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’ INTRODUCTION

Thermoplastic polymermaterials such as polycarbonate (PC),
polymethylmethacrylate (PMMA) and polystyrene (PS) have
been widely employed in a wide variety of engineering fields by
taking advantage of their excellent properties including light
weight, flexibility, transparency, ease of design and coloring, low
cost, and good impact resistance. In particular, PC and PMMA
have attracted increasing attention lately to be utilized mainly as
replacements of glass windows for airplanes, automobiles and
buildings.1 However, because of poor material properties such as
scratch resistance and surface hardness, impact and abrasion with
harder materials easily disfigures their surfaces, resulting in a
decrease in their optical properties. Their low heat resistance also
places severe limitations on their surface modifications and
treatments. Thus, low temperature formation of hard and trans-
parent layers using UV-curable multifunctional acrylic resins2 or
silicon oxides (SiOx)

3�10 has been widely demonstrated in
industry to improve the mechanical properties of the polymers.
However, considering practical usage of such polymeric materi-
als, at present, their mechanical properties, even after surface
modification, are insufficient. An alternative hard coating materi-
al that can be prepared at low temperature is required for further
improvement of their surface mechanical properties. Among the
materials that are appropriate for this purpose, metal oxides, i.e.,
alumina (Al2O3) or zirconia (ZrO2), are particularly promising
because of their excellent mechanical and optical properties, and
chemical stability. Although many methods including radio
frequency plasma,6,11 chemical vapor deposition,12 pulsed reac-
tive magnetron sputtering,13 and pulsed laser deposition14 for

producing such metal oxide films have been reported, signifi-
cantly high temperatures (generally more than 500 �C) have
been typically required to achieve pure and consolidated films. In
the case of low-temperature CVD using aluminum acetylaceto-
nate at atmospheric pressure to produce alumina films, the
temperature required was still high at 250 �C.15 In addition, it
is common knowledge that the final performance of metal oxide
films depends considerably on their thickness. To obtain the best
performance (in our case, scratch resistance and hardness), it is
frequently required to fabricate a metal oxide film more than 1
μm thick.16 It would, however, be unfavorable to deposit such a
thick oxide film directly on polymeric materials, since the film
would crack and/or peel due to the considerable amount of
internal stress resulting from the difference between their thermal
expansion coefficients. To overcome these problems, an
alternative method for metal oxide coatings applicable to
polymer substrates, which does not require expensive appa-
ratuses or severe process parameters (precise control of
thickness and preparation temperature) has been strongly
demanded. For example, a method in which films could be
formed with the appropriate material properties on one
substrate and transferred to another would be desirable.17,18

In this study, we report a novel hard coating technique for
polymer substrates using anodic alumina membranes (AAMs) as
a hard coating material. It is well-known that amorphous Al2O3
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layers with pores oriented perpendicularly from the surface
rapidly grow (more than 100 nm/min) on both sides of
aluminum (Al) plates at low temperatures during anodic Al
oxidation in acidic electrolyte solutions.19 Their pore sizes,
intervals and thicknesses are highly controllable.20 AAMs have
been widely and extensively employed as master molds for the
nanofabrication of various kinds of materials.21,22 The facile
release of the rod-like target materials from the nanopores has
been investigated to achieve well-ordered nanostructures. For
this purpose, surface modifications of the nanopores using
functional silanes have been demonstrated.22 However, there
have been no reports on the material use of AAMs as Al2O3 hard
coatings, in spite of the AAMs offering excellent mechanical and
optical properties. Our process demonstrated here has focused
on such attractive features of AAMs and consists of only three
steps. First, hard, thick and transparent AAMs with various
thicknesses were prepared on Al plates through anodic Al
oxidation. The pore size was maintained at 10 nm to prevent
light diffraction. Next, molten PS or liquid PMMA precursor was
inserted into the nanopores through capillary force and solidified
by cooling or polymerization, respectively. Finally, the topmost
AAM layer and Al support were selectively etched to preserve the
remaining Al2O3 layer on the polymer surface. The mechanical
properties of these AAM-embedded polymers were compared
with those of the original polymer and fused silica. Although we
only demonstrated the coating of two polymers in this study, i.e.,
PS and PMMA, our technique has great potential because it
enables the formation of various metal oxide layers (besides
Al2O3), produced through metal anodization, on various types of
polymer surfaces with excellent adhesion while preserving their
bulk properties without cracking.

