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Abstract - Micro Arc Oxidation (MAO) was applied by using
high-energy anodic/cathodic pulses with various pulse
durations. Anodic and cathodic pulse couples were kept at a
constant voltage of 500 volts. Energy of each pulse increased
with increasing duration of pulses. Since the aim of the present
study was to investigate effect of pulse durations on MAO
processing, other processing parameters such as duty cycle
(8%), electrolyte temperature (25+5 °C), electrolyte
composition (KOH, NazSi03.5H20), process time (20 minutes),
anodic pulse voltage, cathodic pulse voltage and chemical
composition of substrate were all kept constant. Five different
anodic and cathodic pulse durations were applied. Scanning
electron microscope (SEM), indenter, profilometer, eddy current
and X-ray diffractometer were employed to investigate the
microstructure, hardness, surface roughness, coating thickness
and phase distribution of the coatings. Varying of pulse duration
occurred significant differences among coating specifications.
Coating layers with thickness between 50-90 um and surface
roughness between 3.1-5.2 um were obtained. The hardness of
coating layers was between 800-2000 Vickers. Coatings consist
of two sub-layers, inner dense layer and outer porous layer,
which were a mixture of y-Alz03 and a- Alz03.
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1. Introduction

Aluminium and its alloys used in various
industries such as automotive, aerospace and
transportation. Interest in aluminium and its alloys
comes from their high strength to weight ratio and
Date Received: 2018-09-11

Date Accepted: 2018-11-20
Date Published: 2019-02-15

convenient corrosion resistance. On the other hand, their
disadvantages are low wear resistance, low hardness
and hard to lubricate, hence they have limited usage area
[1]. Some surface treatment methods have applied on
aluminium alloys for improving their mechanical and
tribological properties [2-5]. One of these surface
treatment methods is MAO that forms thick and hard
alumina coating having high wear resistance, thermal
resistance and corrosion resistance [6-9]. The properties
of MAO coating are identified by some parameters, such
as electrolyte composition, applied power modes,
additives, processing temperature, chemical
composition of substrate, processing time, etc. [6].
Currently it has been investigated that bipolar pulsed
current mode formed thicker and more uniform coatings
than DC and AC unipolar pulse current mode [8].
Literature showed that the electrical parameters,
such as current mode, applied voltage and applied
current, etc, made differences on MAO coatings.
However, our knowledge on the effect of pulse duration
on coating properties was not yet investigated. Thus, the
aim of this study was to examine the effect of anodic-
cathodic pulse couple duration’s on microstructure and
morphology of MAO coatings on aluminium alloy.

2. Experimental Details

MAO processing unite has with two high frequency
converters (HFC), which operate separately. One of them
has positive polarity and other has negative polarity.
Power of each is 12,5 kW. Voltage range of HFC’s are in
between 0-800 V. The schematic picture of the MAO
device is given in Figure 1 [10]. Bipolar pulse current
mode was used in present research. The Tektronix-TDS
2024C digital storage oscilloscope was used to control of



voltages, pulse durations and amplitudes. The
electrolyte temperature was maintained via cooling
system, which has refrigerant water in the spiral copper
tube.
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Figure 1. The schematic diagram of the MAO device.

Mitutoyo SJ-400 profilometer was used for the
surface roughness measurement. In addition, Fisher-
Dualscope MP40E-S was performed for the coating
thickness measurement. Brukers D8 (40 kW, 40 mA)
type X-ray diffract meter was used for identification of
the phases. X-ray diffraction (XRD) was conducted with
Cu K, radiation. Between 20° to 90° degrees were
scanned with a step increment of 0.02° and an account
time of 1 s. Cross-sectional microstructural analyses
were investigated by Philips XL30 type field emission
Scanning Electron Microscopy (SEM). Mitutoyo
MicroWizhard micro-hardness tester was used for cross-
sectional hardness tests under indentation load of 20 gr.
The elemental analysis of the aluminium substrates was
investigated with Spectro-Max LMF14 spectroscopy
measurement device and the results are given in Table 1.

