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Abstract: Amorphous [ AFS+O] coatings were deposited on aluminum alloy by plasma electrolytic oxidation

(PEO). The process parameters, composition, micrograph, and mechanical property of PEO amorphous coatings

were investigated. It is found that the growth rate of PEO coatings reaches 4. 44 Hm/ min if the current density is

0.9 mA/mm’. XRD results show that the PEO coatings are amorphous in the current density range of 0.3~ 0.9

mA/ mm?.

EDS results show that the coatings are composed of O, Siand Al elements. SEM results show that the

coatings are porous. Nano indentation results show that the hardness of the coatings is about 3 = 4 times of that of

the substrate, while the elastic modulus is about the same with the substrate. Furthermore, a formation mechanism

of amorphous PEO coatings was proposed.
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1 INTRODUCTION

Plasma electrolytic oxidation( PEO) is a new
surface technology to form protective or modified
coatings on metals. Because of its practical and po-
tential applications in many fields, PEO technology
gains an increasing attention in science and engi
neering' 7.

To prepare thick coatings by PEO, high cur-
rent density and long process time are needed.
Studies have demonstrated that a current density of
65 mA/mm’ and 17 h are essential to prepare ce-

[678] How-

ramic coating with thickness of 230 Pm
ever, high current density and long process time
are disadvantageous to the application of PEO
technology. Different technical parameters have
been used for coatings deposited on aluminum
alloy. If sodium silicate( below 20 g/ L) is added in
the electrolyte, the growth rate of the coatings is
increased and the coatings consist of AL,O3 and Al
SO phase with complex structure'” .

The formed ceramic phase is molten and rapid-
ly decreased to room temperature because of the
cooling effect of the electrolyte. The process is ex-
tremely nomequilibrium and high temperature
phase can be found in PEO coatings. Nie et al'"”!
found amorphous structure with a thickness of
about 140 nm at the interface between the coatings

1" 21 synthesized

and substrate. Gnedenkov et a
amorphous coatings with a thickness of 30 Bm on
aluminum alloy which possesses significant hard-

ness and heat-resistance.

In this study, [ AFSrO] amorphous coatings
were formed on aluminum alloy in high concentra-
tion sodium silicate solution. The coatings micro-
structure, composition, morphology and mechani-
cla property were investigated by X-ray diffraction
(XRD), energy dispersive spectroscopy ( EDS),
scanning electron microscope( SEM) and nano in-
dentation. Furthermore, a formation mechanism of
amorphous PEO coatings was proposed.

2 EXPERIMENTAL

2024 aluminum alloy ( AF4Cu-1Mg) plates
with the size of 22 mm X 17 mm X 3 mm were used
as the substrate material, and aqueous solution of
80 g/ L. sodium silicate was used as the electrolyte
for PEO. Before PEO process, the samples were
ground with 400" abrasive papers and cleaned with
tap water. As shown in Fig. 1, plasma electrolytic
deposition experiment system consists of power
supplier, signal detection and control system, a
stainless steel container, exhaust and cooling sys-
tem. During the process, aluminum substrate is
taken as anode while the stainless steel container is
taken as cathode and the current densities were
fixed at 0.3, 0.6, 0.9 mA/mm”’ respectively. The
process time was 25 min.

The thickness of the coatings was determined
with eddy current thickness meter. The surface
and cross section morphology was observed by
SEM. The composition of the coating was analyzed

by XRD(D/MAX-RB) and EDS. Before SEM and
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Fig. 1 Experimental system for
plasma electrolytic deposition

EDS test, thin carbon films were sprayed on the
sample to avoid the concentration of electrons as
the PEO coatings were insulated. To study the
mechanical property of the coating, Nano-indenter
XP with a Berkovich indenter was used to deter-
mine the nano hardness and elastic modulus. Nano
indentations were made on the cross section of the
coatings with 30 Bm to the substrate. The tests
were also made on Al alloy substrate for compari-
son. During nano indentation, continuous stiffness
measurement ( CSM) was used to determine the
nano hardness and elastic modulus with penetration

depth.
3 RESULTS

3.1 Voltage between two electrodes

When a constant pulse current passes through
the anodic sample, the passive film will be formed
on the substrate. Because of the action of high e
lectrical field near the interface between the sub-
strate and electrolyte, the passive film is broken
down while new insulated phase will be formed.
As time elapsed, the changes in electrical parame-
ters of the electrode/ electrolysis system lead to the
changes of average voltage between the two elec
trodes.

Fig. 2 shows the relationship between the av-
erage voltage and process time. At the beginning
of the process, all of the voltages at different cur-
rent densities increase rapidly. After a certain
time, the increase tendency becomes small and the
average voltage keeps almost constant. The volt-
age curves of 0. 6 mA/mm’ and 0. 9 mA/mm’ are
almost the same. Because the electrical source is
pulse mode, the peak voltage is higher than the av-
erage voltage. During the PEO process, the aver-
age voltage is lower than 105V, but the peak volt-
age is extremely high. Generally, the breakdown
of the dielectric layer occurs in 2 min.

