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Oxide coatings were produced on a 6061 aluminum alloy using a pulsed unipolar plasma electrolytic oxidation
(PEO) process. The effect of electrical parameters including pulse frequency, duty cycle and current density on
phase formation in the coatingswas revealed using conventional and glancing angle X-ray diffraction. The results
show that PEO coatings are mainly composed of γ-Al2O3. Depending on the electrical parameters employed, the
coatings can also contain α-Al2O3 and mullite with varying concentrations. Higher current densities and higher
duty cycle were found to favor the formation of mullite. Under the experimental conditions used, the ratio of
the integrated XRD peaks for α- and γ-Al2O3 varied from 0 to about 0.6, indicating that the relative content of
α-Al2O3 in the PEO coatings varied over a wide range. Longer pulse on-times and higher current densities pro-
moted the gamma to alpha-alumina phase transformation. Depth profiling of PEO ceramic coatings using glanc-
ing angleXRDwith different incident beamangles revealed thatmullitewasmore concentrated in the top surface
of the coatings. No significant variation in α-Al2O3 concentration across the coatings could be concluded in this
study, unlike the results of some other studies.

Crown Copyright © 2014 Published by Elsevier B.V. All rights reserved.
1. Introduction

Alumina ceramic coatings have great potential as hard, wear and
corrosion resistant coatings on aluminum and its alloys. Various tech-
niques including chemical vapor deposition (CVD), ionization-assisted
magnetron sputtering PVD, and thermal spray are available to deposit
alumina coatings, most of which involve high temperatures, but are
not suitable for aluminum which has a relatively low melting point. As
an alternative, coatings prepared by plasma electrolytic oxidation
(PEO) are less expensive and easier to apply to components with com-
plex geometries and large dimensions than the CVD, PVD or thermal
spray processes [1,2]. PEO is a relatively new surface modification tech-
nique which can convert the surface of valve metals and alloys such as
aluminum, magnesium, zirconium, and titanium into oxide ceramic
coatings [3–6]. The PEO process involves complex chemical, electro-
chemical and plasma thermo-chemical reactions.
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Despite extensive research, themechanism of the PEO process is not
comprehensively understood [7–9]. Hussein et al. [10] proposed a dis-
charge model involving three distinct types of discharges, A, B, and C,
for PEO on aluminum alloy substrates. Types A and C were thought to
result from gas discharges occurring inmicro-pores in the ceramic coat-
ing, and type B was attributed to dielectric breakdown through the
oxide layer. More recently, an additional type of discharge has been pro-
posed, type D, which occurs in large pores near the interface between
the inner and outer layers [7]. These discharges play an essential role
in the formation and properties of the resulting coatings, by influencing
phase transformation, crystallization, annealing and sintering of the
coating [11].

The PEO process involves multiple features. The characteristics of
PEO coatings are affected by the compositions of the substrate material
and the electrolyte, process parameters such as the current regime (AC,
DC, and pulsed DC), current density, duty cycle, frequency and treat-
ment time [12–14]. In addition to the type of current regime, the current
polarity and application sequence could also affect the properties of the
coatings. It is suggested that the pulsed bipolar current mode generally
improves the properties of the PEO coatings and results in coatings with
higher density [15]. In a study on a magnesium alloy substrate, it was
found that applying a hybrid current mode, in which a unipolar current
was applied first followed by a bipolar current, improved the coating
properties in terms of microstructure and corrosion resistance [16].
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Table 1
Electrical parameters and sample codes for PEO treatment on 6061 Al alloy.

Sample code Frequency
(Hz)

Duty cycle,
Dt (%)

ton (ms) toff (ms) *: J (A/dm2)

S12-* 1000 20 0.2 0.8 5, 10, 15,
20, 25S18-* 1000 80 0.8 0.2

S52-* 50 20 4 16
S58-* 50 80 16 4
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PEO coatings produced on aluminum alloy substrates in dilute
silicate electrolytes are mainly composed of α- and γ-Al2O3 with some
amorphous alumina. In electrolyteswith a high concentration of silicate,
mullite is also observed [1,7,17–19]. Thick coatings, with high mullite
content, possess good thermal and chemical stability and are good
candidates for thermal barrier applications [2,20].

