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Microstructure characterisation of alumina
coating on steel by PEO

Y. L. Wang*1, M. Wang1, M. Zhou*1, B. J. Li1, G. Amoako1 and Z. H. Jiang2

Alumina ceramic coating was prepared on Q235 carbon steel by plasma electrolytic oxidation.

The discharge process was analysed according to the voltage–time curve. The microstructure of

the ceramic coating was investigated by scanning electron microscopy, X-ray diffractometry and

energy dispersive X-ray spectroscopy. The bonding strength, thickness, hardness, surface

roughness and corrosion properties of the coatings were studied. The results indicated that

coating on Q235 carbon steel mainly consisted of a-Al2O3 and c-A12O3. The coating showed

coarse and porous surface. The surface roughness of the coating was 1?8 mm, and the average

diameter of the pores was 3–4 mm. The hardness of the coating was 1854 HV. The thickness of

the coating was ,28 mm, and the bonding strength was 23 MPa. The corrosion tests indicated

that the corrosion current density of alumina coated Q235 in 3?5%NaCl was 8?28961027 A cm22,

which was decreased by two orders of magnitude compared with the uncoated one. The

corrosion potential was increased to 20?379 V, which shifted positively by 0?303 V compared to

the uncoated one.
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Introduction
Plasma electrolytic oxidation (PEO), also known as
microarc oxidation, is a relatively new technique in
surface engineering fields. The PEO process is char-
acterised by applying high electrical potential between
the sample (usually anode) and a counterelectrode in
liquid. Dielectric breakdown will take place near the
sample surface and discharge occurs. Fast moving
sparks can be seen on the sample surface. The
temperature in the discharge channels can reach 103–
104 K, and the pressure can reach 102–103 MPa.1,2

Many kinds of ceramic coatings with attractive proper-
ties such as wear resistance and corrosion resistance can
be fabricated on the metal surface.3–5 However, as an
effective technique, PEO cannot be used to treat steels
directly. Of all the metals, steels are the most widely used
materials in engineering. However, the performance of
steels, especially the corrosion resistance of some steels,
is not very good, which limits their application.6

According to previous work, only those metals7,8 such
as Al, Mg and Ti (called valve metals) are suitable for
PEO treatment. In fact, researchers have been in pursuit
of preparing ceramic coating on ferrous metals by PEO
since its emergence. Efforts have been made by McNiell
and Nordbloom,9 McNiell and Gruss10 and Trovsky.11

Recently, researchers succeeded in preparing ceramic
coatings on steels with PEO, but pretreatments were
usually needed. Valve metal was deposited on surface of
steels before PEO treatment.12,13 Now, it is widely
agreed that practical ceramic coatings on steels can
hardly be achieved using a single PEO technique.14

Researchers also started to study the mechanism of PEO
very early.4 Many mechanisms of the breakdown have
been brought out, but none of them can explain all the
experimental phenomena. However, it is also widely
accepted by the researchers that the PEO process first
depends on the nature of the metal, but the electrolyte
and the power source also play very important roles.
This provides a research direction for PEO treatment of
both valve metals and steels in the future. Various
electrolytes and several modes of power source have
been adopted for PEO.15,16 Very recently, our researcher
group attempted to apply PEO on carbon steel with a
new mode of power source, and desirable results were
obtained.17 In the present study, organic solution was
exploited as the electrolyte, which is different from most
of the universal electrolytes. In addition, the polarity of
the metal in PEO treatment is also of great importance.
Therefore, the PEO process here employs the sample as
cathode. Alumina ceramic coating, which shows excel-
lent properties among many ceramic coatings, was
fabricated on carbon steel by PEO. The morphology,
elemental and phase composition of the ceramic coat-
ings were investigated. The bonding strength, thickness,
hardness, surface roughness and corrosion resistance
were also studied. Investigation indicated that the PEO
in this study provided a promising technique for surface
modification of carbon steels.
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Experimental

