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Abstract

An infrared emissivity coating material containing g-Al2O3 was prepared on 2024 aluminium alloy surface by the microarc oxidation

(MAO) method. The microstructure of the coatings was analysed by SEM, XRD and EDS techniques. The infrared emissivity

properties tested at 500 1C were investigated by an infrared radiometer based on a Fourier transform infrared spectrometer. The results

show that the infrared emissivity values of coated Al samples depend on the phase composition and surface roughness of the coatings.

Corresponding to increasing coatings thickness, the gradually increasing g-Al2O3 content and some oxide compounds containing Si and

P contribute to the higher infrared emissivity value (about 0.85) in the wavelength range of 8–20 mm. The increasing surface roughness

leads to an obvious increase in emissivity from 0.2 to 0.4 at wavelength 3–5 mm.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Microarc oxidation (MAO) has been extensively investi-
gated to fabricate a wide variety of ceramic coatings with
designable chemical compositions on aluminium alloys for
corrosion and wear resistance applications [1–11] depending
on the inherent process characteristics. Most recently, it has
produced potentially great microarc oxidation coatings used
in elevated temperature application circumstances due to their
excellent high temperature stability [12–15]. These potential
application fields include aerocrafts, internal combustion
engines, and heat exchangers, as well as metal/oxide layers
for catalysis and the heat dissipation surface of electronic
devices carrying backplanes in electronic industries (3C
products). When serving in the elevated temperatures applica-
tion circumstance, the heat transfer occurring on the alumi-
nium alloy components includes conduction, convection and
radiation. Conduction takes place in the metal bulk material
while convection and radiation take place at the exterior
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surfaces. Heat transfer characteristic by infrared thermal
radiation of aluminium alloy or their coatings plays a crucial
role in the simulation calculation and design of radiation
parameters for the purpose of thermal management.
Radiation heat transfer depends on the emissivity and its

distribution in broad spectral wavelength range of exposed
metal devices surface. Aluminium and its alloys have a low
emissivity [16] over the whole spectrum and thus cannot
dissipate heat by radiating in the thermal infrared region.
It is well known that most polar bonding oxides show
strong efficiency of photon emission thus exhibiting a high
emissivity value. Microarc oxidation enables transforma-
tion of the surface of aluminium alloy into Al2O3 domi-
nated oxides ceramic by spark discharging events, which
has the potential to promote the emissivity value, thus
enhancing the dissipation of heat by radiations. Unfortu-
nately, the work concerning the research on infrared
radiating properties of microarc oxidation coatings formed
on alunimium alloys is scarse.
In this work, the ceramic coatings containing Al2O3 were

fabricated on 2024 aluminium alloy surface by the microarc
oxidation (MAO) method in an alkaline silicate solution. How
the modified coating structure affects the infrared emissivity
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Fig. 1. XRD patterns of MAO coatings with different thicknesses formed

on 2024 Al alloy.
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property is not clear. Thus, this work focuses on the relation-
ships between the specially modified layers microstructure and
the infrared emissivity of MAO coated aluminium alloy.
Additionally, the oxidation effect of uncoated aluminium
sample surface has also been taken into consideration, so
the changes of infrared emissivity properties with increasing
exposure time of the uncoated aluminium alloy were also
presented.

2. Experimental

2.1. Coating preparation

The material used in the experiment is 2024 Al alloy with
nominal composition 4.36% Cu, 1.49% Mg, 0.46% Mn,
0.25% Fe, 0.14% Si, 0.07% Zn, 0.01% Ti and rest Al.
Samples for infrared emissivity testing cut into a disc (30 mm
diameter and 1 mm thick) were used as the substrate. The
surface of the samples was polished with 400#, 800# and
1200# abrasive papers to a roughness of RaE0.2 mm, and
ultrasonically cleaned in distilled water followed by ethanol
and dried. The samples were used as anodes, while stainless
steel plates were used as cathodes in the electrolytic bath.