PEO coatings have also been reported to have superiorwear and cor-
rosion resistance compared to untreated aluminum alloy substrates [1,
14]. The hardness of the PEO coating is a function of the nature of the
dominant phases present, as well as their ratio and distribution and
the porosity and density of micro-cracks in the coatings. The hardness
of alumina phases have been reported to be around 26 GPa for
α-Al2O3, 17 GPa for γ-Al2O3, 10.5 GPa for mullite, and 7 GPa for the
amorphous anodically formed alumina. However, the measured hard-
ness in PEO coatings is lower than in dense bulk alumina due to porosity
in PEO coatings [7,11,20]. Tribological studies indicate coatings com-
posed of α-Al2O3 show a higher wear resistance [21].

It is believed that increasing the α-Al2O3 content will enhance the
wear performance of PEO coatings [22,23]. This improved hardness
compared to conventional coatings formed by anodization is attributed
to the presence of a large proportion of crystalline material, namely
α- and γ-Al2O3, and to a reduced porosity [24]. Controlling the α-Al2O3

content of the coating,which is the hardest phase among alumina phases,
is a very interesting topic in PEO studies which may prove advantageous
in producing coatings with higher hardness. There are a few studies in
which some aspects of the phase transformation of coatings during PEO
treatment on aluminum alloy substrates have been investigated, but the
phenomenon is far from being well understood. Khan et al. [25] found
a decreased duty cycle caused a corresponding decrease in the ratio of
α- to γ-Al2O3 in PEO coatings on 6082 aluminum alloy produced by
pulsed unipolar current, although large data scatter was observed.
Xue et al. [17] investigated the phase distribution of ceramic coatings
on 2024 aluminum alloy and concluded that the surface layer of coat-
ings mainly contained γ-Al2O3 and the percentage ofα-Al2O3 gradually
increased from the external surface towards the inner layers of the coat-
ings. Applying higher current densities [11,12,26] and increasing the
deposition time which resulted in thicker coatings [21,27] were reported
to increase the α-Al2O3 content in the coatings.

Hard PEO coatings mainly composed of α-Al2O3 could be a promis-
ing candidate to protect Al alloy substrates against wear. Here, we
report possible procedures to control the α-Al2O3 content in alumina
oxide coatings by varying the electrical parameters in the PEO process.
The results of the current study provide a reference for the possible in-
dustrial applications of PEO coatings where a high hardness is required.

2. Material and methods

2.1. Sample preparation

Disk specimens were cut from a 6061 aluminum alloy bar with an
average diameter of 30 mm and an average thickness of 8 mm. The
specimens were then ground with 600 grit SiC paper, degreased in
propanol and rinsedwith distilledwater. Electrical contact to specimens
was made using a steel rod bolted to a threaded hole drilled in the side
of each specimen.

2.2. Coating process

PEO coatings were produced using a custom built, unipolar pulsed
DC source in an electrolyte containing 2 g/L Na2SiO3 + 2 g/L KOH in
deionized water. Samples served as the anode and were submerged in
the electrolyte in a stainless steel tank which also served as the counter
cathode. During the PEOprocess, the electrolyte temperaturewasmain-
tained below 40 °C by circulating the electrolyte through an external
heat exchanger. To investigate the effect of electrical parameters
on phase transformations in the coatings, two frequencies, 50 and
1000 Hz, at duty cycles of 20% and 80% with current densities (J) of 5,
10, 15, 20, and 25 A/dm2 were used. The samples were coated under
galvanostatic conditions, i.e. the current was kept constant during the
entire process and the anode potential was allowed to vary. All samples
were coated for 30 min. Table 1 lists the sample codes with the corre-
sponding electrical conditions used.

During a single pulse, ton and toff are the periods during which the
current is on and off, respectively, and the duty cycle (Dt) is defined
by Eq. (1).

Dt ¼ ton= ton þ toff
� �h i

� 100 ð1Þ

Thewaveform and corresponding parameters of the unipolar pulsed
power source are given in Fig. 1.

2.3. Coating characterization

The surface morphologies of the PEO coatings were examined using
a Hitachi S-3500N scanning electron microscope (SEM). The samples
were sputter-coated with gold prior to SEM examination to minimize
surface charging. A Philips X'Pert_MRD diffractometer with Cu Kα
(40 kV and 40 mA) radiation was used to study the composition of the
coatings. The samples were scanned over the 2θ range from 15° to 90°
with a 0.02° step size. To determine the distribution of different crystal-
line phases throughout the coating, and to minimize interference from
the aluminum substrate, glancing angle XRD at incidence angles of 1,
2.5 and 5°wasperformed to supplement conventional (Bragg–Brentano
configuration) X-ray diffraction measurements. Coating thickness was
measured using an Eddy current gauge.

