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Abstract: Plasma electrolytic oxidation(PEO) processes were carried out to produce ceramic layers on 6061 aluminum substrates in
four kinds of electrolytes such as silicate and aluminate solution with and without sodium fluorosilicate. The PEO processes were
carried out under a hybrid voltage (260 V DC combined with 200 V, 60 Hz AC amplitude) at room temperature for 5 min. The
composition, microstructure and element distribution analyses of the PEO-treated layers were carried out by XRD and SEM & EDS.
The effect of the electrolyte contents on the growth mechanism, element distribution and properties of oxide layers were studied. It is
obvious that the layers generated in aluminate solutions show smoother surfaces than those in silicate solutions. Moreover, an
addition of fluorine ion can effectively control the layer porosity; therefore, it can enhance the properties of the layers.
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1 Introduction

Recently a number of deposition techniques, such as
arc-discharge  plasma, gas-flame spray, vacuum
deposition and high temperature glass enameling, have
been investigated to produce layers on light alloys, to
increase their wear resistances, corrosion resistance, and
so on. However, these techniques require high-energy
consumptions to provide adequate layers adhesion under
high contact loads. Therefore, a novel electrochemical
surface treatment process, plasma electrolytic oxidation
(PEO), was introduced, which could generate ceramic
layers on light metals with low energy consumption[1].
Furthermore, researches showed that the PEO ceramic
layers offered attractive combination of wear resistance,
corrosion resistance, mechanical strength, interfacial
adhesion and thermal property[2—4]. Indeed, practical
applications of PEO process in the machine related
industry have been discussed in Refs.[5—6].

PEO processes were typically carried in alkaline
electrolytes containing silicate anions, which is
environmental friendly and most widely used in earlier
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studies[7—8]. However, the influence of silicate and
aluminate electrolyte systems on the microstructure and
composition of PEO layers has rarely been considered
and optimized. Especially, the exact way in which silicon
and aluminate elements participate in formations of
layers is less developed. Moreover, the electrolytes
require to be optimized to fulfill the demands from
industrial applications.

In the present work, the effect of silicate and
aluminate alkaline electrolytes on the structure and
composition of oxide layer formed by PEO process was
studied. The surface morphology, microstructures,
elements distribution and microhardness of ceramic
layers were investigated.

2 Experimental

6061 Al alloy Mg 1%; Si 0.65%; Fe 0.7%, Cu
0.3%; Cr 0.2%; Mn 0.15%; Ti 0.15%; and Al balance;
mass fraction) with dimensions of 30 mm (diameter) X
16 mm (height) and surface roughness of R,<<0.1 pm
was used as a substrate. Al alloys were pretreated
(degreased and ultrasonically cleaned in the acetone
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medium and thoroughly dried), and then immersed in
electrolyte for PEO treatment. There were four kinds of
electrolytes used in the experiment, which can be divided
into silicate part and aluminate part. Specimens were
PEO treated through four different electrolytes as shown
in Table 1. During the treatment, the PEO process was
carried out at the room temperature for S min ina 2 L
water-cooled stainless steel tank, which also served as a
counter electrode. As the anode, Al substrate was
immersed in the electrolyte. According to previous
research, a hybrid voltage of 200 V AC (60 Hz) with 260
V DC was applied from the power supply. After the PEO
treatment, the specimens were thoroughly rinsed in
running demineralized water and dried with compressed
air.

Table 1 Compositions of experimental electrolytes

Composition/(g-L™")

Electrolyte
Na,AlO, Na,SiO;  Na,SiFg NaOH
Al 8 - - 2
A2 8 - 0.5 2
S1 - 8 - 2
S2 - 8 0.5 2

At first, the AC amplitude was slowly increased to
200 V to maintain the current density at 0.3-0.4 A/cm’
throughout the experimentation, afterwards the DC value
was increased gradually till 260 V so as to maintain the
pre-determined current density even as the layer
thickness gradually increased. The plasmas would
initiate to discharge on the surface at DC 140 V based on
AC 200 V. During the PEO process, plenty amount of
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water vapor was generated by the exothermal PEO
reaction.

The phases of the oxide layers were investigated
with Philips-X’Pert system X-ray diffractometer(XRD)
(Cu K, radiation) and the scans were performed with
0.02° step size in the 26 range of 30°—90°. The
microstructures of surfaces and  cross-sectional
morphologies of PEO-treated samples were examined by
a JSM 5610 scanning electron microscope(SEM). The
layer element distribution was investigated by Oxford
6587 energy dispersive spectrometer(EDS). The
microhardnesses of the layers at 10 different places were
measured by VLPAK2000 Mitutoyo Hardness Test
Machine using 0.1 N loading energy in 30 s dwelling
time, and then the average microhardness was calculated.