Coating preparation
Q235 carbon steel with the composition of 0?14–0?22%C,
0?30–0?65%Mn, #0?30%Si, #0?045%P, #0?05%S and
Fe balance (all values are in wt-%) was processed
into the size of 1561?560?8 mm. Samples were first
polished and then cleaned before PEO treatment. The
PEO experimental system contains a homemade single
polar pulsed electrical power source and stainless steel
electrobath. During the PEO process, the carbon
substrate was used as cathode and the stainless steel
electrobath served as anode. A PTFE stirrer was used
and the running water around the stainless steel
electrobath was used as cooling system to keep the
electrolyte remain room temperature. The schematic
view of PEO system is shown in Fig. 1. The electrolyte
was the absolute ethanol solution of Al(NO3)3.9H2O
(18 g L21). The PEO process was carried out for
120 min under the stable current density of 8 A dm22.
The frequency was 3000 Hz and the duty ratio was
45%.

Coating characterisation
The surface and cross-section morphology of the
ceramic coating was investigated by a scanning electron
microscope (SEM, Hitachi S-570); the phase and
elemental composition were measured by X-ray dif-
fractometer (XRD, D/max-rB, Japan, Cu target, Ka

radial) and energy dispersive X-ray spectroscopy (EDS,
Oxford Model 7537, UK), respectively. The bonding
strength of the coating was determined using a direct
pull-off test. The tested area was a circle with an area of
1 cm2. The thickness of sample was measured using an
eddy current based thickness gauge (TT260, Time
Company, China). The surface roughness of PEO
coatings was tested by roughness tester (JB-4C,
Shanghai, China). The microhardness of samples was
evaluated by means of an MH-5 hardness tester using a
Vickers indenter with the load of 100 g and for a
dwelling time of 10 s. The corrosion tests were evaluated
by potentiodynamic polarisation through a CHI604
electrochemical analyser in 3?5%NaCl solution with a
sweeping rate of 0?167 mV s21.

Results and discussion

Discharge process analysis
Figure 2 shows the voltage–time curve during the PEO
process. The curve shows a similar trend of that in
universal PEO.1 The PEO process can be roughly
divided into two periods according to the inflection on
the curve (separated by point A on the curve). In the first
period, the voltage increased rapidly and the cathode
surface was accompanied by many gas bubbles.
Occurrence of the second period was characterised by
the appearance of small white sparks on the sample
surface. At first, these small sparks were rare but
distributed uniformly. Later, the small sparks became
denser and denser and gradually spread all over the
sample surface. With increasing the treating time, the
colour of the sparks changed from white to cyan, then
blue and purple at last. When purple sparks appeared,
the discharge points became fewer and the duration of
discharge time at one point became a little longer. The
discharge phenomenon in PEO was the breakdown of
cathode including the breakdown of the barrier film and
the gas.4

Microstructure and properties of coating
Phase and elemental composition of coating

The XRD and EDS spectra of the obtained coating are
plotted in Figs. 3 and 4, respectively. Figure 3 shows
that the coating is composed of a-Al2O3 and c-Al2O3.
Comparing the spectra of the coating and substrate, it
can be seen that no feature peaks of Fe are presented in
the patterns. Therefore, it can be concluded that that no
large amount of crystal Fe entered into the coating. It
can also be supposed that the X-ray did not penetrate
through the coating into the substrate, so no feature
peaks of Fe from the substrate were found. In addition,
low background of the XRD spectrum implies good
crystallisation of the coating, which is a superiority to
the some universal cathodic deposition techniques with-
out discharges. In order to obtain crystal phase, a
thermal treatment is usually needed for universal
cathodic deposition technique.17 In addition, PEO
treatment of steel reported here can obtain pure Al2O3

simply and directly compared to the indirect PEO
treatment of steel reported in literature12,13

1 Schematic view of PEO system 2 Voltage–time curve during PEO process
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A13z in ethanol solution excited in the form of A13z

and NO32. During the PEO process, NO32 will be reduced
and OH2 can be obtained.18 Aluminium hydroxide will be
formed through the reaction of A13z and OH2.4 Alumina
will be formed from aluminium hydroxide during the
plasma discharge reaction.19,20

Surface EDS spectra in Fig. 4 represent that the
coating is mainly comprised of Al and O and nearly no
Fe is found. Au peak in the spectra results from the Au
film deposited on the samples surface in SEM and EDS
tests. The Au film is used to enhance the conductivity of
the sample, and images with high quality can be
obtained in SEM and EDS tests. In order to study the
distribution regularity of Al and O elements, EDS
spectra of the coating cross-section are shown in Fig 4b.
A similar distribution tendency of Al and O is found,
which agrees with the XRD analysis.