3. Results and discussion

3.1. Coating surface morphology and thickness

SEMmicrographs of four samples showing the typical surface mor-
phology of PEO coatings are presented in Fig. 2. Almost all samples con-
tain two different kinds of regions: cratered regions with a central hole
and lighter areas with a nodular structure. Craters are formed when
molten material is ejected from the coating/substrate interface through
central holes due to the high temperatures and strong electric field
present during the PEO process. On contact with the electrolyte, the
molten material solidifies rapidly [28].

Previously [13] the cratered regions were shown to be rich in
aluminum while the nodular structures exhibited a higher concentra-
tion of Si compared to Al. Changing the electrical parameters, namely
the duty cycle and frequency, was found to alter the size of the craters
and also the ratio of the craters to the nodular structures on the sample
surface.

The thicknesses of coatings prepared by PEO using different electri-
cal parameters are presented in Fig. 3. For each set, the thickness of
the PEO coating increases with increasing current density as a result of
the increased energy input. For samples PEO coated at 1000 Hz, the dif-
ference in the thickness of the samples processed at the same current
density but different duty cycles is insignificant; however, the average
thickness of each sample coated at a duty cycle of 20% is slightly greater



Fig. 1. Schematic of the pulsed unipolar output of a plasma electrolytic oxidation power
supply (ton: pulse on time; toff: pulse off time).

Fig. 3. Effect of electrical parameters on coating thickness of PEO treated 6061 aluminum
alloy substrates.
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than the sample coated at the same current density but a duty cycle of
80%.

It should be pointed out that the coating measurements performed
do not consider the porosity of the coatings. Studies [29] show that
PEO coatings contain fine networks of channels, formed by localized
electrical discharges, and pores due to the entrapment of gases formed
during the process in the molten alumina. The shorter the ton time, the
more the possibility of gases trapped inside the coating, resulting in
coatings possibly of higher porosity. The slightly higher thickness
readings of samples S12-* compared to samples S18-* could be linked
to the higher porosity level in these samples.

For samples coated at 50 Hz and current densities of 5, 10, and
15 A/dm2, variation of the duty cycle did not cause a significant
change in the coating thickness. Samples S58-20 and S58-25, however,
showed considerably higher thicknesses compared to all other samples.
The reason for this could be linked to the increased concentration of
Si-rich species on the outer surface of the coatings on these samples and
is discussed later in Sections 3.3 and 3.4. The results suggest that
frequency does not have a significant effect on the coating thickness
variation of samples produced at the same current density.
Fig. 2. SEM images (secondary electron mode) of free surface of PEO coa
3.2. Coating phase analysis

Examples of the XRD patterns obtained using conventional X-ray
diffraction for coatings produced at a current density of 20 A/dm2 are
presented in Fig. 4. Studying the XRD patterns of all samples revealed
that the coatings were mainly composed of γ-Al2O3. In addition, in
some samples, α-Al2O3 (S18-20, S52-20, and S58-20) and mullite
(S58-20) were also observed.

Alpha alumina is a stable alumina phase with a high melting point
(2050 °C) and possesses the corundum structure consisting of oxygen
anions in hexagonal close-packed layers with cations occupying oc-
tahedral sites. Gamma alumina is a metastable phase which consists
of layers of cubic close-packed oxygen anions with cations in the oc-
tahedral and tetrahedral sites [24,30]. It can transform to α-Al2O3

upon heating in the temperature range 800 to 1200 °C [22,31,32]. The
phase transformation temperature can be affected by factors such as
tings on samples (a) S12-10, (b) S18-10, (c) S52-10 and (d) S58-10.

