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A flexible Al,03/Al/Al,O5 sandwich composite was prepared by microarc oxidation (MAO) on an aluminum foil with 50 um
thickness. The obtained ceramic layers with a thickness of 20-22 ym on the surface of the aluminum foil are mainly Al,O5. The
composite, with exterior layers of Al,O3, can be bent more than 90° without observable fracture or delamination. The morphology
of the MAO coatings, which has been characterized by scanning electronic microscopy (SEM), is porous and contains
microcracks. The energy-dispersive spectrum (EDS) and the X-ray diffraction (XRD) results indicate that the MAO coatings
mainly contain y-Al,O;. Based on experimental observations, the flexibility mechanism was explained by the presence of the
microcracks which improve the toughness and decrease the stiffness of the MAO coatings. The well-adhered layers of the
sandwich structure can also prevent the fracture of the MAO coating. The thermal diffusivity of the composite is between that of
aluminum and Al,O3 and the specific electrical resistance is 45.4% of that of Al,0; under 50 V. This composite has the potential to

be applied as tailorable low-voltage insulation material.

1. Introduction

Microarc oxidation (MAO), a novel technique to form
oxide-based layers with special properties on a metal sub-
strate by plasma discharging in aqueous solution under high
voltage, is gaining increased attention [1, 2]. With the in-
troduction of MAO AL,O; ceramic coatings on Al-based
materials, wear resistance, corrosion resistance, mechanical
strength, thermal shock resistance, and electrical insulation
of aluminum or its alloys can be efficiently increased [3, 4].

MAO ceramic layers grown on the surface of aluminum
and its alloy are usually divided into two regions [5]. The
compact region mainly contains «a-Al,O;, and the loose
region mainly contains y-Al,O;. The compact region of
MAO coatings possesses excellent wear, corrosion, and
chemical resistance [6, 7], and the loose region is generally
applied based on its large specific surface area, for example,

improving the heat exchange of cases and heat sinks, as well
as the capacity of electrode foils [8]. There have been many
studies on the fabrication of the MAO coatings that are
mainly composed by the compact region [5, 9]. However, all
of these MAO coatings are a kind of naturally brittle material
and are usually assumed to be unbendable. The application
of material with such unbendable MAO coatings is limited,
especially in ceramic biomaterial. Moreover, very few studies
have explored deformable loose MAO coatings or their other
physical properties [10-12].

In this paper, the flexible alumina ceramic layers are
fabricated on the surface of the aluminum foil using the
MAO method. The composition, phase structure, micro-
structure, and physical properties, as well as flexibility
mechanisms of the alumina layers are investigated. This
composite has the potential to be applied as tailorable low-
voltage insulation material.
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2. Materials and Methods

50 um thick 1060 aluminum foil, which is essentially pure
aluminum with a minimum 99 wt% aluminum content, was
used to perform MAO in 15g/L Na,SiO; and 10g/L
(NaPO3)s solution. The MAO equipment (240H-III) con-
sisted of a potential adjustable pulsed DC source. The power
source was set to manual mode during the treatment pro-
cess. The electrical parameters of the treatment process are
shown in Table 1. The obtained coatings were cleaned with
distilled water and dried in air to remove the residual
electrolyte from their surface.

The surface morphology, thickness, and microstructure
of the MAO layers were observed in the JSM-7000F scanning
electron microscope (SEM). The composition analysis was
performed by energy-dispersive X-ray spectroscope (EDS)
attached to another SEM (TESCAN MIRA3). Phase con-
stitutes of the layers were examined by X-ray diffraction
(XRD) with Cu k-« radiation.

To characterize the rapidity of heat propagation through
the composite, the thermal diffusivity coefficient of the
composite was measured using a LFA 457 laser flash ap-
paratus. It had been set to measure three times under one
temperature point (25°C) with the laser flash apparatus.
Cowan model and pulse correction model have been applied
by the accessional software named Netzsch Proteus to avoid
the effect of the heat loss and that of the laser pulse width on
the experimental results. The composite was cut into di-
mensions of 12.7 mm diameter. The thickness of the com-
posite was measured by a micrometre. Three thickness
measurements have been taken at three different dot posi-
tions of the composite, and the averaged result was used as
the thickness of the measurement.