Table 1. Spectral analysis of substrate.
Al Si | Mg | Cu | Mn Fe Zn Sn Pb
98,6 (0,47 0,46 | 0,03 | 0,017 | 0,25 | 0,011 | 0,06 | 0,042

The processing surface area of samples was 4 cmz2.
All substrates were mechanically grounded with 200-

1200 mesh emery papers and cleaned ultrasonically for

5 min with acetone.
There are several electrical process parameters

that could be investigated but in this study the pulse

durations effects searched, thus some other parameters
were kept constant and they were given in Table 2.

Table 2. Constant parameters and their values.

Parameter Values
Anode voltage (Va) 500V
Cathode voltage (Vk) 500V
Duty cycle 8%
Coating time 20 minutes
Electrolyte temperature |25+5 °C
Electrolyte composition |KOH (2 g/1), Na2Si03.5H20 (9,5 g/1)

Pulse duration couples and the sample codes were
given in Table 3.

Table 3. Pulse duration’s couple’s values.

Cathode pulse duration, us | 200 | 600 | 800 | 1000 | 2500

Anode pulse duration, ps 300 | 800 | 1000 | 1800 | 3800

Pulse duration couple code | C1 | C2 | C3 Cc4 C5

3. Results and Discussion

Thickness of coatings was given in Figure 2. Three
different regimes of coating were formed with increasing
durations of pulse couples. For short pulse duration
thickness is around 80 um (C1), increasing pulse
duration caused a thicker coating layer, between 85 and
90 pm (C2, C3), longest pulse durations lowered the
coating thickness (C4, C5).
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Figure 2. Influence of pulse duration’s couple on the coating
thickness.

The surface roughness of MAO coatings results
under different pulse duration couple modes is shown in
Figure 3. Roughness was calculated of 9 measurements




from different locations. It was obvious that the surface
roughness’ results are in the same direction with coating
thickness. It should also be noted that [6, 9-11] surface
roughness was closely related with the coating
thickness.
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Figure 3. Influence of pulse duration’s couple on the surface
roughness.

The effect of pulse duration on phase composition
of MAO coatings was examined by XRD and given in
Figure 4. The diffraction peaks of Al and Mg,Si were
obtained from the Al alloy substrate, which stated that
the content of Al is most. The reason for this is that; the
structure of the coatings, which has a lot of pores and
micro cracks through to the substrate and X-rays can
detect the substrate material. Thus, the increasing of
coating thickness decreased the strength of the substrate
peaks. The characteristic peaks corresponding to y-Al,03
and a-Al;03. Therefore, it can be concluded that the
aluminium oxides in the MAO coatings was mainly
crystalline.
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Figure 4. XRD results of the coatings prepared at different
pulse durations couple.

It was clearly understood from Figure 4 is that all
MAO coated specimens have the y-Al,03 peaks and with
increasing of coating thickness the intensity of a-Al,03
increased either. Thus, the results of the XRD analysis
further verified that MAO coatings had a more intense
structure with increasing durations of pulse couple. On
the other hand, long pulse duration damages the phase
orientation via cracking the outer porous layer made the
coatings thinner. Due to the thin coating layer phase
transformation (from y-Al;Os3 to a-Al,03 phase) could not
occurred [8].

The hardness profiles of coatings were given in
Figure 5. Due to nature of the MAO process; the outer
layer has a porous structure, which is mostly consisted
of y-Al;03; phase, while the inner layer is a compact
structure and it is mostly consisted of a-Al,03 phase [10,
12]. This lamination had affected the hardness profile
results by the distance from surface.
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Figure 5. Vickers hardness profiles of the coatings fabricated
under different anode-cathode pulse duration couples.

