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Abstract

@ CrossMark

Influence of process parameters on growth behaviour and properties
of coatings obtained by plasma electrolytic oxidation (PEO) on AA

Plasma electrolytic oxidation coating is obtained on AA6061 alloy using positive uni-polar pulsed DC in a sodium silicate-
based electrolyte. The effect of process parameters such as solution concentration, process time, average current density,
pulse frequency and positive on-time is investigated systematically and the corresponding voltage—time response is corre-
lated with the coating growth rate. Surface morphology of the coatings is studied using scanning electron microscopy and
the elemental distribution on the coating is investigated using energy dispersive X-ray spectroscopy. The concentration of
sodium silicate in the solution is found to play a key role in determining the morphology and composition of the coating.
X-ray diffraction studies indicate a transition from crystalline to amorphous nature of the coating with increase in silicate
content of the electrolyte. Effect of pulse frequency on the voltage—time response and the corresponding coating growth rate
is highly dependent on the solution concentration.
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1 Introduction

Plasma electrolytic oxidation (PEO) is a relatively novel
electrochemical surface modification technique for obtain-
ing thick oxide coatings on light metals such as alumin-
ium, magnesium, titanium, etc [1-6]. PEO coatings, in
general, exhibit superior mechanical properties such as
high hardness and wear resistance as well as excellent cor-
rosion resistance [7-11]. However, the properties of the
coatings are highly dependent on the substrate, composi-
tion of electrolyte and the electrical regime used. Many
electrolyte systems are reported for PEO process, of which
the most commonly used are based on KOH/NaOH, sili-
cate, phosphate or aluminate or other similar mild alkaline
electrolytes or their combinations with several additives
either to impart specific functional properties in the coat-
ing or to improve the coating growth process [12-22].
Among the various electrolytes, silicate based is reported
to have better coating growth rate and are compatible with
many additives [12-24].

In-spite of extensive research on PEO conducted on
various metals and alloys, studies on AA 6061 are very
limited. AA 6061 is one of the most commonly used alloys
in space industry owing to its low density, high strength-
to-weight ratio, high thermal conductivity and ease of fab-
rication [25]. To make its usage more versatile, suitable
surface modifications are required to offer adequate protec-
tion against wear and corrosion and also to provide ther-
mal or electrical insulation [26]. PEO coating on AA6061
is a promising technique to offer multifunctional properties
to the substrate material. Further, its functional properties
can be tuned with suitable modifications in the process
parameters [27-29].

In order to fully utilize the capability of the PEO pro-
cess for optimal functional properties, a systematic study
of the influence of various parameters on the coating prop-
erties is required. The objective of the present work is to
conduct systematic and in-depth study of PEO of AA 6061
alloy using a silicate-based electrolyte without any addi-
tives. The effects of electrolyte composition and various
process parameters over a wide range and their interde-
pendence on the coating growth rate and properties are
investigated.

2 Experimental

Plasma electrolytic oxidation coating was developed on
4-mm-thick circular disc of AA 6061 samples with a diam-
eter of about 5 cm. The samples were cleaned by ultra-
sonic degreasing in 2-propanol (isopropyl alcohol) at room
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temperature followed by rinsing with distilled water. A
silicate-based electrolyte containing varying concentration
of sodium silicate (20, 40, 60, 80 and 100 g l_l) was used
for the process. A 25 kW PEO unit custom-built by Plasma
Technology Ltd (Kowloon, Hong Kong) capable of pro-
viding bipolar or single positive or single negative pulsed
DC output was used to produce the coatings. The positive
terminal of the power supply was connected to the sam-
ple immersed in the electrolyte serving as anode and the
negative terminal was connected to a stainless steel sheet
immersed in the electrolyte acting as the cathode. PEO
coatings were produced using positive uni-polar pulsed
DC mode with a square waveform (a general schematic of
which is shown in Supplementary Fig. 1).
The duty cycle is defined as

Duty cycle = [T,,/(T,, + To) | % 100,

where T, is the positive pulse on time and 7 is the positive
pulse off time during a single cycle in a uni-polar pulsed DC
output. In terms of frequency, duty cycle can be expressed as

Duty cycle = T, X frequency X 100.

Since frequency =1/T, where T=T,,+ T is the time
period of a single pulse.

