binder. At first, an oxygen plasma (Daeki High
Tech., Daejeon, Korea) was treated on the PET film
surface for Imin to create reactive hydroxyl
groups. Second, to introduce vinyl groups on the
surface of PET film, TVC primer as a coupling
agent was spin coated on surface at 3000 r.p.m. for
30s. Finally, the monomer with vinyl groups was
coated by initiated chemical vapor deposition
(iCVD) process described in detail at elsewhere.'®
In typical, V4D4 monomer was charged into a
source cylinder and heated to 70 °C, 1 ml of TBPO
was also added into a source cylinder on heating.
Then both the monomer and initiator were
vaporized and introduced into the reactor at the
flow rate ratio of V4D4TBPO=2:1. The
polymerization reaction was initiated with the
filament at 200°C. The temperature of PET
substrate was maintained at 40 °C. The process
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Figure 1 Components for fabrication of the laminated film composites. (a) The PET plastic film and (b) its chemical structure. Chemical structure of (c)
POSS inorganic polymer interlayer and (d) EGDMA additive. A full color version of this figure is available at Polymer Journal online.

pressure was 100 mTorr. The deposition was
monitored in situ by interferometry for 20 min.

Fabrication of laminated film composite
The fabrication procedure for the proposed lami-
nated film composite is specified below in detail.
(1) A PET film modified by the iCVD method was
cut to make each type of laminated composite
sample. POSS/EGDMA  (inorganic  polymer/
crosslinker=1:1 weight) mixed with 0.2wt%
2,2/ -dimethoxy-2-phenylacetophenone photoinitia-
tor was homogeneously coated onto the modified
PET film at several microliters per square micro-
meter for a thickness of ~5um. (2) The POSS
polymer and PET film were alternately stacked to
produce a 11-layer (6 PET films+5 POSS inter-
layers) composite, which was then subjected
to UV exposure (ELC-4100 UV light system) for
20min. The inorganic polymer interlayer binder
was solidified to produce transparent and hard
composite samples with strong adhesion
between the PET films (Figure 2). To measure
the mechanical and physical properties, laminated
film composites with two different sizes were
prepared: 0.3cm (width) x 3cm (length) x 0.063
mm (depth) for the three-point bending test and
2x2cmx 0.063mm for the transparency and
haze tests. In addition, POSS-only and glass
samples were prepared with the same dimensions
for comparison of the mechanical strength and
optical properties.

Measurements of mechanical and physical
properties, and characterization
The flexural strength was measured by a three-
point bending test using a universal testing
machine (RB Model 302 ML, R&B, Deajeon,
Korea) with a 2-kgf load cell at a crosshead speed
of 0.2mmmin~!. This measurement was per-
formed according to ASTM E 855. The tests were
done on five different specimens, and the average
value was calculated as the final value with a s.d.
The transparency and haze values of the laminated
film composites were measured using a haze meter
NDH 5000 (Nippon Desnshoku Industries Co.,
Ltd, Tokyo, Japan). The total luminous transmit-
tance of the transparent materials was measured in
accordance with JIS K7361-1 using a single beam
instrument; the haze of the composite was deter-
mined in accordance with JIS K7136.
Cross-sectional images of the laminated film
were measured using scanning electron microscopy
(SNE-4500 M, SEC, Suwon, Korea) at an accelerat-
ing voltage of 15kV after Pt sputtering for 20s. The
X-ray photoelectron spectroscopy spectra of the
modified PET film used in this study were
obtained with a MultiLab 2000 spectrometer
(Thermo Scientific, Waltham, MA, USA). Al Ka
(1485.6eV) X-rays were used with 14.9keV anode
voltage, 4.6 A filament current and 20 mA emission
current. Each sample was treated at 10 " mbar to
remove impurities. The survey spectra were
obtained at 50 eV pass energy and 0.5¢eV step size.
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Core level spectra were obtained at 20eV pass
energy and 0.05eV step size. The surface topogra-
phy was taken using atomic force microscopy
(XE-100, Parksystem, Parksystem, Suwon, Korea)
recorded with standard tips in noncontact mode at
a scan rate of 0.7 Hz.

RESULTS AND DISCUSSION
POSS is a cage-like silsesquioxane with an
inner inorganic silicone (SiO;5) framework
that is considered to be 1-3 nm in size, similar
to that of a silica particle.’® In contrast to
conventional inorganic fillers, POSS has low
density but useful properties, such as high
thermal stability and good oxidation
resistance. The controlled functional groups
in the organic substituent bring chemical
versatility to POSS and make it widely
compatible with various polymers. In this
work, a methacrylate-functionalized POSS
monomer was found to be readily miscible
with EGDMA additive with low viscosity
(~4cPs), which reduced the high viscosity
of POSS for better processability; the UV
curing reaction to consolidate the polymer
occurred by free radical polymerization in the
presence of a photoinitiator.

