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Preparation of Al,O;/Au nano-laminated composite coatings and
their oxidation resistance on stainless steel
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Abstract: Al,O;/Au nano-laminated composite coatings were prepared by means of magnetron sputtering. The coating was compact
and comprised of nano-laminated Al,O; and Au layers. High temperature cyclic oxidation test was employed to investigate the
oxidation resistance of the composite coatings. The results revealed that the applied Al,O;/Au nano-laminated composite coatings
improved the oxidation and spallation resistance of the stainless steel substrate significantly. The mechanism accounting for oxidation
resistance was related with the suppression of inward oxygen diffusion and selective oxidation of Cr in the substrate. The mechanism
accounting for spallation resistance was attributed to the relaxation of thermal stress by the nano-laminated structure.
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1 Introduction

High-temperature oxidation failure of alloys is
extensively concerned in many fields, such as
aeronautics and astronautics, petrochemical industry,
power generation and waste incineration. High-
temperature oxidation will bring about not only huge
economic losses but also destructive service safety
problems [1]. The pursuit of alloys providing both good
mechanical properties and excellent oxidation resistance
seems to be a shortcut for solving such problems.
However, both of the requirements sometimes can not be
achieved by alloy development itself. Therefore, a
composite system including alloy substrates and surface
coatings in which good mechanical properties can be
achieved by alloy development and excellent
high-temperature oxidation resistance by surface coating
or surface modification has been developed as an
approach to meet both of the requirements. Researches
showed that this strategy works well in many industrial
applications. To date, ceramic coatings [2,3] and metallic
coatings [4,5] are the two basic and important
high-temperature protective coatings. For ceramic

coatings, Al,O; is widely used owing to its extremely
low oxygen diffusion coefficient [6]. Nevertheless, the
thermal expansion mismatch between AlLO; and alloy
substrate becomes one of the most important factors
restricting its further development. And for the metallic
coatings, noble metals such as Au and Pt are considered
ideal high-temperature coating materials due to their
excellent thermodynamic stability and low oxygen
diffusion rate [7]. However, with the service of the
coating, the inter-diffusion between the coating and alloy
substrate is prone to causing the failure of the coating.
Besides that, the high cost of noble metals is also one of
the concerned problems.

Recently, multilayered composite materials have
drawn more and more attention in various applications
due to their unique performance compared with
monophasic materials. Layered composites have been
proposed as an excellent design to enhance the strength
reliability of components as well as to improve their
fracture toughness by means of energy release
mechanisms, such as crack deflection or crack
bifurcation [8,9]. It was found that the laminated system
exhibits an apparent fracture toughness which is twice
higher than the value determined for the monolithic
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materials [10]. HO and SUO [11] found that there was a
critical thickness for the constrained brittle layer bonded
between tougher substrates under residual and applied
stresses during the investigation of tunneling cracks
(such a crack initiates from an equi-axed flaw, confined
by the substrates, tunneling in the brittle layer), and
below the thickness, no tunneling cracks occurred
regardless of the size of original cracks. Therefore, the
decrease of layer thickness in laminated system is very
beneficial to suppressing crack extension.

In this work, Al,Oj;/Au nano-laminated composite
coatings were prepared by magnetron spattering. The
oxidation resistance of such coatings on stainless steel
was investigated and the mechanisms accounting for
their excellent high-temperature oxidation and spallation
resistance were also discussed.

2 Experimental

2.1 Preparation of ALO;/Au

composite coatings

The Al,Os/Au nano-laminated composite coatings
were prepared using an opposite-targets magnetron
sputtering (MS) system (Model TUS-800MP, Technol.
Ltd., Co., Beijing). 1Cr18Ni9Ti stainless steel with the
cut size of 15 mmx10 mmx2 mm was used as the
substrate. The specimens were precisely polished
(R,=0.03 pm) and ultrasonically cleaned in ethanol
before sputtering. The specimens were fixed on a
rotating specimen holder in order to ensure that all
surfaces of the substrate can be sputtered uniformly. The
AlL,O; layer was deposited by radio-frequency MS using
an a-Al,O; ceramic target and the Au layer was
deposited by direct current MS using an Au target (purity
>99.99%). The layers of Al,O; and Au were deposited
alternately onto the substrate with the order of
ALO;—Au—Al,O;—Au—ALOs;. The operating parameters
during sputtering the Al,Os/Au nano-laminated
composite coatings are shown in Table 1. The
as-prepared coatings were subsequently vacuum heat
pretreated at 1000 °C for 6 h to promote Al,O;
transforming from amorphous to crystalline.

nano-laminated

Table 1 Operating parameters of magnetron sputtering

Operating parameter Operating value

Base pressure/Pa 5x107*
Working pressure/Pa 0.5-1.0
Distance between target and specimen/cm 7
Heating temperature/°C 150
Rotational speed of specimen/(r-min ") 10
Power of direct current sputtering/ W 90
Power of radio-frequency sputtering/W 70