image of Fig.�2
image of Fig.�3


Fig. 4. X-ray diffraction patterns (Bragg–Brentano configuration) of PEO ceramic coatings
on samples S12-20, S18-20, S52-20, and S58-20 formed at J = 20 A/dm2.
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atmospheric conditions, the processing method used, and the presence
of impurities in the alumina [33,34]. Schaper et al. [24] studied the
phase transformation of gamma to alpha alumina quantitatively using
high temperature differential thermal analysis (DTA) and observed an
exothermic peak in all DTA curves in the temperature range 1100–
1200 °C, which corresponds to the γ-Al2O3 → α-Al2O3 phase transfor-
mation. Cava et al. [35] investigated the phase transition in alumina
nanopowders using XRD and micro-Raman spectroscopy and observed
that it occurred in the temperature range 950–1050 °C.
Fig. 5. Glancing angle XRD (incident angle of 5°) of samples PEO coated
3.3. Influence of electrical parameters on the phase content of coatings

XRD patterns obtained using glancing angle XRD with an incident
beam angle of 5° are presented in Figs. 5 and 6. Glancing angle XRD
greatly enhances the analysis of coatings by reducing interference
from the sample substrate and increasing the path of the incident
beam within the coating layer itself.

Comparison of the four sets of XRD spectra in Figs. 5 and 6 shows
that the intensities of Al diffraction peaks at each frequency and duty
cycle decrease with increasing current density. Al diffraction peaks are
from the substrate and increasing the current density results in a thicker
coating. This was confirmed by coating thickness measurements, with
the thickness of the coatings varying from a minimum of about 5 μm
for sample S18-5 to above 70 μm for sample S58-25 (Fig. 3). When
glancing angle XRD is used, the path length of the incident beam
through the coating is increased and the XRD patterns confirm that
the coatingmainly consists of γ-Al2O3with various contents ofα-Al2O3.

Coatings on samples treated at a frequency of 1000 Hz and a duty
cycle of 20% with different current densities (Fig. 5-a) contain mainly
γ-Al2O3, while samples treated at the same frequency but a duty cycle
of 80% (Fig. 5-b) show the presence of α-Al2O3 peaks in addition to
γ-Al2O3 at current densities of 15, 20 and 25 A/dm2.

For samples treated at a lower frequency of 50Hz and a duty cycle of
20% (Fig. 6-a), the coating, at a current density of 5 A/dm2 (S52-5), is
mainly composed of γ-Al2O3 while for samples coated at higher current
densities, α-Al2O3 peaks are also observed. A similar phase distribution
was obtained on samples treated at the same frequency but a duty cycle
of 80%. For both duty cycles the intensity of α-Al2O3 peaks increased
when the current density was raised from 10 to 25 A/dm2 indicating
an increase in α-Al2O3 content in the coating.

Table 2 summarizes the identified phases in the PEO coatings formed
using different electrical parameters. As can be seen in Table 2, samples
treated at current densities of 20 and 25A/dm2 at 50Hz and a duty cycle
of 80% contain mullite in addition to α- and γ-Al2O3, while samples
treated at 1000 Hz contain no detectable mullite.

Mullite (3Al2O3·2SiO2) is composed of aluminum, oxygen and sili-
con and is the only stable phase in the Al2O3–SiO2 binary system at at-
mospheric pressure. Mullite formation occurs at temperatures above
at a frequency of 1000 Hz and duty cycles of (a) 20% and (b) 80%.

image of Fig.�4
image of Fig.�5


Fig. 6. Glancing angle XRD (incident angle of 5°) of samples PEO coated at a frequency of 50 Hz and duty cycles of (a) 20% and (b) 80%.
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1000 °C depending on the processing route employed, possibly by a
nucleation and growth mechanism involving reaction between Al2O3

and SiO2 [36–38]. It is generally assumed that increasing the concentra-
tion of sodiumsilicate in the electrolyte enhances the formation ofmull-
ite in the coatings [2,20]. A previous study [13] shows that theduty cycle
and frequency affect the surfacemorphology, themicro-discharge char-
acteristics, and the distribution of elements in the coatings. Lower duty
cycles were found to result in micro-discharges with higher intensities
but lower spatial density. Al/Si ratios calculated from surface EDX
elemental maps showed that the concentration of Si increased on the
surface of the coated samples when the current frequency was de-
creased and the duty cycle increased. For the same frequencies, samples
treated at a duty cycle of 80% contained more Si on the surface than
those treated at a duty cycle of 20%. Comparing the free surface SEM im-
ages (Fig. 2) of the samples treated at the same frequency but different
Table 2
Phase contents of the coatings on 6061 aluminum alloy samples PEO treated using
different electrical parameters.