The effect of electrolyte composition and various pro-
cess parameters such as process time, frequency, positive
on-time, current density, etc on the coating growth and prop-
erties were studied in detail. The effect of process time in the
different electrolytes was studied by conducting the process
for 10, 20, 30, 40, 50 and 60 min at a constant average cur-
rent density of 60 mA cm™2. Similarly, the influence of cur-
rent density in the different electrolytes was elucidated by
carrying out the process at different average current densities
of 20, 40, 60, 80 and 100 mA cm~2 for 30 min at a frequency
of 300 Hz and positive on-time of 500 ps. The influence of
applied frequencies (50, 100, 300, 500 and 700 Hz), positive
on-time (100, 300, 500 and 700 ps) and corresponding duty
cycles (ranging between 2.5 and 49%) in the different elec-
trolytes and their interdependence was studied systemati-
cally. The electrolyte temperature was maintained between
20 and 25 °C during the process using an air-cooled water
chiller (Julabo). After completion of the process, the coat-
ing was immediately rinsed in running water and dried with
hot air.

Voltage—-time graph was plotted for every process by
recording the output voltage at regular time interval. Coating
thickness measurement was carried out with Fischer ISO-
SCOPE MPI10E thickness metre (Germany) which works on
the principle of eddy current. The reported thickness value
is obtained by applying statistical average of 15-20 indi-
vidual measurements taken on either surface of each sam-
ple to extract the mean data with minimum scatter. Surface
morphology and elemental composition of the deposit were
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studied by scanning electron microscopy (Leica S 440 I,
USA) equipped with energy dispersive X-ray spectroscopy
facility (Oxford Instruments, INCA X-Max, UK). Since the
coating is non-conducting, the test samples were sputter
coated with gold prior to SEM imaging to minimize surface
charging. SEM was operated at a voltage of 20 kV and a
probe current of 100 pA was used. The detector used was
secondary electron detector. EDX was operated at a voltage
of 20 kV and a probe current of 890 pA was used. X-ray dif-
fraction studies were carried out using a Philips X’pert-Pro
instrument (PANalytical, The Netherlands) at 40 kV and
30 mA with Cu Ka radiation (A =1.5406 A) in the range of
10°-100° and 0.008° step size.

3 Results and discussion

The various coating parameters such as concentration of
sodium silicate, process time, average current density, fre-
quency, positive on-time, etc are systematically varied and
their influence on coating growth rate and properties are
studied. The properties studied include coating thickness,
surface morphology and microstructure, elemental and
phase composition of coating, etc.

3.1 Effect of concentration of sodium silicate
and process time

Samples were prepared using electrolytes containing varying
amounts of sodium silicate (20, 40, 60, 80 and 100 g 1‘1) ata
constant frequency of 300 Hz and a positive on-time of 500
ps (duty cycle=15%). Corresponding to each concentration
of electrolyte, different process times of 10, 20, 30, 40, 50
and 60 min were employed. Each process is carried out at a
constant average current density of 60 mA cm™>.

Figure 1a shows the voltage—time response of sample
processed in 40 g 17! of sodium silicate solution for 60 min.
The typical four-stage voltage—time response reported by
many researchers [23, 24, 30] is clearly visible in the volt-
age—time graph where the first stage is marked by an abrupt
linear increase in the voltage from around 288 V (at 15 s) to
415 V (at 1 min) within a short period of time, at the end of
which dielectric breakdown of the oxide film occurs. After
the dielectric breakdown, second stage commences which
is marked by a decrease in the slope of the voltage—time
curve. In the third stage, the rate of voltage increase becomes
slightly faster compared to that in the second stage. The
fourth stage is marked by a slight reduction in the rate of
voltage increase and voltage fluctuations start appearing
in the voltage time curve. These voltage fluctuations are
reported to be due to high-intensity microdischarges origi-
nating from the metal-oxide interface which are termed as
type B discharges by earlier researchers. Type A and type

C discharges on the other hand are weaker than type B dis-
charges and originate from the oxide—electrolyte interface
[30-32]. Large and frequent voltage fluctuations are con-
sidered to be not suitable for coating growth as they are
believed to be detrimental to the coating. Hence, by observ-
ing the voltage—time graph, it is possible to identify the onset
of persistent voltage fluctuations for any process parameter
under study and thereby choose the most suitable regime
for PEO process where the detrimental type B discharges
are absent. For a particular silicate concentration, the volt-
age—time response for various time intervals repeatedly
followed similar pattern. (Supplementary Fig. 2 shows the
voltage—time response of samples processed for various time
intervals in a solution containing 40 g 1=! of sodium silicate
and Supplementary Fig. 3 shows the difference in voltage
for the various time intervals.)