’RESULTS AND DISCUSSION

Figure 1 shows a schematic illustration of our experimental
procedure. First, AAMs with well-ordered nanopores 10 nm in
diameter and 45 nm interval were prepared (Figure 1A).23 By
varying anodization time, the thicknesses of the porous oxide
layers were precisely controlled, ranging from about 500 nm to
over 5 μm. In this study, 4 types of AAMs with different
thicknesses (532, 1333, 2666, and 5333 nm) were employed.
Out of the two AAMs formed on both sides of the Al foil, one was
used as the hard coating layer (the other was removed by
chemical etching), whereas the unanodized Al layer served as
the mechanical support. In the case of PS (Figure 1B�D), the
AAMwas placed on a PS sheet. A steel plate served as a weight on

top of the AAM to ensure complete contact between the AAM
and the polymer surface (Figure 1B). The entire assembly was
then heated overnight at 170 �C (Figure 1C), followed by cooling
in air to room temperature to resolidify the PS (Figure 1D). On the
other hand, in the case of PMMA (Figure 1E,F), after the
partially polymerized precursor was spread on a glass slide, an
AAM was placed on top of this viscous liquid (Figure 1E),
then heated again without weights at 60 �C for 24 h under a
dry N2 atmosphere, resulting in the complete conversion to
PMMA (Figure 1F). Finally, the unused AAM and metal Al
layers were eliminated step by step through chemical etching
(Figure 2).

After this selective etching, the opposite side of the AAM was
exposed toward the air. XPS confirmed that, while there existed
tiny impurities of sulfur (3.0 at %) and chlorine (0.8 at %) from
the anodization solution and the chemical etchant, respectively,
the polymer surface (in this case, PMMA) was undoubtedly
covered with a nearly pure Al2O3 layer and was completely free of
Al metal (see the Supporting Information, Figure S-1). Figure 3
also shows a typical cross-sectional SEM image of the AAM-
PMMA interface as a series of polymer nanorods locked within a
porous Al2O3 matrix. The polymer was expected to have been
fully embedded into the AAM nanopores, allowing these two

Figure 1. (A) Anodization of Al foil produces pores oriented perpendicularly from the surface. Increasing the anodization time increases the length of
the pores. (B) Aluminamembranes (AAMs) were placed on bulk PS. (C) The assembly was heated to 170 �C to draw themolten polymer into the pores.
(D) Afterward, it was cooled to room temperature. In the case of PMMA, the AAM was placed on a partially polymerized PMMA film (E) to allow
capillary forces to draw the viscous liquid into the pores. (F) It was then polymerized completely to produce PMMA nanorods within the AAM pores.

Figure 2. Top-lying AAM and Al metal layers were selectively removed
individually to preserve the AAM impregnated with polymer.

Figure 3. (Left) Image of the AAM/polymer interface. (Right) AAM
adhered to PS, viewed from a 30� tilt angle with an SEM. The thickness
of the AAM is 532 nm.
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materials to be firmly fixed to one another (see the Supporting
Information, Figure S-2).

Because of this AAM lamination, surface mechanical proper-
ties (hardness and Young’s modulus) of the polymers were
completely changed and approached those of fused silica which
served as the control sample (Table 1). Although the hardness
and Young’s modulus of bulk PS is only a few percent of those of
fused silica, after the 532 nm thick AAM was laminated to the PS
surface, these values increased almost 15 and 6 times, respec-
tively. By using the 1333 nm thick AAM, the resulting surface had
a hardness and Young’s modulus >50 and >60% that of fused
silica, respectively. Finally, for the polymer substrate covered
with an AAM over 5 μm thick, the substrate possessed a hardness
of almost 6 GPa, >60% that of fused silica, and a Young’smodulus
that exceeded that of fused silica (74.6 GPa).