The hardness profiles began with 1100-1300
Vickers from the surface, which has porous outer layer.
With the increasing of distance from surface, hardness
was increased and reaches 2000 Vickers’ s at the depth
of approximately 30 um from the coating surface. This
hard area is mostly consisting of a-Al,03 phase. Because
of hard a-Al,03; phase was present very near to the
substrate-coating interface [13], the points at which
hardness data was measured were in between 30 and 60
um from the coating surface. Although it is high
hardness, is not high enough as expected. Due to the
nature of the process there occurred micro pores and



micro cracks inside of the coating that the hardness of
the coating reduced [10]. The hardness decreased
dramatically at the depth of 70 pm from the coating
surface where the presence of substrate began.

It is clear that there is no significant difference on
coating hardness with the increasing in pulse duration.
Nevertheless, the average hardness of the coatings
decreases with the pores and cracks [10]. Although
sample C5 has low a-Al;03 phase, its average hardness
almost same with other parameters. This result may
interpretable with the pore distributions of the samples.

Cross sectional SEM image of sample C2 was given
in Figure 6. Sparks discharge micro channels may reach
to the substrate from the surface of the coating as shown
in Figure 6. This micro channel carries the molten metal
though to surface and solidified on it. This rapid
solidification of the molten alumina caused micro cracks
and pores in surface of coating [10, 14].

By increasing the thickness of coating, transformation
from y-Al;03 phase to a-Al;03 phase began in inner layer.
It has reported that y-Al,03 phase formed due to the high
cooling rate, while more a-Al;03 phase could be explored
in the inner layers due to the low cooling rate [9]. With
cross sectional micrographs, Figure 6, we found the
inner layer demonstrated as an orange peel appearance.
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Figure 6. A SEM micrograph of the sample C2 (discharge
hole).

Cross sectional SEM images of C1, C2, C3, C4 and
C5 were given in Figure 7. The outer layers of C2-C3 have
more micro pores compared with C1, due to the long
pulse durations. On the other hand, long pulse duration
generated more «-Al;03 phase and thicker coating in
contrast with C1. On the other hand, increasing in porous
outer layer increased the coating thickness. With the
increasing thickness the phase formation began, and the
a-Al;03 phase contents increased, these results proved
with XRD analysis and SEM micrographs (orange peel
areas).

Increasing the anodic-cathodic pulse durations,
like as C4-C5, has clearly damaged the coating layers and
decreased the coating thickness due to the strong
discharge phenomena. The thicknesses are reduced and
there is almost no orange peel appearance (Means that
the content of «-Al;03 phase decreased) on cross-
sectional morphology of C5, Figure 7.

AeN SpotMagn - Det WD p——] 20
150K 30 800c -~ SE 76 GIU

| Lgrm. B2 IR L7 ¢
Figure 7. A cross-sectional morphology of the ceramic

coatings.

With the qualitative analyse; coatings porosity
depends on the pulse durations. Increased in duration
the coating porosity increased and the coating thickness
increased either. Further increase in duration the
coatings damaged and decreased in thickness. This
decrease in thickness affect the composition of the
coating such as decreased in a-Al;03 phase areas (orange
peel areas). On the other hand, the porosity significantly
affects the hardness, for instance in a ceramic body
hardness decreases 60-70% due to the 20% porosity
[15].

5. Conclusion

In this paper the effect of durations of pulse couple
on properties of coating was investigated at five different
pulse duration parameters.

It was found that short pulse durations formed
high quality inner dense layer. Increasing of pulse
duration’s lead to a significant increase in both coating



thickness and volume percent of pores. It is obvious that
these pores are effective of the increasing of coating
thickness.

Hardness and XRD phase analysis proved that a-
Al;03 was obtained for whole range of pulse durations.
Increase in hardness apparently is due to the combine
effect of increase in volume percent of a-Al;03 and
decrease in volume percent of pores.

A coating layer of 90 um was achieved by 20
minutes of processing time that is rate of growth is 4.5
um/min with experiment C3. Succeeding of this growth
rate is an evidence of that the present process is energy
efficient and no need higher pulse duration than that of
experiment C1.

For further increase in quality of coating,
investigations on other electrical parameters of
processing are needed. Also corrosion, wear and
bioactivity of the coatings are future investigations.
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