Figure 1b shows the voltage—time response of sam-
ples processed for 60 min using different concentrations
of sodium silicate at a constant average current density
of 60 mA cm~2. With increase in silicate concentration, a
substantial reduction in the breakdown voltage is observed
which is consistent with the results reported earlier by Liu
et al. [12]. According to them this decrease in breakdown
voltage is due to the increase in electrical conductivity of the
solution with increased concentration of the electrolytes so
that the energy required for arcing is reduced.

It has been observed that the voltage—time response shows
a comparatively smooth curve up to a silicate concentration
of 60 g 1-'. However, when the concentration of sodium
silicate is increased beyond 60 g 17, lots of voltage fluctua-
tions appear in the voltage—time graph which is characteris-
tic of the strong high-intensity type B discharges typical of
the fourth stage. The voltage fluctuations become persistent
after about 14 min of process in the case of 80 g 17! and
after 6 min of process in the case of 100 g 17! suggesting an
early commencement of the fourth stage at higher silicate
concentration.

Thickness of the coating versus process time is plotted
for different concentrations of sodium silicate as shown in
Fig. 1c. For any particular concentration of sodium silicate,
the thickness of the coating exhibited a linear increase with
respect to increasing process time although the rate at which
it happened was different for different silicate concentra-
tions. As the concentration of sodium silicate is increased,
the coating growth rate initially increased up to 60 g 1! and
thereafter started decreasing and for 100 g 17!, the coating
growth rate showed a drastic decrease. In order to under-
stand the trend clearly, the coating growth rate (obtained as
the values of slope of the linear fit of the respective thick-
ness-process time plot) is plotted against the concentration
of sodium silicate (Fig. 1d), where the drastic decrease in
the coating growth rate beyond 60 g 17! of sodium silicate
is clearly visible. This may be attributed to the more intense
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Fig.1 Effect of sodium silicate concentration and process time on
PEO process. a Voltage—time response of samples processed in 40 g
17! of sodium silicate solution for 60 min, b voltage—time response
of samples processed in electrolytes with different concentrations of

type B discharges prevailing at higher silicate concentrations
(as evident from the voltage—time plot) which are known to
be detrimental to the coating.

3.2 Effect of average current density

Samples were prepared at different average current densities
of 20, 40, 60, 80 and 100 mA cm™2 at constant pulse fre-
quency of 300 Hz and positive on-time of 500 ps for 30 min
in solutions containing 20, 40, 60, 80 and 100 g 17! sodium
silicate.

The voltage—time responses for 20 and 100 g 1! solution
at different average current densities are shown in Fig. 2a
and b, respectively. Similarly, the voltage—time responses at
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Concentration of sodium silicate / g l'1

sodium silicate (20, 40, 60, 80 and 100 g 1_]) for 60 min, ¢ coating
thickness versus process time for different concentrations of sodium
silicate (20, 40, 60, 80 and 100 g 17!) and d coating growth rate as a
function of sodium silicate concentration

average current densities of 20 and 100 mA cm™ for differ-
ent concentrations of sodium silicate are shown in Fig. 2¢
and d, respectively. For a given concentration of sodium
silicate, as the average current density is increased from 20
to 100 mA cm™2, there is a substantial increase in the initial
voltage (noted after 1 min of commencement of process); for
example, from 104 to 513 V in the case of 20 g 17! solution
and from 78 to 328 V in the case of 100 g 17! solution and
also in the breakdown voltage. However, according to Liu
et al. [12], for a particular concentration of electrolyte, there
is no significant relationship between current density and
breakdown voltage. A probable reason for this observation
may be due to the fact that the range of current density stud-
ied by them is from 90 to 120 mA cm™2, where the variation
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Fig.2 Voltage—time responses of samples processed at different aver-
age current densities (20, 40, 60, 80 and 100 mA cm_z) in solutions
containing different concentrations of sodium silicate (20, 40, 60, 80
and 100 g 171). a 20 g I"! sodium silicate solution at different aver-

of breakdown voltage was not markedly evident. On the
other hand, Dehnavi et al. [24] studied the voltage—time
response of samples coated at different current densities
from 50 to 250 mA cm~ and observed that on compar-
ing the breakdown and maximum voltages achieved during
the PEO of different samples, increasing the current density
resulted in higher sparking and maximum voltages in each
group of samples.