Even though the Al2O3-polymer interface is tortuous as shown
in Figure 3 and the Al2O3 surface is bumpy from the anodization
process (see the Supporting Information, Figures S-3 and S-4),
the resulting sample is nearly transparent. Figure 4 shows a
typical example of the UV�vis spectra of PS and PMMA
substrates (1 mm thick) covered with 1333 nm thick AAMs
and the original PS substrate. It shows good transparency
of >70% for the AAM-covered polymer substrates, with the
pictures in Figure 5 further demonstrating their clarity and
transparency. Even though the AAM was over 1 μm thick, no
lamination damage to the layer (e.g., cracking, peeling) was
observed as confirmed by optical microscopy (dark-field obser-
vation, image not shown). High transparency could be obtained
for all samples independent of the polymeric material and AAM
thickness, similar to the result shown in Figure 5.

To confirm the adhesive properties of these embedded AAMs
on the polymer surfaces, we conducted Scotch tape peeling tests.
AAMs on the polymer substrates did not peel off with the tape
due to the complete infiltration of the polymers into the

nanopores, as described previously. Thus, judging by these
results obtained with our technique demonstrated herein, we
were able to successfully form Al2O3 layers well-adhered to
polymer surfaces without using any specific chemical and/or
physical surface treatments.

Finally, we further modified the AAM surface with a vapor
of D4

H to produce a hydrophobic surface. The authors have
reported previously that chemisorbed D4

H molecules on a
smooth oxidized Al substrate formed a monomeric layer with a
thickness of less than 0.5 nm, θA/θR = 104�/102�, and 2� contact
angle hysteresis.24 In the present case, a D4

H-derived monomeric
layer is expected to have grown similarly on the AAM surface.
The resulting D4

H-modified AAM-covered polymer surface
became highly hydrophobic (θA/θR = 102�/96�) with a rela-
tively large contact angle hysteresis (6�). Although our AAM
surface is considerably smooth with a Rrms of only 1.36 nm,
several defects or characteristic bumpy structures may result in
a slight increase in contact angle hysteresis (Figure 3 and the
Supporting Information, Figures S-3�S-4).

In summary, we have developed a novel hard coating tech-
nique for polymer substrates by means of the lamination of
anodized aluminum membranes (AAM) to the polymer surface
through capillary force, followed by chemical etching. Hard,
thick, pure and transparent Al2O3 layers with precisely controlled
thicknesses of ∼500 nm to over 5 μm have been successfully
laminated to polymer surfaces with excellent adhesion without
cracking, while preserving the optical properties of the original
polymeric materials. In contrast to the conventional usage of the
AAM as a master mold for the nanofabrication of various target
materials reported thus far, our approach is unique and simple
and carries great significance.

Our technique, demonstrated here, undoubtedly shows great
potential for other metal oxide (not only Al2O3) coatings on
various polymer substrates (in addition to PS and PMMA)
without any marked changes in bulk properties, and may open
the path to a wide variety of advanced applications including
polymer-made optical components, micromachines, and micro/
nanoelectromechanical systems.

’EXPERIMENTAL SECTION

Fabricationof AAMs.Aluminum(Al) substrates 1 cm� 2 cm�
250 μmwere cut from amirrorlike Al foil of 99.997% purity (Alfa
Aesar, Boston, U.S.A., root-mean-square roughness (Rrms) of
∼1 nm). They were first electropolished for 20 min at 5 V in a
0 �C solution of 20 vol.% perchloric acid (HClO4) in ethanol.

Table 1. Surface Mechanical Properties of AAM-Laminated
PS

AAM thickness Young’s modulus (GPa) hardness (GPa)

532 nm 24.03( 0.89 3.82( 0.17

1333 nm 44.99( 1.59 4.66 ( 0.22

2666 nm 66.54( 1.79 5.85( 0.22

5333 nm 78.76( 2.78 5.86( 0.26

bulk PS only 4.08( 0.02 0.26( 0.00

fused Silica 74.60( 0.57 9.46( 0.15

Figure 4. UV�vis spectra of our samples. PS itself has a transparency
less than 90%, whereas both AAM-laminated PMMA and PS have
transparencies beginning at >70%.