3 Results and discussion

Fig.1 illustrates the surface features of the PEO-
treated samples in four different kinds of electrolytes. It
is clearly indicated that discharge channels in all
electrolytes appear as the same dark circular spots, with
pancake-like microstructures distributing all over the
surface of the layers. It is also apparent that the layer
surfaces treated in aluminate electrolytes are much
smoother than those in silicate electrolytes. Because of
the participation of silicon ions in the PEO reaction, the
layers surfaces become more porous. Furthermore, by
comparing Al, A2 and S1, S2 in Fig.1, the addition of
Na,SiFg affects the surface roughness. Actually, it even
decreases the diameters of the discharging channels by
introduction of fluorine ion, which is very effective to

Fig.1 SEM surface morphologies of PEO-treated samples prepared in four kinds of electrolytes: (a) Al; (b) A2; (c) S1; (d) S2
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control the porosity of ceramic layers. X-ray diffraction
patterns of PEO layers produced by the four processes
are shown in Fig.2. Strong diffraction peaks of the Al
substrate are detected because the layers are so thin and
porous that X-rays can penetrate easily. It is shown that
typical phase composition of PEO layers represented by
a-Al,05 and y-Al,O3 can be found in the XRD spectrum.
Moreover, mullite (Al,03-#Si0,), an important ceramic
phase characterized by good thermal and chemical
stabilities, is also detected in silicate electrolytes (both in
S1 and S2 processes). It is well known that trigonal
0-Al,O; is a stable alumina phase with a high melting
point of 2 050 ‘C, and y-Al,O; is a meta-stable phase
which will transform into a-Al,O; by heating up to the
temperature interval between 800 and 1 200 ‘C[9-10].
Before plasma discharge, a thin y-Al,O; film is generated
first during the initial oxidation stage. McPHERSONJ11]
found that a high cooling rate favors the formation of
a-AlyO; during the solidification of alumina droplets in
his study regarding the formation mechanism of
meta-stable alumina phase for the plasma spraying
technique. During the plasma electrolytic process, the
molten y-ALO; is injected to the electrolyte solution
through the discharging channel when plasma sparks are
produced, so y-Al,O; contacted with the electrolyte is
quenched in a high cooling rate, which favors the
formation of a-Al,O5 outside.
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Fig.2 XRD patterns of ceramic layers prepared in four kinds of
electrolytes: (a) Matrix; (b) Al; (c) A2; (d) S1; (e) S2

Ceramic layer surface treated by S2 electrolyte was
investigated using EDS (sputtered with gold previously).
The EDS results exhibit the element distribution in and
around the discharged channel, as shown in Fig.3. From
this figure, it is clear that Al content in the discharged
channel is obviously much higher than that in the
particles around it, while Si content in the particles is
richer than that in the discharged channel. In silicate
electrolytes, Si0s>” generates SiO, or SiO,'nH,0 easily
on the interface between layer and electrolyte. The
molten alumina ejected out from the discharging

Spectrum 1
3 4 5
Spectrum 2
3 4 5
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Fig.3 EDS analysis results on ceramic layer surface by S2
electrolyte: (a) Morphology; (b) and (c) EDS spectra

channels where the temperature was so high (about
2X10*-3X10° C [6]), will combine with SiO,
compound to form the mullite phases (Al,05'nSi0,, see
XRD patterns in Fig.2). By the force of plasma sparks,
the mullite is punched around the discharging channel,
and suddenly solidifies after encountering with the cold
electrolytes. The mullite phases are easily turned to be
small particles by the effects of surface tension. Finally,
the mullite particles accumulate around the discharged
channels, resulting in the volcano-like morphologies on
the layer surfaces. In the Al and A2 electrolyte, the
centre of each pancake represents the discharging
channel and is surrounded by circular rings of rapidly
solidified molten alumina.

The cross-sectional SEM micrographs of the layers
formed in four different kinds of electrolytes are shown
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Fig.4 Cross-sectional SEM micrographs of layers prepared in four kinds of electrolytes: (a) Al; (b) A2; (¢) S1; (d) S2

in Fig.4. It is obvious that the samples prepared in
silicate electrolytes (S1 and S2) present thicker layers
than those prepared in aluminate electrolytes (Al and
A2). Na,SiF¢ was added in A2 and S2 process as a
special agent. It is easily decomposed to Si*" and F,
where silicon ion is good for the growth of layers and
fluoride ion is characterized as complex behavior with a
wide interval of passivation[6] and good layer densities
control ability (formation of tiny disperse Al,O;xF,
phase)[12]. It is apparent that the ceramic layers in A2
and S2 are thicker and denser than the layers in Al and
S1. This proves that Na,SiFs can effectively enhance
growth ability and density of the ceramic layers.
According to the microhardness results of the layers
in Fig.5, the samples prepared in aluminate electrolytes
are harder than those prepared in silicon electrolytes. It is
well known that the microhardness of the ceramic layer
is decided by two factors: the phases in the layer and the
density of the layer. The hard a-Al,O; phase lays a good
foundation for the microhardness of the layers prepared
in four electrolytes. From the SEM cross-sectional
micrographs, it is shown that the layers prepared in
aluminate electrolytes are much denser than those
prepared in silicate electrolytes, which results in the
microhardness advantage in aluminate electrolytes. It is
found that the addition of Na,SiFs can significantly
increase the layer microhardness by enhancing the layer
density. Based on the generation of a-Al,O; and the
densification effects of Na,SiF, the microhardness of the
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Fig.5 Microhardness of ceramic layers prepared in four kinds
of electrolytes

layers in A2 and S2 process (added with Na,SiF¢) has a
more significant improvement than the layers in Al and
S1 (without Na,SiFg), respectively.

4 Conclusions

The four PEO processes were separately carried out
in four different kinds of alkaline silicate and aluminate
electrolytes on 6061 Al substrate for 5 min under a
hybrid voltage.
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1) The surface morphologies of PEO layers in
aluminate electrolytes present pancake structures, while
the volcano structures are shown in the layer prepared in
silicate electrolytes.

2) The main phases are y-Al,O; and a-AlOs;
furthermore, mullite particles are generated around the
plasma discharged channels especially in silicate
electrolytes.

3) It can be concluded that the addition of Na,SiFg
can accelerate the growth of the oxide layers and
significantly increase the microhardness by enhancing
the layer density.
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