The pretreated samples were subjected to microarc
oxidation treatment according to the following conditions.
The based electrolyte of alkaline silicate was prepared from
the solution of Na2SiO3 (6.0 g/L), NaOH (1.2 g/L),
(NaPO3)6 (35.0 g/L) and other additives in distilled water.
A 65 kW microarc oxidation device provides the voltage
waveform. The electrical parameters were fixed as follows:
voltage 600 V, frequency 600 Hz, and duty cycle 10.0%.
In the experiments, the test samples with three values of
coating thickness (5, 10 and 15 mm) were fabricated using
different oxidation time periods by MAO treatment.

2.2. Coating characterisation

The coating thickness was measured with a coating
thickness gauge (Minitest 600B, Germany EPK). The surface
roughness of the coatings was determined by a profile and
roughness tester (JB-4C, Shanghai Optical Instrument Co.)
The surface and cross section morphologies of coatings were
observed using scanning electron microscopy (SEM, S4800,
Hitachi Co.). The phase composition of the coatings was
analysed by X-ray diffraction (XRD, Philips X’Pert) using
CuKa radiation at a grazing angle of 31.

2.3. Emissivity measurements

Infrared emissivity values of the samples were carried
out on a self-made infrared radiometer based on a Fourier
transform infrared spectrometer. The radiation emitted by
the sample front surface is detected by a Fourier transform
infrared (FT-IR) spectrometer (JASCO FT/IR-6100), and its
radiance is compared with the radiance of a reference
blackbody radiator. In this way the infrared emissivity value
of sample is obtained based on the principle of radiation
comparison with sample radiance to blackbody radiance. The
spectral emissivity was determined by comparing the radiative
fluxes of a sample and a blackbody radiation under the same
conditions. The FTIR spectrometer used in this experiment
can rapidly scan spectra at a high spectral resolution and
broad wavelength range of 3–20 mm. Detailed test method
can be found in our previous publication [17].
Once the coated aluminium sample temperature is stable at

500 1C, the sample spectrum is acquired, next, the reference
blackbody signal is measured, and thus the emissivity is
obtained. To investigate the effect of surface oxidation on the
metal aluminium on the infrared emissivity, the uncoated
aluminium sample is mounted with exposure to the tested
temperature and the sample spectrum is instantly acquired.
Subsequently, a series of sample spectra are acquired at 30 s
interval with increasing exposure time till the sample spectrum
does not change any more. The estimated uncertainty for the
emissivity measurement is less than 5%.
3. Results and discussion

3.1. Microstructure of coating

The XRD patterns of MAO coatings with different
thicknesses formed on 2024 Al alloy are shown in Fig. 1.
It can be found that g-Al2O3 phase is the main composi-
tion for the different coatings, and the intensity of g-Al2O3

peak increases obviously with the thickening of the coating
from 5 mm through 10 mm to 15 mm. However, depending
on the relatively small thickness of the coatings, X-rays can
penetrate through the coating which leads to the diffrac-
tion peaks of Al alloy substrate to be reflected in the XRD
patterns.
The surface morphologies of MAO coatings with differ-

ent thicknesses formed on 2024 Al alloy are illustrated in
Fig. 2. MAO coating is characterised by a typical surface
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Fig. 2. Surface morphologies of MAO coating with different thicknesses formed on 2024 Al alloy: (a) 5 mm, (b) 10 mm, and (c) 15 mm.
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Fig. 3. Surface roughness of MAO coating with different thicknesses

formed on 2024 Al alloy.
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scattered with many micropores, which are the high-voltage
spark discharge tunnels formed by the rapid cooling of the
coating in the electrolyte, as shown in Fig. 2 a–c. And the size
of pores remaining after sparks decayed slightly increases
with the thickening of the coating from 5 mm through 10 mm
to 15 mm. Therefore, the increasing pore size inevitably
leads to increasing rough surface morphology, and the cor-
responding average roughness registers as Ra 1.02 mm, Ra

1.20 mm and Ra 1.35 mm for 5, 10 and 15 mm thick coatings,
respectively, as shown in Fig. 3. In comparison, the surface
roughness of the uncoated substrate after grinding by SiC
sand paper is as low as Ra 0.22 mm.