Frequency (Hz) Duty cycle, Dt (%) J (A/dm2) Main phases in the coating

1000 20 5 γ
10 γ
15 γ
20 γ
25 γ, little α

80 5 γ
10 γ, little α
15 γ, α
20 γ, α
25 γ, α

50 20 5 γ
10 γ, α
15 γ, α
20 γ, α
25 γ, α

80 5 γ
10 γ, α
15 γ, α
20 γ, α, mullite, amorphous phase
25 γ, α, mullite, amorphous phase
duty cycles confirms this fact. In sample S12-10 (Fig. 2-a), treated at a
frequency of 1000 Hz and a duty cycle of 20%, the surface ismainly com-
posed of craterswhichwere previously shown to be rich in Al. However,
sample S18-10 (Fig. 2-b) treated at the same frequency but a duty cycle
of 80% contains patches of lighter areas previously shown to be rich in Si
[13].

Mullite was detected only in samples S58-20 and S58-25, which
were treated at a frequency of 50 Hz and duty cycle of 80%. This could
be linked to the increased concentration of Si on the surface of these
samples. As mentioned earlier, mullite forms by reaction between
Al2O3 and SiO2 and in samples coated at 50 Hz and a high duty cycle
of 80%, Si concentration is higher as compared to 1000 Hz.

The relative contents ofα-Al2O3 and γ-Al2O3 phases were estimated
on the basis of the integrated intensities of the (113)α and (400)γ peaks
(Iα and Iγ, respectively), (Fig. 4). The integrated intensity ratio of the
two peaks, Iα/Iγ, was used as an indicator of the approximate relative
amounts of the two phases in the coatings. The possible effect of the in-
volvement of the Al substrate peaks on the resultswill be discussed later
in Section 3.4.
Fig. 7. Influence of electrical parameters on the relative content ofα-Al2O3 in PEO coatings
on 6061 aluminum alloy.

image of Fig.�6
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The (113)α and (400)γ peaks have strong intensities and can be used
as the characteristic peaks for α-Al2O3 and γ-Al2O3, respectively. The
interplanar distances of the (113)α and (400)γ planes are similar
(2.085 Å and 1.977 Å, respectively). The diffraction angles of the two
peaks are close but clearly separated and do not overlap with other
peaks [17,27]. A similar approach was also used by Hsu et al. [39], Wu
et al. [12], Guangliang et al. [26], Khan et al. [11] and Gu et al. [31].

Fig. 7 shows that Iα/Iγ varied in a range from 0 to about 0.6, indicat-
ing that the relative contents ofα-Al2O3 toγ-Al2O3 varied depending on
the electrical parameters employed during the PEO treatment.

It has been suggested that solidification of molten alumina at con-
siderable undercoolings results in the formation of γ-Al2O3 rather than
α-Al2O3 because the critical free energy of nucleation for γ-Al2O3 is
lower [18,40]. For γ-Al2O3 to transform to α-Al2O3 both cation and
anion rearrangement are required and this transformation occurs only
at high temperatures. It is known that the γ-Al2O3 → α-Al2O3 transfor-
mation proceeds through a series of transition phases (δ- and θ-A12O3)
which leads to stable α-Al2O3 at room temperature. γ, δ and θ-A12O3

are believed to be similar in structure with oxygen ions in a cubic close-
packed arrangement and cations occupying different available octahedral
and tetrahedral sites. Since these intermediate structures are similar toγ-
A12O3, the series of transitions can be conveniently represented as a
single phase transformation of the γ-Al2O3 → α-Al2O3 [24,40–42].

Steiner et al. [41] studied the kinetics of the γ-Al2O3 → α-Al2O3

transformation in the temperature range of 1050 to 1200 °C and ob-
served that the higher the temperature, the faster the transformation.
It has been proposed that this transformation proceeds via a nucleation
and growth mechanism with the kinetics obeying the Kolmogorov–
Johnson–Mehl–Avrami (KJMA) equation (Eq. (2)),

Cα ¼ 1− exp −ktn
� � ð2Þ

where Cα is the fraction of the α-Al2O3 formed, k is the temperature-
dependent rate constant (s−1), t is time (s), and n is the Avrami expo-
nent [24,33,43].