Another interesting feature to be noted is that the duration
of stage I of the process decreases steadily with increase
in average current density and almost disappears when the
average current density reaches the value of 100 mA cm™2.
In the case of 100 g 17! solution, even the stage II seems to
disappear as the average current density reaches the value
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age current densities, b 100 g 17! sodium silicate solution at different
average current densities, ¢ average current density of 20 mA cm™>
for different sodium silicate concentrations and d average current
density of 100 mA cm™ for different sodium silicate concentrations

of 100 mA cm~ which explains the early commencement
of the third and fourth stage and appearance of the char-
acteristic recurrent voltage fluctuations in the voltage—time
graph. Stage I and II are, however, visible at lower current
densities and the duration of the two stages increases as the
average current density decreases. Moreover, the commence-
ment of stage IV is delayed at lower current densities and
hence at 20 mA cm~2 the commencement of stage IV is not
observed within the time period under study. In general, the
voltage—time graph at different average current density for
a given solution concentration followed a similar pattern.
A similar observation in terms of alteration in the duration
and ratio of the different stages during PEO was reported
by Dehnavi et al. [24]. However, complete disappearance of
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stage I or II was not reported probably due to the fact that
the electrolyte used for the study consisted of only 2 g 1! of
sodium silicate and 2 g 17! of potassium hydroxide.

On the other hand, when the voltage—time plots at a given
current density for different solution concentrations are com-
pared, it is observed that voltage—time response followed
different trends for different solution concentrations. From
Fig. 2c, it is evident that at a current density of 20 mA cm™2,
the slope of stage Il keeps on decreasing as the concentra-
tion of the solution increases and when the concentration
of the solution becomes 100 g 17!, the voltage—time curve
almost becomes parallel to the time axis indicating that for
an appreciable time, the voltage remains almost constant.

Thickness /um

0 T T T T

I
20 40 60 80 100

Current Density / mA cm’

At higher current density of 100 mA cm™2, this trend is not
visible as stage I and II are almost absent when the solution
concentration is high as explained before. In general, it is
understood that high-intensity type B discharges become
prominent especially at higher concentrations and higher
average current densities.

Figure 3a shows the coating thickness as a function of
current density in electrolytes with different sodium silicate
concentrations. It is evident from the plot that for any given
concentration, the coating thickness increases with increase
in average current density. However, the extent at which it
increases depends on the solution concentration. For solu-
tion concentration of 20, 40 and 60 g 17!, the thickness of the

9(c)

Slope of linear fit /pm (mA cm‘z)'I
\

Current Density / mA cm”

Fig.3 Effect of average current density on coating growth rate. a
Coating thickness as a function of current density in electrolytes with
different sodium silicate concentrations (20, 40, 60, 80 and 100 g l’l),
b coating thickness as a function of concentration of sodium silicate
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coating increases linearly with increase in average current
density, the slope of the linear curve increasing substantially
with increase in concentration. For solution concentration
of 80 g 17!, the coating thickness increases rapidly with
increase in average current density up to 60 mA cm~2 and
thereafter the slope of thickness versus current density plot
decreases. Similarly, for solution concentration of 100 g 1L
the increase in coating thickness with increase in average
current density is not very substantial. This observation can
be attributed to the occurrence of high-intensity type B dis-
charges at higher concentrations and higher average current
densities as evident from the voltage—time response. This
behaviour can be clearly understood when the coating thick-
ness is plotted against concentration of sodium silicate at
different average current densities as shown in Fig. 3b for 20
and 100 mA cm 2. Similarly, when the values of slope of the
linear fit of the respective thickness-current density plot are
plotted against the concentration of sodium silicate (Fig. 3c),
the drastic decrease in the coating growth rate beyond 60 g
17! of sodium silicate is clearly visible.