2.2 High-temperature cyclic oxidation test

The high-temperature cyclic oxidation test which
was one type of the accelerated life tests was employed
to investigate the oxidation and spallation resistance of
the Al,Oj;/Au nano-laminated composite coatings on
stainless steel under oxidation condition. The test was
performed in a horizontal furnace at 900 °C for 100 h.
After a certain oxidation period of 10 h, the samples
were taken out and rapidly cooled to room temperature in
30 min as a cycle. The mass gain (specimen + crucible)
and spallation mass (crucible without the specimen) were
respectively weighed at each interval using an electronic
balance with an accuracy of 107* g After the
measurement, the samples were put back to the furnace
immediately. The test providing 10 times of thermal
cycles can also evaluate the thermal shock resistance and
mechanical properties of the as-prepared coatings.

2.3 Characterization

The morphology and elements analysis of the
Al,O3/Au nano-laminated composite coatings before and
after high-temperature oxidation test were characterized
by a high-resolution field emission scanning electron
microscope (FE-SEM, ZEISS SUPRA 55) equipped with
an energy-dispersive X-ray spectroscope (EDX). Phases
of the specimens after oxidation were identified by X-ray
diffractometer (XRD, Rigaku D/max-PB 2400) with a
graphite monochromatized Cu K, radiation flux at a
scanning rate of 0.02 (°)/s in the 26 range of 10°—100°.

3 Results

3.1 Morphologies of as-prepared Al,O;/Au nano-

laminated composite coatings

The surface and cross-sectional morphologies of the
as-prepared  ALOs;/Au  nano-laminated  composite
coatings are shown in Fig. 1. It could be seen that after
sputtering and heat treatment, the surface of the
nano-laminated coating was composed of uniform
nano-particles. According to the sputtering sequence of
deposition layers, 5 layers with the order of Al,O;—Au—
Al,O;—Au—Al,O; from surface to interface were
observed from cross-sectional morphology. The
thickness of the Al,0; and Au layers were 60—80 nm and
20 nm, respectively. And different layers of the
nano-laminated coating were combined compactly.

3.2 High-temperature cyclic oxidation kinetics

Figure 2 presents the cyclic oxidation kinetic curves
of the blank and coating specimens at 900 °C in air for
100 h. With respect to the mass gain and scale spallation,
it could be found from the curves that the blank sample
exhibited a very fast rate of oxidation as well as severe
scale spallation during cyclic oxidation. During the
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oxidation test, the oxidation scale of the blank sample
would spall off at each cycle, which induced that the
mass gain and spallation mass increased with time
prolonging continuously. On the contrast, the coating
specimen exhibited an extremely low mass gain and
scale spallation mass. It can be seen that the amount of
mass gain and spallation mass decreased by two and
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three orders of magnitude, respectively, due to the

sputtering of Al,O3/Au nano-laminated composite
coatings.
3.3 Characterization of specimens after high-

temperature cyclic oxidation
Figure 3 shows the surface and cross-section images

Fig. 1 Surface (a) and cross-section (b) morphologies of as-prepared Al,O3/Au nano-laminated composite coatings
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Fig. 2 Cyclic oxidation kinetic curves of blank and coating specimens at 900 °C for 100 h: (a) Mass gain vs time; (b) Spallation mass
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Fig. 3 Surface (a, c) and cross-section (b, d) images of different specimens after cyciic ;)xide;tion at 900 °C for 100 h: (a, b) Blank
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of different specimens after cyclic oxidation at 900 °C
for 100 h. The surface of the blank sample became very
rough after oxidation and the spallation trail of oxidation
scale can also be found on the surface. However, the
surface of the coating specimen was comparatively
smooth and no crack or spallation occurred on the
surface. By comparing the cross-section morphologies as
shown in Figs. 3(b) and (d), it can be seen that the
oxidation scale of the blank sample was relatively thick
and uneven. In contrast, the oxidation scale of the
coating specimen was comparatively thin and uniform.
But the morphology of the Al,Os;/Au nano-laminated
composite coating was difficult to be found due to the
inward diffusion of oxygen and the outward diffusion of
metallic elements during oxidation.

The cross-sectional elements distribution of the
blank sample after cyclic oxidation at 900 °C for 100 h is
shown in Fig. 4. It can be seen obviously that the
oxidation scale of the blank sample was composed of
both chromium oxide and ferric oxide. And cracks can
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be found on the top of the oxidation scale. Compared
with the blank sample, the cross-sectional elements
distribution of the coating specimen after oxidation (Fig.
5) exhibited that the oxidation scale of the coating
specimen consisted of only chromium oxide and no
ferric oxide. The chromium oxide scale was compact and
continuous. However, the distribution of elements Al and
Au was not detected due to the small thickness of the
ALO3/Au nano-laminated composite coating and the
diffusion of elements during oxidation.