Fig. 4 illustrates the cross-section morphologies and
elements distribution of MAO coated 2024 Al alloy. It
can be found that the coatings are compact and bond well
with the substrate. With the increase of coating thickness
from 10 to 15 mm, the coating/substrate interfaces become
slightly uneven. The phenomenon can be attributed to the
excessive growth of the coating in the local ever dischar-
ging region. Analysis of elements distribution along the
cross-section showed that the oxygen content of the coat-
ing significantly increased, indicating that the MAO coat-
ing contains a lot of aluminium oxide, corresponding to
the results of XRD. Meanwhile, the MAO coating also
consists of Si and P elements, which are the components
from the electrolyte. It should be noticed that Si element is
evenly distributed along the coating thickness, while the
P element is mainly distributed near the interface. However,
the coating compounds containing Si and P have not been
detected in the XRD pattern, which is possibly attributed
to their low content.

3.2. Infrared emissivity properties

It has been proved that electron–phonon aharmonicities
may play a role in the observed dependence [18], and each
oxide has a specific emissivity distribution in the range of
infrared spectrum. Fig. 5 shows the spectral emissivity
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Fig. 4. Cross-section morphologies and elements distribution of microarc oxidation coatings with different thicknesses formed on 2024 Al alloy: 5 mm, (b)

10 mm, and (c) 15 mm.
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distribution of sintered Al2O3 ceramic [19] and Al2O3 domi-
nated microarc oxidation coatings. It is rather obvious that
the pure Al2O3 ceramic has a unique emissivity distribution
with a gradual increase from 0.2 to 0.85 at wavelength
3–8 mm, almost maintaining a high constant of 0.88 at
wavelength 8–12 mm, and then gradually decreasing to 0.6
at wavelength 12–15 mm. In comparison, the Al2O3 domi-
nated microarc oxidation coatings indicated a different
changing evolution of emissivity. At wavelength 3–12 mm,
the emissivity for microarc oxidation coating shows a similar
change as that of the the sintered Al2O3 ceramic, except for
the increased values in wavelength 3–6 mm. The increased
emissivity is attributed to the increasing surface roughness for
the microarc oxidation coating. And it is worth noting that at
wavelength 12–20 mm, the emissivity has a significant increase
for the microarc oxidation coating when compared with the
sintered Al2O3 ceramic, which is possibly caused by the
incorporated compounds containing Si and P.
Emissivity is a property which reveals how much radiation

a given body emits as compared to a blackbody. When
tested in atmosphere, the H2O (room humidity) and CO2

existing in atmosphere affect the spectral emissivity. It can be
seen from Fig. 6 that the two shaded regions in each plot
correspond to bands of appreciable atmospheric absorption



4 6 8 10 12 14 16 18 20
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Wavelength (μm)

Sp
ec

tra
l e

m
is

si
vi

ty
 v

al
ue

a)

b)

Fig. 5. Spectral emissivity comparison of Al2O3 dominated microarc

oxidation coatings and sintered Al2O3 ceramic plate from Ref. [19].
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Fig. 6. Spectral emissivity values measured at wavelength 3–20 mm and

500 1C for microarc oxidation coatings with different thicknesses formed

on aluminium alloy samples: (a) 5 mm; (b) 10 mm; (c) 15 mm; and (d) Al

substrate.
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and scattering. The first band (centred at 2.7 mm) is influ-
enced by H2O (room humidity) and CO2 molecules, and the
other (centred at 4.3 mm) by CO2 molecules alone.

The emissivity value is highly influenced by the surface
state, including inorganic components and surface rough-
ness. It has been demonstrated in Section 3.1 that the
microarc oxidation coatings with increasing thickness have
gradually increasing g-Al2O3 content and slightly increas-
ing surface roughness. Therefore it is rather necessary to
indicate the effects of phase composition and surface
roughness on emissivity.