By substituting properly estimated values for the parameters in the
KJMA equation, it is possible to explain the variation inα-Al2O3 content
with the different electrical parameters. According to Eq. (2), increasing
the values of k and t will result in an increase in Cα providing n is posi-
tive. Macedo et al. [33] obtained a nearly constant value for the Avrami
exponent (n = 2.1) for different isotherms and values for the rate
Fig. 8.Variation trend in the fraction of formedα-alumina in a single pulse as a function of
ton calculated using KJMA equation assuming an isothermal transformation temperature
of 1050 °C.
constant (k) for different constant temperatures in the range 700 to
1200 °C are available [33,43]. By substituting plausible values of k, n and
t in Eq. (2), it is possible to estimate the kinetics of the γ-Al2O3 → α-
Al2O3 phase transformation as a function of the electrical parameters.

Setting t equal to ton (Table 1), i.e., the pulse on-time during PEO
treatment, n equal to 2.1 and assuming that the phase transition occurs
isothermally at 1050 °C and with a value of k equal to 8.5 × 10−5 s−1

(the value at 1050 °C [43]), yields a value of theα-Al2O3 fraction formed
in a single pulse. Fig. 8 shows how this fraction varies for pulse on-times
between the shortest and the longest pulse on-times of 0.2 and 16 ms
corresponding to sample series S12 and S58, respectively.

Increasing the pulse on-time from 0.2 to 16 ms results in an expo-
nential increase in the fraction of γ-Al2O3 transformed to α-Al2O3,
Fig. 8. The pulse on-time increases for each of the groups of data
shown from left to right (0.2, 0.8, 4 and 16ms) in Fig. 7. For each specific
current density, the integrated peak intensity ratio of (113)α and
(400)γ, (Iα/Iγ), also increases from left to right, consistent with the
trend observed in Fig. 8. This explains why at a frequency of 1000 Hz
and a duty cycle of 20% very littleα-Al2O3 is formed only at high current
densities of 20 and 25 A/dm2. At short pulse on-times, there is insuffi-
cient time for the rearrangement of anions and cations required for
the γ → α-Al2O3 phase transformation. It should be noted that, while
this rationale is consistent with observations, the final fraction of
α-Al2O3 formed depends on the interaction of a number of factors
including the total duration of pulse on-time, the intensity and energy
of micro-discharges, and the annealing effect of the subsequent
micro-discharges on the already formed solid oxide layers. The
γ-Al2O3 formed early in the PEO process could transform to α-Al2O3

as a result of the heat generated in the coating by subsequent
through-thickness discharges [20].

During PEO, the sparking intensity depends on the energy of each
pulse and the single pulse energy increases when using higher current
density. The single pulse energy (Ep) is defined as:

Ep ¼
Z tonð Þ

0
Up � Ipdt ð3Þ

whereUp is the pulse voltage, Ip is the pulse current and ton is the pulse on
time [15]. This increase in pulse energywould explainwhy increasing the
current density increases theα-Al2O3 fraction formed for each set of sam-
pleswith the same frequency and duty cycle. Also, it can be deduced from
Fig. 7 that, regardless of the frequency and duty cycle employed, a current
density of 5 A/dm2 does not produce the conditions required for the γ
→ α-Al2O3 phase transformation. This could possibly be attributed to
two factors: a current density of 5 A/dm2 did not produce micro-
discharges with sufficient energy to provide the heat necessary for the
phase transformation, and the thinner coating thickness (b10 μm) creat-
ed at low current densities (Fig. 3) led to faster heat conduction into the
aluminum substrate, and hence made it more difficult to achieve the
temperature required for the γ→ α-Al2O3 transformation.

3.4. Depth profiling of ceramic coatings

The X-ray spectra of samples S52-20 and S58-20 obtained at glanc-
ing angles of 1, 2.5, and 5° are compared with the conventional XRD
(Bragg–Brentano configuration) spectra in Fig. 9-a and b, respectively.
It is observed that sample S58-20, treated at a higher duty cycle, con-
tains mullite in addition to α- and γ-Al2O3. By varying the glancing
angle it is possible to depth profile the surface layers. By comparing
the mullite peak intensities to those of the other phases at different
glancing angles in Fig. 9-b, it can be inferred thatmullite ismore concen-
trated near the surface of the coatings since its peak intensities decrease
relative to those of the other phases when the incident beam angle is
increased from 1 to 5°.