Figure 6 shows the XRD spectra of different
specimens after cyclic oxidation at 900 °C for 100 h. It
can be seen that the oxidation scale of the blank sample
was composed of Fe,O; and the mixture of Fe,O; and
Cr,05 ((FepeCro4),03), which was consistent with the
elements distribution in Fig. 4. With respect to the
coating specimen, strong peaks of the stainless steel
substrate were identified due to the small thickness of the
coating and oxide, which was close to the penetration
depth of X-ray (about several microns). Besides that,

(b) Cr

(© Fe

Fig. 4 SEM image (a) and cross-
sectional elements distribution (b—e) of
blank sample after cyclic oxidation at
900 °C for 100 h
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peaks of a-Al,O; and Cr,O;, which came from the
coating and oxidation scale, respectively, were also
identified. No peaks of Au were detected due to its little
content in the composite coating.

4 Discussion

The oxidation resistance of stainless steel substrate

Fig. 5 SEM image (a) and cross-sectional
elements distribution (b—g) of coating
specimen after cyclic oxidation at 900 °C
for 100 h

under cyclic oxidation at 900 °C was significantly
improved by the applied ALO;/Au nano-laminated
composite coatings. As shown in Fig. 7, the mechanisms
accounting for such superior performance can be
explained from two aspects as follows.

On one hand, the Al,O;/Au nano-laminated
composite coating has a positive influence on
suppressing the inward diffusion of oxygen and promoting
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Fig. 6 XRD spectra of specimens after cyclic oxidation at 900
°C for 100 h: (a) Blank sample; (b) Coating specimen
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Fig. 7 Model of oxygen diffusion and thermal stress release in
Al,03/Au nano-laminated composite coatings

selective oxidation of the substrate. It is well known that
the dense and defect-free a-Al,O; layer is considered to
be one of the most effective diffusion barriers in
protecting alloy substrate from oxidation owing to its
extremely low oxygen diffusion coefficient [12]. Besides
that, the noble metal Au which theoretically does not
oxidize under high temperature is also an excellent
oxygen diffusion barrier [13]. Therefore, as the oxygen
diffusion model shown in Fig. 7, the outside oxygen
partial pressure can be decreased quickly to an extremely
low level at the coating/substrate interface due to the
applying of the coating. As a result, the parabolic rate
constant (k,) of the alloy substrate oxidation will be
decreased greatly due to the low oxygen partial pressure
at the coating/substrate interface. According to
WAGNER’s theory on the selective oxidation of alloys
[14], the critical concentration of B solute in an A-B
alloy to form a selective BO external scale can be

expressed as:

1
ZgMo| D

where k, is the parabolic rate constant, V' is the molar
volume of alloy, Zg is the valence of B, My, is the relative
atom mass of oxygen, and D is the diffusivity of B in the
alloy. As mentioned above, the applied Al,O;/Au nano-
laminated composite coating will lead to the decrease of
k, greatly. With the decrease of &k, the critical
concentration of Cr in the substrate will subsequently
descend, which will promote the selective oxidation of
Cr to form Cr,0O; (see Fig. 3(d) and Fig. 5). And the
dense and continuous Cr,O; layer will also play an
important role in protecting the substrate from further
oxidation.

On the other hand, the unique design of Al,O;/Au
nano-laminated structures will bring about excellent
mechanical properties which can protect the coating from
failure effectively. For the AL,O; layers, nano structures
were observed as shown in Fig. 1(a). Superplasticity was
demonstrated in fine-grained ceramics and ceramic
composites including yttria-stabilized tetragonal zirconia
[15] and alumina [16]. Large ductilities were recorded
for the above ceramics. The fine structure of Al,O; layers
may give rise to superplasticity which is helpful for
relaxing thermal stress generated during thermal cycling.
And for the Au layers, their capability of plastic
deformation will also play an important role in relaxing
thermal stress. Therefore, the nano-laminated structures
of the Al,O3/Au composite coating are apt to release the
high temperature thermal stress as the model shown in
Fig. 7 and thus improve the spallation resistance of the
coating significantly.

In conclusion, the excellent oxidation and spallation
resistance of the Al,Os;/Au nano-laminated composite
coatings on stainless steel substrate are attributed to the
synergetic effect of the unique constituent and structure
design of the coating.

5 Conclusions

1) AlLOs;/Au nano-laminated composite coatings
were successfully prepared by means of magnetron
sputtering. The coating was laminated by the order of
Al,O3—Au—Al,O3;—Au—ALO;. And the thickness of the
AL,O; and Au layers was 60—80 nm and 20 nm,
respectively.

2) The Al,Os;/Au composite coatings exhibited
excellent oxidation and spallation resistance on stainless
steel substrate. Compared with the blank substrate, the
value of mass gain and spallation mass decreased by two
or three orders of magnitude, respectively.
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oxidation

resistance was related with the suppression of inward
oxygen diffusion and selective oxidation of Cr in the
substrate. The mechanism accounting for spallation
resistance was attributed to the relaxation of thermal
stress by the nano-laminated structure.
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