Figure 5. (A) PMMA and (B) PS plates (∼1 mm thick) coated with
1333 nm thick AAMs. The transparency on both samples is high and
allows for objects behind it (AIST logo for A andNagoya golden dolphin
for B) to be highly visible.



2227 dx.doi.org/10.1021/am200662d |ACS Appl. Mater. Interfaces 2011, 3, 2224–2227

ACS Applied Materials & Interfaces LETTER

After electropolishing, the samples were rinsed with Milli-Q
water and then dried in air. Next, the samples were anodically
oxidized for 2�20 min at 0 �C and 19 V in 2 M sulfuric acid
(H2SO4). The average thicknesses of achieved Al2O3 layers
estimated by SEM (JEOL 6320FXV Field Emission Scanning
Electron Microscope) were about 532, 1333, 2666, and
5333 nm after 2, 5, 10, and 20 min of anodic oxidation,
respectively.
PS and PMMA. In the case of PS, sample substrates 3 cm �

3 cm� 2mmwere cut from a commercial polystyrene (PS) sheet
(Asahi KASEI Co., OPS sheet #3000; number-average and
weight-average molecular weights were 109 000 and 237 000,
respectively). They were rinsed with methanol and then exten-
sively with Milli-Q water to remove impurities. They were then
blown dry with a N2 gas stream. In the case of polymethylmetha-
crylate (PMMA), a mixture of 99.5 wt %methylmethacrylate and
0.5 wt % 2,20-azobis(isobutylronitrile) (AIBN) was first polym-
erized partially at 60 �C for 2 h under nitrogen to increase the
viscosity of the liquid and make it easier to form thicker films. By
cooling this viscous liquid down to room temperature, polymer-
ization of the precursor could be effectively suppressed.
Selective Etching of Al2O3 and Al Layers. In all cases, the

exposed Al2O3 layer was first etched in an aqueous solution of
10 wt % sodium hydroxide (NaOH) for 20 min. Then the Al
metal�support layer was further selectively etched in an aqueous
solution (5.9 wt % copper(II) chloride (CuCl2), 19.8 wt %
hydrochloric acid (HCl), and 74.3 wt % H2O) for ∼6 h.
Complete elimination of these layers was confirmed by cross-
sectional SEM (S-4800, (Hitachi High-Technologies Corp.) and
X-ray photoelectron spectroscopy (Quantum 2000 spectro-
meter, Physical Electronics) using monochromatic AlKR radia-
tion (X-ray source was operated at 50 W and 15 kV).
Characterization. After the chemical etching, the sample was

observed by atomic force microscope (AFM, SII: SPA400) using
a Si probe (SII, SI-DF20; spring constant = 15 N m�1) with a
response frequency of 135 kHz in the tappingmode, andUV�vis
spectrophotometer (Hitachi, 340S). Nanoindentation experi-
ments were performed using a Nano Indenter G200 (Agilent
Technologies, Inc.) with a Berkovitch-type diamond tip (radius
of curvature of 20 nm). From the loading and unloading curves,
Young’s modulus and hardness were obtained. All data acquired
at indentation/displacement of 600�650 nm were determined
by averaging values measured at ten different points on each
sample surface.
Surface Modification. Samples were modified using a vapor

of 1,3,5,7-tetramethylcyclotetrasiloxane (D4
H) for 72 h at 80 �C

based on our previous method.24 The D4
H-derived monomeric

layer was expected to form on an AAM surface through the
formation of Si�O�Al bonds. Changes in surface wettability
were monitored by dynamic water contact angles (θA and θR)
measurements (CA-X, Kyowa Interface Science), which were
determined using Milli-Q water (1018 Ω/cm, ∼3 μL) at room
temperature as the water was added and withdrawn from the
drop, respectively.
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