Changing the electrical parameters affects themicro-discharge char-
acteristics. Increasing the duty cycle and lowering the frequency

image of Fig.�8
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generatesmicro-dischargeswith lower spatial density but higher inten-
sity which results in higher concentrations of Si rich species on the sur-
face of the coatings [13,44]. This increased Si concentration facilitates
the formation of mullite (3Al2O3·2SiO2). Moreover, glancing angle
XRD patterns of samples S58-20 (Fig. 9-b) and S58-25 (Fig. 6-b) show
the presence of an additional amorphous phase (2θ = 15–30). An
amorphous peak at a similar 2θ position has been observed by others
[2,20,45–47]. This amorphous phase cannot be easily distinguished in
the conventional XRD patterns, Fig. 4, due to the strong peak intensities
for the other phases. The intensity of this peak decreases with an
increase in glancing angle from 1 to 5°, suggesting that it is located at
the outer surface of the coatings. In addition to the formation of mullite,
deposition of Si rich species on the coating surface could contribute to
the coating thickness. Samples S58-20 and 58-25 have considerably
thicker coatings compared to other samples prepared at the same cur-
rent densities, Fig. 3, which could be linked to the deposition of Si rich
species on the surface of these samples. As discussed earlier, at later
stages of the PEO coating process, microdischarge behavior changes
andmicrodischarges tend to becomemore intensewith less spatial den-
sity. This change is more readily noticeable at lower frequencies and
higher duty cycles. The results of the previous studies [15,46] suggest
that silicon-rich species form a gel which deposits on the coating sur-
face. For samples S58-20 and S58-25, the decreased spatial density of
microdischarges increases the chance of the Si-rich deposits to stay on
the surface since the ejection of the Si-rich deposits by microdischarges
will act on a relatively smaller portion of the surface area.

The literature on the distribution of different phases across the PEO
coatings is inconsistent. It has been reported [14,17] that the amount
of α-Al2O3 gradually increases from the top surface towards the
substrate-coating interface. Xue et al. [18] observed that the α-Al2O3

content gradually increases from the surface layer towards the interior
of the coating but reached a maximum at ~50 μm from the coating/
substrate interface before decreasing near the interface. Others [14,22]
have reported that theα-Al2O3 content increased gradually with increas-
ing coating thickness.

To investigate the distribution of theα-Al2O3 phase across the coat-
ings, the integrated intensity ratio of (113)α and (400)γ peaks (Iα/Iγ)
Fig. 9. XRD patterns of samples (a) S52-20 and (b) S58-20 at glancing angles of 1,
was calculated for each sample using the XRDpatterns obtained by con-
ventional XRD (Bragg–Brentano configuration) and different glancing
angles and the results were compared. The Iα/Iγ values for samples
treated at a current density of 15 A/dm2 are compared in Table 3. No
significant differences were observed when comparing Iα/Iγ values of
different samples calculated using the XRD spectra with different glanc-
ing angles. This implies that no α-Al2O3 concentration gradient occurs
through the coatings. These results are at odds with studies [14,17] in
which theα- and γ-Al2O3 phase distribution at different coating depths
were determined by polishing the coating to a certain thickness and
then performing XRD analysis.

It has been suggested [14,22] that the α-Al2O3 content increases
gradually as the PEO coating thickens. However, using short pulse ton
times, it was observed [44] that varying the coating thickness from 10
to ~80 μm by employing longer deposition times did not create any
α-Al2O3, and only mullite was identified in addition to γ-Al2O3 at
longer deposition times. The rearrangement of oxygen anions and alu-
minum cations, necessary during the γ-Al2O3 → α-Al2O3 phase transi-
tion, occurs via diffusion which is a function of time and temperature.
However, alumina has a relatively low thermal conductivity [2], and
the dominance of γ-Al2O3 in thinner coatings can be attributed to the
higher cooling rates which favor the formation of γ-Al2O3. In thicker
coatings, on the other hand, the thermal energy can accumulate in the
coatings leading to the higher temperatures required to promote the
γ → α-Al2O3 phase transition [14,22,40]. However, the effect of time
should not be neglected since it plays an important role in diffusion pro-
cesses. Previously [48], it was observed that in the PEO coatings pre-
pared at a current density of 15 A/dm2, decreasing the pulse ton times
below 0.2 ms resulted in no α-Al2O3 formation during coating growth.