The well-defined polymerization chemistry
of the iCVD process allows the surface
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Figure 2 (a) Schematic fabrication process of laminated film composite. The surface-modified PET
films developed using the iCVD method are sandwiched with the POSS/EGDMA polymer poured on the
film; this is followed by a continuous stacking process to form the laminated film composite. Finally,
the composite is exposed to UV radiation for 20 min to consolidate the inorganic polymer with strong
interlayer adhesion. Cross-sectional scanning electron microscopy images: (b) two PET films with a
POSS interlayer and (c) laminated film composite at low magnification. A full color version of this
figure is available at Polymer Journal online.
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composition of the PET film to be system-
atically tuned.? Figure 3 shows a schematic
of the surface modification process for a bare
PET film to enhance the wetting of viscous
POSS polymer with strong bonding adhe-
sion. Before fabrication of the laminated film
composite, V4D4 monomer—an eight-mem-
ber siloxane ring with four vinyl groups—was
polymerized by the iCVD process to form a
thin polymer layer on the primer-treated PET
film, as shown in Figure 3a. The vinyl groups
of V4D4 monomer reacted with the activated
groups on the primer-treated PET film, and
the remaining vinyl groups of V4D4 inter-
acted with the acrylate groups of POSS upon
layering. This eventually led to enhanced
bonding between both the PET substrate
and POSS through the formation of a cross-
linked three-dimensional network after UV
radiation. In addition, we used atomic force
microscopy to measure the overall coating
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Figure 3 (a) Overall fabrication process from bare PET film to POSS inorganic interlayer. (b) Scanning electron microscopy image of V4D4-coated PET film.
The left section is the V4D4-coated PET film. The right section is a bare PET film. (c) Atomic force microscopy image of V4D4 polymer; thickness: ~10nm.

A full color version of this figure is available at Polymer Journal online.
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Figure 4 X-ray photoelectron spectroscopy (XPS) survey scans of V4D4 polymer with 10 nm thickness
on PET film. A full color version of this figure is available at Polymer Journal online.

Table 1 Mechanical strength and optical properties of various samples

Optical properties
Substrate (depth, um) Mechanical property
Young’s modulus (GPa) Trans. (%) Haze (%)
PET (100) 2.49+0.4 91.54 4.51
POSS (1000) 2.07+0.09 87.9 1.3
PET 6 layers+POSS 5 layers (630) 8.11+1.47 86.16 11.53
Glass (1000) 36.66+3.21 91.8 0.5

Abbreviations: PET, poly(ethylene terephthalate); POSS, polyhedral oligomeric silsesquioxane.

thickness of the V4D4 polymer on the PET
film. The surface interface was used to verify
that the polymerized V4D4 layer formed with
~10nm thickness.

X-ray photoelectron spectroscopy was
employed to elucidate the chemical composi-
tions of the deposited V4D4 polymer on the
PET film. Figure 4 shows a survey spectrum
of the 10-nm thick V4D4 on the PET film.
Successful immobilization of the V4D4 poly-
mer, which comprised a Si group, was
verified by the appearance of the peaks of
Si2s (165eV) and Si2p3 (104.6 V). The ratio
of elemental species was Si:C:O = 22.4:55.37:
22.22, which was close to the chemical
composition of V4D4.

In this work, the thickness of the lami-
nated film composite was controlled to less
than ~1 mm in consideration of its potential
for electronic display applications. Six layers
of 100-um thick PET film were alternately
laminated with five interlayers of 5-pum thick
POSS polymer. Eventually, the transparent
mixture of methacrylate-functionalized POSS

and EGDMA interlayer was consolidated by
UV-initiated radical polymerization through-
out the transparent PET film layers to
produce rigid and lightweight laminated film
composites.

The obtained composite samples were
investigated to measure the mechanical and
optical properties, which are presented in
Table 1. The Young’s modulus E of the 11-
layer laminated composite was measured by
the three-point bending test, and those of the
POSS and glass were also measured. E was
calculated by the following equations:

g PP L
VT 4bk3s  abld

where L is the span length between supports
(m), b is the specimen width (m), h is the
specimen thickness (m), P is the load incre-
ment as measured from the preload (N), d is
the deflection increment at midspan as
measured from the preload (m) and S is
P/d as a slope. The mechanical properties of
the laminated composite gave a Young’s
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modulus E of 8.11+1.47 GPa, which is an
obvious improvement in the modulus com-
pared with 2.07 £ 0.09 GPa of the POSS-only
sample.

When the number of POSS layers in the
laminated film was increased to six, the light
transmittance decreased from ~91.5% to
~86% for the PET film; the haze value
increased from ~4.5 to ~11.5 for the PET
film. The results are listed in Table 1. Light
must be reflected and scattered at the inter-
face or matrix upon penetration through the
laminated film composite, although the
refractive indices of 1.57 and 1.46 for PET
and POSS, respectively, do not differ greatly.
The optical property of the layered film
composite was inferior to the transmittance
of 91.8% and haze of 0.5 for glass.

CONCLUSION

We proposed a new concept and fabrication
method for a laminated film composite that
uses POSS inorganic interlayers between PET
films, and its feasibility as a transparent and
hard alternative to glass was tested by select-
ing commercially available material sources.
The POSS/PET film composite was alter-
nately stacked up to 11 layers and then
subjected to simple UV curing to obtain
consolidated products with ~1mm thick-
ness. The laminated film composite showed
22% of the relative strength compared with
original PET film to 6% of glass and 94% of
the relative transmittance of glass. The
mechanical and optical performances of the
laminated film composite are not yet satis-
factory; however, our results represent a
meaningful attempt that demonstrates a
new concept of composite fabrication for
electronic display applications.
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