3.3 Effect of pulse frequency

Samples are processed at different pulse frequency of
50,100, 300, 500 and 700 Hz for 30 min using solutions
containing sodium silicate of concentrations 20, 60 and
100 g 17! at a constant average current density of 60 mA
cm~2 and a positive on-time of 500 ps such that the corre-
sponding duty cycle is 2.5, 5, 15, 25 and 35%, respectively.

Figure 4 shows the voltage—time response at different
frequencies in electrolytes with different sodium silicate
concentrations and the corresponding thickness of PEO
coatings obtained. In general, it is observed that the volt-
age—time response at any particular frequency is dependent
on the electrolyte concentration. For any given concentra-
tion, an increase in the applied frequency brings about a
substantial reduction in the breakdown voltage and the final
output voltage. In the case of 20 g 17! solution, the output
voltage at 50 Hz is so high that it crossed the limit of the
power supply used (Max 700 V) and hence could not be
processed. Even for a frequency of 100 Hz, the process had
to be stopped at 25 min for the same reason. Hence, for a
20 g 17! solution, higher applied frequency is better from the
processing point of view. On the other hand, for 100 g 17!
solution, a lower applied frequency is beneficial since there
are no major voltage fluctuations and corresponding coating
growth rate is comparatively higher at low frequency. For
60 g 17! solution, an intermediate frequency resulted in a
smooth voltage—time response; higher frequency resulted in
lots of voltage fluctuations and lower frequency resulted in
high output voltage. Hence, in general, when studying the
effect of applied pulse frequency, the solution concentration

is an important parameter to be mentioned for completeness
of observed data.

The coating thickness obtained in each case was in
accordance with the voltage—time response (Fig. 4d). In
the case of 20 and 60 g 17! solution, there was no substan-
tial variation in the coating thickness with variation in fre-
quency. The smaller value of thickness of PEO coating in
the case of 20 g 1! solution at 100 Hz is due to the reduc-
tion in the process time from 30 to 25 min. However, for
100 g 17! solution, the coating thickness at lower frequency
was much higher may be due to the lesser B-type discharges
as evident from the voltage—time response which are known
to be detrimental to the coating. Hence, it is evident that
solutions having higher concentration of sodium silicate
(> 60 g 171) can exhibit higher coating growth rate at lower
applied frequency.

3.4 Effect of positive on-time

Samples are prepared using electrolyte containing 60 g 1~! of
sodium silicate at a constant current density of 60 mA cm™>
and constant process time of 30 min. The positive on-time is
maintained at 100, 300, 500 and 700 ps at different frequen-
cies of 50,100, 300, 500 and 700 Hz.

Figure 5 shows the voltage—time response of the pro-
cesses carried out at different positive on-time at different
pulse frequencies. As a general trend, we can identify that
at any given positive on-time, the output voltage decreases
with increase in pulse frequency. Moreover, at higher fre-
quencies, the stronger type B discharges become prominent
especially at the later stages of the process. Since the power
supply used for the present study is not capable of producing
pulses of duty cycle <2.5%, samples were not processed at
frequency of 50 and 100 Hz at 100 ps and 50 Hz at 300 ps.

Even though the voltage—time response was different for
different combinations of positive on-time and frequency,
the coating thickness was found to be more or less similar
around 40+ 5 um in every case.

3.5 Coating surface morphology and composition

In order to understand the effect of concentration of sodium
silicate on the coating surface morphology, samples of same
coating thickness obtained using different electrolytes at
different process time are compared. Figure 6a—d are SEM
images of samples of average coating thickness of 25 um
obtained using electrolytes containing sodium silicate of
concentration 20, 40, 60 and 80 g 17! with a correspond-
ing process time of 60, 40, 20 and 10 min, respectively. In
general, several literatures suggest the existence of two dis-
tinct regions in the SEM micrograph of PEO coating (30,
[33-36]); a cratered region rich in aluminium formed by
the rapid solidification of molten material ejected from the
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Fig.4 Effect of pulse frequency (50, 100, 300, 500 and 700 Hz) on
PEO process carried out in electrolytes with different sodium silicate
concentrations (20, 60 and 100 g 17!). a Voltage—time response at dif-
ferent frequencies in solution containing 100 g I~! of sodium silicate,
b voltage—time response at different frequencies in solution contain-

coating/substrate interface and a lighter nodular structure
rich in Si suggesting the participation of silicate ions from
the solution in the discharge process.