The resistance of the sample was measured using an
insulation tester. The samples for testing had been washed by
distilled water and dried at 30°C in the air overnight to avoid
the unexpected effects on the resistance result.

Two bending tests have been carried out, bending by hand
and by a rod (16 mm in diameter). All the bending processes
have been recorded by a digital camera. A metalloscope
(Olympus, BX61-32FAI-S09) has been used to observe the
surface morphology of the bending sample on the rod.

3. Results and Discussion

The cross-sectional morphology of the as-prepared sample is
shown in Figure 1(a), which displays a sandwich-type
structure with two MAO and an inner Al foil layers. Two
interfaces between the MAO layers and the Al substrate are
found. These interfaces featured undulation and continuity,
indicating that the specific area of the interface was ex-
panded from that of the original Al substrate and the co-
hesion between the MAO layers and the Al substrate was
good. It is observed that the average thickness of the MAO
layers is about 20 yum. The MAO layers are fabricated into
loose structure. Pores and microcracks are observed in the
MAO layers. Microcracks have been circled in Figure 1(a).

The surface morphology of the MAO layer is presented in
Figure 1(c). It can be seen that the surface of the MAO layer is
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TaBLE 1: Electrical parameters of the treatment process.

Time (min) Pulsed voltage (V) Duty ratio (%)
0 500 12
5 520 12
10 530 12
15 540 10
20 550 10
25 560 10

uneven, and many micropores with various pore sizes dis-
tributing uniformly on the surface can be observed. Comparing
with the cross-sectional morphology in Figure 1(a), it is found
that the micropores mainly accumulate at the surface of the
MAO layers; in other words, few micropores appear near the
interface between the MAO layer and the Al substrate. The
reason is that growth of both the inward and outward layers
has taken place during the discharging process, and then the
inner MAO layers are melted under high-temperature plasma
discharging and consequently are ejected out through the
original crater which are discharge channels. The ejected
molten alumina is cooled by electrolyte and spread around the
discharge channel. Finally, the volcano-like pores are formed
by the solidification of the molten alumina [13]. These
volcano-like micropores can be seen in Figure 1(c). Therefore,
the formation of the micropores throughout the whole MAO
process is attributed to the residual discharge channels, which
are retained after the plasma discharge process in the interior
material of the layers.

Figure 2 shows the X-ray diffraction profiles of the
sandwich composites. The diffraction peaks corresponding
to p-Al,O; and Al were clearly detected. The peaks of
y-AlL, O3, which relate to the crystal faces including (222),
(400), and (440), and that of Al, which include (111), (200),
(220), and (311), confirm that the phase structure of the
outer layers is Al,O3 ceramics. The possible reason that the
XRD result, shown in Figure 2, contains the diffraction peaks
of Al is that the thickness of the composite, less than 80 ym,
is too thin to hinder the X-ray from penetrating the MAO
layer on the surface of the aluminum substrate.

The EDS result for the MAO layer of the as-prepared
sample is shown in Figure 3, which indicates that the
composition in the outer surface mainly contains Al, O, and
P elements, and the percentage of these three elements are
about 72.23 at%, 27.03 at%, and 0.74 at%, respectively. The P
element existing in the MAO layer stems from the (NaPOj3)s
electrolyte which is used during the MAO process [14].

The thermal diffusivity coeflicient of the composite is
21.5 mm?*/s (shown in Table 2), lower than that of Al (about
86.7 mm®/s at room temperature) but higher than that of
ALLO; (about 5.7 mm?%/s at room temperature), which in-
dicates that the transient thermal response of the Al foil has
been passivized by MAO layers.

As shown in Figure 4, the specific electrical resistance has
shown a rapid drop with the increase in applied voltage up to
50V, and then it displayed a gradual drop in specific electrical
resistance as the applied voltage is increased from 50V to
250 V. The insulation properties are theoretically 45.4% of
that of Al,O5 (10'* Q-cm). The experimental results indicate
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FIGURE I: (a, b) The cross-sectional morphology of the specimen; microcracks are marked with red circle; pores accumulate at the surface of

the MAO layer. (c) The surface morphology of the specimen.