In this study, the relative contents of α- and γ-Al2O3 phases in the
PEO coatings were estimated using the relative peak intensity ratios of
(113)α and (400)γ and the Al substrate was not involved in the calcula-
tions. The reason for this is that (200)Al peak, located at 2θ angle of
44.72° (JCPDS 1-085-1327), is clearly separated and does not overlap
with either (113)α peak located at 2θ angle of 43.36° (JCPDS 10-
0173), or (400)γ peak located at 2θ angle of 45.86° (JCPDS 10-0425),
as can be seen in Fig. 4. The integrated intensity ratios (Iα/Iγ) calculated
2.5 and 5° vs. the conventional XRD (Bragg–Brentano configuration) pattern.

image of Fig.�9


Table 3
The integrated intensity ratios of (113)α and (400)γ peaks (Iα/Iγ) calculated at different
XRD conditions.

Sample XRD condition S12-15 Iα/Iγ S18-15 Iα/Iγ S52-15 Iα/Iγ S58-15 Iα/Iγ

Glancing angle, 1° 0 0.06 0.06 0.16
Glancing angle, 2.5° 0 0.05 0.08 0.14
Glancing angle, 5° 0.01 0.06 0.08 0.12
Conventional XRD 0 0.08 0.09 0.13
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using different XRD conditions, in which the contribution of the alumi-
num substratemight vary, suggested that excluding the Al substrate did
not have a significant impact on the results. Table 3 lists Iα/Iγ values
calculated for samples coated at a current density of 15 A/dm2 as an
example. Similar results were obtained for other samples as well. As
can be observed in Table 3, although the X-ray beam penetration
depth, and as a result, the contribution from the Al substrate in the
total XRD pattern of the samples varied when different XRD conditions
(conventional XRD, glancing XRD with incident beam angles of 1, 2.5
and 5°)were applied, the obtained Iα/Iγ values for each sample at dif-
ferent XRD conditions were very similar.
4. Conclusions

Samples of 6061 aluminum alloy were PEO treated in an alkaline
silicate electrolyte using a pulsed unipolar current regime. Two different
frequencies of 50 and 1000 Hz and duty cycles of 20% and 80% were
employed at a number of current densities of 5, 10, 15, 20, and
25 A/dm2. The effect of electrical parameters on phase composition,
transformation, and distribution was examined using conventional
(Bragg–Brentano configuration) and glancing angle XRD. The following
conclusions can be drawn from this study:

(1) Phase distribution and composition, including the α-Al2O3 to
γ-Al2O3 ratio, in the PEO coatings can be controlled by using
different electrical conditions.

(2) PEO coatings produced on 6061 Al alloys are mainly composed
of γ-Al2O3. The relative content of α-Al2O3 in the coatings
changed by varying the electrical parameters. Depending on
the electrical parameters employed, various amounts of mullite
and an amorphous phase were identified. Alpha-Al2O3 represents
the hardest form of alumina and is believed to enhance the wear
resistance of PEO coatings.

(3) Coatings on samples PEO treated at a frequency of 1000 Hz and a
duty cycle of 20% with different current densities contained es-
sentially only γ-Al2O3. Increasing the duty cycle to 80% at the
same frequency resulted in the formation of α-Al2O3 in addition
to γ-Al2O3. In samples treated at 50 Hz, α-Al2O3 was identified
in all samples at a current density greater than 5 A/dm2 in addi-
tion to γ-Al2O3. Some mullite was also detected in these samples
plus an amorphous phase in samples treated at high current den-
sities of 20 and 25 A/dm2 and a duty cycle of 80%.

(4) It was found that increasing the pulse on-time by employing a
lower frequency and higher duty cycle enhanced the γ → α-
Al2O3 phase transformation. The results were consistent with
the trend predicted by the Kolmogorov–Johnson–Mehl–Avrami
(KJMA) equation which describes the kinetics of mechanisms
involving nucleation and growth.

(5) Formation of mullite in samples treated at lower frequency was
linked to the microdischarge behavior. Increasing the duty cycle
and lowering the frequency generate microdischarges with
lower spatial density but higher intensity which results in higher
concentrations of Si rich species on the surface of the PEO coatings.
Increased Si concentration facilitates the formation of mullite.

(6) Depth profiling of ceramic coatings using glancing angle XRD
showed no significant variation in α-Al2O3 concentration across
the coatings.
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