The SEM images of samples obtained at lower concentra-
tion of sodium silicate (say 20 and 40 g 17!) exhibit a simi-
lar morphology reported earlier, consisting of cratered and
nodular regions distributed throughout the coating surface
with the size of nodular region decreasing with increasing
concentration of sodium silicate (Fig. 6a, b). However, as
the concentration of sodium silicate is increased to 60 g 17!
and beyond, an altogether different morphology is observed
wherein no distinct nodular structure is observed and the
coating surface exhibited a more or less uniform morphology
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ing 60 g 17! of sodium silicate, ¢ voltage—time response at different
frequencies in solution containing 20 g 17! of sodium silicate and d
thickness of PEO coatings obtained at different frequencies using
electrolytes of different concentrations (20, 60 and 100 g 171)

throughout (Fig. 6¢c, d). Moreover, the porosity of the coat-
ing also appeared to have increased with increase in sodium
silicate concentration.

EDX analysis of the two distinct regions of the sample
obtained using 20 g 1-! sodium silicate solution is shown
in Fig. 7. Consistent with the earlier reports, the cratered
region is aluminium rich and the nodular structure is sili-
con rich as shown in the respective spectra (Fig. 7a, b).
Figure 7c shows the overall composition of the coating
surface. As the concentration of the electrolyte increases,
say at 60 g 17!, there is no distinct Si-rich or Al-rich
regions consistent with observation from SEM images.
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Fig.5 Voltage-time responses of PEO processes carried out at dif-
ferent positive on-time (100, 300, 500 and 700 ps) at different pulse
frequencies (50, 100, 300, 500 and 700 Hz). a Positive on-time of
100 ps at different pulse frequencies, b positive on-time of 300 s at

Figure 8 shows the EDX analysis of different regions of
the sample obtained using 60 g 17! sodium silicate solu-
tion. Since there was no distinct cratered and nodular
regions, EDX analysis was performed at a darker region
and a lighter region. Throughout the coating surface, Si%
is higher than Al% though their ratio is found to be dif-
ferent in different regions. Moreover, the Si/Al intensity
ratio (wt%) in the coating is found to increase as the con-
centration of sodium silicate in the electrolyte increases
(Supplementary Fig. 4). This can be attributed to the fact
that as the silicate concentration increases, more silicate
ions take part in the discharge events and get incorporated
into the coating.

Process Time / min

different pulse frequencies, ¢ positive on-time of 500 ps at different
pulse frequencies and d positive on-time of 700 s at different pulse
frequencies

3.6 X-ray diffraction analysis

Figure 9 shows the X-ray diffraction pattern of samples of
average coating thickness of ~25 um prepared using elec-
trolytes containing sodium silicate of concentration 20, 40,
60 and 80 g 1! with a corresponding process time of 60,
40, 20 and 10 min, respectively. Coatings obtained using
20 and 40 g 17! sodium silicate are found to be crystalline
and shows the presence of aluminium oxide (Al,O3) and
different mullite phases (Als g5 Sij 35 Og 175, Alg Si, O;5 and
Als Si Og 5) along with the very intense peak of aluminium
from the substrate. As the sodium silicate concentration is
increased from 20 to 40 g 17!, the intensity of alumina phase
decreased, whereas the intensity of mullite phase increased,
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Fig.6 SEM images of samples of average coating thickness of 25 um obtained using a 20 g 17! solution for 60 min, b 40 g 1! solution for

40 min, ¢ 60 g 1! solution for 20 min and d 80 g 17! solution for 10 min

which is consistent with the observation of increased Si/Al
ratio in the EDX analysis.

When the concentration of sodium silicate is increased to
60 g 17! and beyond, no peaks corresponding to the coating
are obtained and only intense peaks of aluminium arising
from the substrate are seen. This was initially thought to
be due to the increased porosity in the coating (as observed
in the SEM images). However, even when the thickness of
the coating is increased to ~40 um, XRD showed similar
amorphous behaviour (Supplementary Fig. 5) for samples
prepared using electrolytes with sodium silicate concentra-
tion of 60 g 1! and more.