Fig. 6 shows the spectral emissivity values measured at
wavelength 3–20 mm and 500 1C for microarc oxidation
coatings with different thicknesses formed on aluminium
alloy. It was found from Fig. 6 that the coating exhibits a
higher infrared emissivity value (about 0.85) in the wavelength
range of 8–20 mm than at that the lower wavelength of
3–8mm. However, with increasing coating thickness from 5
to 15 mm, the significant promotion of emissivity value at
wavelengths 5–8 mm and 9–11 mm (indicated by rising
arrows in Fig. 6) is from the contribution of increasing
g-Al2O3 phase content.
The coating surface roughness is one factor that affects

the surface infrared scattering, according to the general
theory of scattering is that the rougher the surface, the
stronger the backscattering [20,21]. With the surface rough-
ness increasing from Ra 1.02 mm through Ra 1.20 mm to Ra

1.35 mm for 5, 10 and 15 mm thick coating, the spectral
emissivity value exhibits an obvious increase from 0.2 to 0.4
at the wavelength of 3–5 mm.
In addition, it is found that once the coated aluminium

sample temperature is stable at the desired temperature of
500 1C, onintentionally increasing the exposure holding
time the acquired radiation spectrum of the coated sample
remains unchanged, which implies that the coating has a
high thermal stability. Comparatively, the uncoated alu-
minium alloy shows a much lower infrared emissivity value
of about 0.1–0.3 at 3–20 mm (as shown in Fig. 7), when the
uncoated aluminium sample is mounted exposed at the
tested temperature and the sample spectrum instantly
acquired. In this case, the infrared emissivity contribution
basically derives from the aluminium substrate, having
inherently low emissivity values owing to the poor effi-
ciency of photon emission from their surfaces.
However, the metal titanium surface is highly reactive

and easily oxidised to form a thin Al2O3 film at the high
temperature; therefore, on increasing exposure time to 30 s
interval at 500 1C, the Al2O3 film thickness increases
gradually which also leads to increase in infrared emissivity
gradually from 0.1 for 30 s to 0.2 for 90 s at the beginning
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wavelength, as shown in Fig. 7. The changing surface of
Al2O3 film thickness accompanied by a visual change of
surface colour from light metallic grey to black at 500 1C is
believed to be the primary cause for the increased emissiv-
ity at this temperature. This discoloration is common to
aluminium alloys which contain magnesium [22] such as
the 2024 alloy.

It should be noted that the newly formed Al2O3 film is
rather thin with several tens nm; thus the reflectance of
aluminium metal substrate will also play the main con-
tribution, which leads to the relatively low emissivity.
Generally, the spectral emissivities of aluminium are found
to increase with increasing wavelength and increase slightly
with the increasing exposure time at high temperature. The
gradually increasing g-Al2O3 content and some oxide
compounds containing Si and P contribute to the higher
infrared emissivity value (about 0.85) in the wavelength
range of 8–20 mm. MAO coated alunimium alloy can be
used as infrared thermal radiation materials at elevated
temperature. The obtained infrared thermal radiation
characteristic of MAO coatings on aluminium alloy pro-
vides a powerful reference for the future simulation
calculation and design of radiation parameters with the
purpose of thermal management.
4. Conclusions

This study explored the effects of coating thickness,
phase composition and surface roughness on spectral
emissivity of microarc oxidised 2024 aluminium alloy.
The key findings from the study are as follows:
(1)
 the gradually increasing g-Al2O3 content and some
oxide compounds containing Si and P contribute to the
higher infrared emissivity value (about 0.85) in the
wavelength range of 8–20 mm;
(2)
 the significant promotion of emissivity value at wave-
lengths 5–8 mm and 9–11 mm is from the contribution
of the enhanced photon emission with increasing
g-Al2O3 phase content;
(3)
 the increasing surface roughness leads to an obvious
increase of emissivity from 0.2 to 0.4 at the wavelength
of 3–5 mm;
(4)
 the uncoated Al samples show lower emissivity value
although exhibiting a slight increase from 0.1 to 0.3
with increasing exposure time at 500 1C.
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