Surface and cross-section morphology of coating

Figure 5 illustrates the surface and cross-section mor-
phology of the PEO coating. Figure 5a exhibits that the
coating surface also shows the volcanic morphology.
The coating surface is coarse and porous and it is very
similar to the coating surface of valve metal in universal
PEO. It can be deduced that the ‘mouth’ of the volcano
is the residual discharge channel during the discharge
reaction. The irregular shaped areas around the volcanic
mouth are formed due to the rapid cooling of the
electrolyte. The average diameters of the pores are 3–
4 mm. Figure 5b reveals that the cross-section of the

4 Energy dispersive X-ray spectroscopy patterns of PEO coating surface: a element distribution on surface; b element

distribution on cross-section

3 X-ray diffractometry patterns of PEO coating and car-

bon steel substrate

5 Surface and cross-section morphology of obtained coating: a surface morphology; b cross-section morphology
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coating is uniform and there is no evident discontinuity
between the coating and the substrate.

Properties of coating

The pull-off test indicated that the bonding strength was
23 MPa. This value is relatively high. The thickness test
revealed that the thickness of the coating was 28 mm,
which was also approved by the cross-section image in
Fig. 4b.

Hardness tests reveal that the microhardness of Q235
carbon steel substrate and alumina ceramic coating was
413 and 1854 HV, respectively. The microhardness of
the PEO coating was increased by more than four times
as that of the uncoated substrate. High hardness of the
coating was attributed to the existence of a-Al2O3 in the
coating.

The surface roughness test curve of Al2O3 PEO
coating on Q235 carbon steel is shown in Fig. 6. It
reveals that the surface roughness of the coatings was
1?8 mm. The surface roughness is relatively low com-
pared to many PEO coatings on valve metals.1

Figure 7 shows the polarisation curves of the samples
with and without PEO coating. As a contrast, the
polarisation curve of 0Cr18Ni9 stainless steel is also
given. It can be seen that the coated sample possesses

much higher corrosion potentials and lower corrosion
current density than the uncoated one. The corrosion
current density and corrosion potential of the uncoated
Q235 substrate are 3?81061025 A cm22 and 20?682 V
respectively. For sample with PEO coating, the values
are decreased to 8?28961027 A cm22 and 20?379 V
respectively. The corrosion current density is decreased
by two orders of magnitude, and the corrosion potential
shifts positively by 0?303 V. The better corrosion resistance
of the coated steels is attributed to the chemical stability of
the ceramic oxide coating, which can act as a barrier
between the corrosion environment and substrate.
Compared to 0Cr18Ni9 stainless steel, the sample with
PEO coating shows rather close approximation corrosion
resistance. Therefore, it can be concluded that the
corrosion resistance of the carbon steel can be notably
improved by PEO coating on the surface.

Conclusion
Alumina ceramic coating was prepared on Q235 carbon
steel by PEO with the sample working as cathode. The
alumina coating was composed of a-Al2O3 and c-Al2O3.
The coating showed a little coarse and porous surface.
The surface roughness of the coating was 1?8 mm, and
the average diameter of the pores was 3–4 mm. The
hardness of the coating was 1854 HV. The thickness of
the coating was ,28 mm, and the bonding strength
was 23 MPa. The corrosion resistance of the carbon
steel could be significantly improved with alumina
ceramic coating on the surface. The corrosion current
density of alumina coated Q235 in 3?5%NaCl was
8?28961027 A cm22, which was decreased by two orders
of magnitude compared with the uncoated one. The
corrosion potential was increased to 20?379 V, which
shifted positively by 0?303 V compared to the uncoated one.
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