To further confirm the amorphous behaviour of the coat-
ing as discussed above, XRD of the samples is performed
in a Bruker instrument equipped with glancing angle that
restricts the X-rays only to the coating and not allowing to
reach the substrate. A representative XRD with and with-
out glancing angle of sample processed at 60 g 1~ sodium
silicate is shown in Fig. 10. The diffraction pattern shows

@ Springer

no evidence of peaks from the coating. It is therefore con-
cluded that irrespective of coating thickness, coatings
obtained using solution with sodium silicate concentration
of 60 g 17! and above in the range of parameters studied are
X-ray amorphous, whereas those obtained at lower concen-
tration of sodium silicate are crystalline in nature.

This transition from crystalline to amorphous phase may
be attributed to the fact that at higher silicate concentra-
tion, the temperature difference between the substrate and
the solution is large due to intense microdischarges on the
substrate. As a result, the ejected molten material undergoes
rapid cooling when it comes in contact with the solution
at much lower temperature. This rapid cooling enhances
the formation of amorphous phase. This also explains the
absence of distinct nodular and cratered regions in SEM
images at higher silicate concentrations. The typical crater
structure is formed when the molten material is allowed to
solidify more slowly [24]. Moreover, since the solution con-
tains higher concentration of silicate ions, incorporation of
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Fig.7 EDX analysis of sample obtained using 20 g 1~! sodium silicate solution a spectrum of cratered region, b spectrum of nodular structure, ¢

overall spectrum

silicon in the coating as alumino-silicate phase is enhanced
thereby reducing the concentration of alumina in the coating.

In general, the present study has undoubtedly estab-
lished that the various process parameters are highly
interdependent and the study of the effect of one of the
parameters cannot be conducted independent of the others.

Especially, the solution composition and concentration are
strong deciding factors of the coating morphology and
composition and the effect of other parameters on the coat-
ing growth behaviour and properties is highly dependent
on the electrolyte used for the coating formation.
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Fig.8 EDX analysis of sample obtained using 60 g 17! sodium silicate solution a spectrum of darker region, b spectrum of lighter region, ¢ over-

all spectrum

4 Conclusions

PEO coatings on AA6061 alloy are obtained using solu-
tion containing different concentrations of sodium silicate.
The effect of various operating parameters such as average
current density, process time, pulse frequency, positive
on-time, etc is systematically investigated in the different

@ Springer

solutions. The voltage—time response in each case is well
correlated with the coating growth rate and resultant coat-
ing thickness. It is established that the various process
parameters are highly interdependent and the solution
composition plays a major role in determining the coating
morphology, microstructure and composition.
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Fig.9 X-ray diffraction pattern
of samples of average coating
thickness of 25 um prepared
using electrolytes containing
sodium silicate of concentra-
tion 20, 40, 60 and 80 g 17!
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As the concentration of sodium silicate is increased, the
coating growth rate initially increased up to 60 g 1" and
thereafter started decreasing and for 100 g 17!, the coat-
ing growth rate showed a drastic decrease most likely
due to increased occurrence of the more intense micro-
discharges.

At higher concentrations of sodium silicate, coating
growth rate can be considerably improved if the process
is carried out at low pulse frequency. On the other hand,
a high pulse frequency is suitable for solutions having
low concentration of sodium silicate since the output
voltage can be brought down substantially and hence

50 60 70 80 90

Position [°2Theta] (Copper (Cu))

can extend the process time so as to obtain the required
coating thickness.

As the concentration of sodium silicate is increased, the
coating microstructure shows a transition from crystal-
line to amorphous phase probably due to the rapid cool-
ing rate of the ejected molten material. Accordingly, the
morphology also shows a transition from a distinct crater
and nodular structure to a more or less uniform morphol-
ogy throughout. Moreover, the alumina content in the
coating keeps on decreasing and the coating becomes
almost composed completely of different phases of alu-
mino-silicates (mullite).
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Fig. 10 X-ray diffraction pattern
of samples of average coating (a)
thickness of 40 um obtained
using instrument containing
thin film attachment a without
glancing angle, b with 5° glanc-
ing angle

(b)
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