30 40 50 60 70 80 90

20(°)
a y-ALO;
m Al

FIGURE 2: The XRD pattern of the as-prepared MAO sample.

4000 -
Al
Element Weight% Atomic%
OK 6053 7223
2 AIK 3823 27.03
5 2000
o
© o PK 124 074
LP\
0 T T T T 1
0 1 2 3 4 5

K (eV)

FIGURE 3: EDS test result for the MAO layers of the as-prepared
sample.

TaBLE 2: Thermal diffusivity result for the composite.

Number Temperature (‘'C)  Thermal diffusivity (mm?/s)
1 25.4 23.32
2 25.3 20.09
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Mean value 25.4 21.5
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FIGURE 4: Specific electrical resistance of the specimen under
different voltages.

that 50 V seems to be the breakdown voltage. Such a com-
posite can be used as a low-voltage dielectric material [8]. This
is related to the porous microstructure of the MAO layers and
the irregular Al,O5/Al interface. A potential barrier is created
at the interface between the insulator (Al,O3) and the con-
ductor (Al) under external electric field, and this potential
barrier can block the charge transportation and accumulate
charges on both sides of the interface between two substrates.
Once enough charges, which were induced by enough high
external electric field, accumulated at the convexity of the
interface, the potential barrier can be penetrated and the
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FIGURE 5: Bending test by hand: (a) bending test by hand; (b) the recovered composite; (c) SEM picture of the recovered composite, and the
observed place has been marked as point A. Bending test by rod: (d) a tailored composite covering the rod of 16 mm diameter; (e) surface
morphology of the tailored composite during the bending process on the rod; (f) cross-sectional view of the tailored composite during rod

bending.

current would form; as a result, the macroscopic resistance
declines. Moreover, porous structure can absorb moisture in
a wet and hot environment, and thus the value of the real
breakdown voltage of the MAO layers is lower than the
theoretical one [15].

The flexibility of the composite is shown in Figure 5.
When the composite was bent by hand, the MAO layers were
still uniform without any observable fracture or falling-out
piece, as shown in Figure 5(a). The composite can completely
recover after releasing load as shown in Figure 5(b). The
scanning electron micrograph (Figure 5(c)) at x 1000 shows
the surface morphology of the recovered composite surface
in the region which was under heavy deformation and is
marked as point A. It shows that there has been no sig-
nificant widening of microcracks after bending, suggesting
the efficient recovery of MAO coatings. In another bending
test, the composite has also been tailored and attached to
a rod of 16 mm diameter, as shown in Figure 5(d). The
surface and cross-sectional morphology at x 50 are shown in
Figures 5(e) and 5(f), respectively, and no macrocracks can
be found. The aforementioned performances reflect that
MAO layers have good flexibility and good fracture
toughness.

The flexibility of the MAO layers can be explained by two
reasons: (1) the microcracks, which were observed in Fig-
ure 1, could effectively resist the propagation of the mac-
rocracks of the MAO layers during the composite

deformation, and (2) the strong adhesion of the interface
made the aluminum substrate well support the MAO layers.

Firstly, the mechanism for resisting the cracks propa-
gation in the coatings is that the microcracks can increase
the energy for crack propagation by prolonging the crack
paths and inducing the cracks branching [16, 17]. What is
more, the presence of the microcracks and the pores in the
layers can sharply reduce the stiffness of the MAO layer
[18, 19].

Secondly, it appears that MAO coatings can exhibit
excellent interfacial cohesion [2, 3]; meanwhile, the specific
area of the interface between the MAO layers and Al sub-
strate is large, so the stress that can make MAO layers fall out
from substrate has been enlarged. As a result, the MAO
layers can hardly fall out or be fractured during the de-
formation of the composite.

4. Conclusions

The flexibility around the 20 ym thick MAO layer, which
mainly consists of y-Al,O3, grows on and closely compacts
the Al substrate. The surface of the MAO layers is uniformly
porous, and there are microcracks in layer structure. The
transient thermal response of the Al foil has been passivized
by MAO layers. With the high electrical resistant, the
composite has the potential to be used as a low-voltage
dielectric material.
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