3.2 Influence of current density and process time
on coating thickness

T he thickness of the coatings as a function of
process time is shown in Fig. 3. It can be seen that
the increases with process time and current density
lead to a high thickness. However, if the current
density and process time are increased further-
more, strong discharge will destroy the prepared
coatings. At current density of 0.9 mA/ mm>, the
maximum thickness of the coatings reaches
111 Pm in 25 min. Fig. 4 shows the influence of
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Fig. 2 Relationship between average voltage
and process time
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current density on the thickness of the coatings. It
shows that Faraday s law is valid in PEO process.
The growth rate of the coatings at different
current densities is shown in Table 1. Compared
with other reports, the growth rate is significantly
increased at relatively low current density.

Table 1 Coating growth rate at different
current densities

Current density/ (mA * mm™ ) Growth rate/ (Pm * min™ ')

0.3 1.6
0.6 3.36
0.9 4. 44

3.3 Composition

The XRD patterns of the specimens prepared
with 25 min at different current density are shown
in Fig. 5. It can be seen that only the lines of Al
substrate can be found, while a big bulge appears
near 20= 22. 38° which reveals that the coating is a-
morphous.
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Fig. 5 XRD patterns of coatings

EDS result of the coating prepared with 25
min at 0. 9 mA/mm?® is shown in Fig. 6 and the
atomic composition of the coating is shown in Ta-
ble 2. The principal elements of the amorphous
coating are oxygen, silicon, and aluminum. In ad-
dition, a little sodium element can be found. The
contents of oxygen and silicon and aluminum in the
amorphous coating are almost constant along the
thickness and the former two elements decrease
obviously at the interface, while the content of alu-
minum increases obviously at the interface.

Table 2 Elements composition of coating
(mole fraction, %)

0 Si Al Na Total

60. 46 27.08 10.75 1.71 100
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Fig. 6 EDS results of amorphous coating

Alo.5 Sio.75 O2.25 ( PDF number: 37 = 1460) has
only one peak at 26= 22.51°. Based upon the com-
bination of XRD and EDS results, it is speculated
that the coating is an amorphous [ AFSrO] phase
with a similar structure as Alo.sSio.7502.25.

3.4 Micrograph

Fig. 7 shows the micrograph of the amorphous
coating prepared with 25 min at 0. 9 mA/mm?’,
whereas Fig. 7(a) shows the surface micrograph,
Fig. 7(b) shows the panorama of cross section,
Fig. 7(c¢) shows the details of cross section near the
surface, and Fig. 7(d) shows the details cross sec
tion near the substrate. The results of SEM show
that molten pools with diameters from 30 Hm to 40
Hm are formed in the coatings. A gas pore can be
found in each molten pool. No micro crack exists
near the gas pore, which indicating that the protec
tive ability of the coatings for the substrate is en-
hanced. The interface between the coating and
substrate is obvious in the bottom of the cross sec
tion micrograph. However, a dense inner layer like
other reports cannot be observed in the cross sec
tion by SEM.

Because of discharge caused by dielectric
breakdown, high temperature and rapid cooling
effects during PEO process, the typical porous
morphology shows the melt and solidification fea-
tures of the coating.

3.5 Mechanical property
Fig. 8( a) typical load

displacement curves of nano indentation on amor-

demonstrates the

phous coatings and aluminum alloy substrate. The
load on the amorphous coatings at the maximum
depth 1000 nm is about 90 mN, while that of the
aluminum alloy substrate is only 37mN. For
amorphous coating, elastic recovery occupies more
than 40% in the whole deformation while that of
aluminum alloy substrate is less than 10%. This
shows that the coatings have better elastic property
than the substrate to resist penetration.

Fig. 8(b) shows nano hardness of the coatings
and the substrate with penetration depth, and the
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Fig.7 SEM micrographs of amorphous coatings surface and cross section
(a) —Surface; (b) —Cross section; (c¢) —Cross section near surface; (d) —Cross section near interface

corresponding elastic modulus is shown in Fig. 8
(¢). The hardness and modulus change rapidly at
the beginning of the indentation which does not re-
flect the true properties of the tested sample as it is
companied with a series of factors such as the pol-
ished state of the sample surface. After the initial
stage of the indentation, the hardness and modulus
decrease slowly and tend to constant with the pen-
etration depth. According to Figs. 8(b) and (c¢),
nano hardness of amorphous coatings is about four
times of that of the aluminum alloy substrate,
while the elastic modulus does not change signifi-
cantly.

In the five repeated tests for amorphous coat-
ings, one exceptional result exhibits displacement
discontinuity( pop-in) near the indentation depth of
about 550 nm which is shown in Fig. 8(a). Load
near the discontinuous point keeps constant with a
distance about 100 nm, and the load at 1 000 nm is
less than the normal value and only reaches about
35 mN. The corresponding modulus and hardness
are both less than the normal value as shown in

Figs. 8(b) and (c).
4 DISCUSSION
The current parameters and the electrolyte de-

termine the growth rate and structure of the coat-
ings. The mechanism about the rapidly forming of

amorphous [ AFSTHO] coating can be explained by
current parameters and electrolyte as below.

4.1 Pulse current
The pulse current used here is interceptive
sine wave, which is shown in Fig. 9.
The mathematic expression of the pulse cur
rent is
I =
0 if 2nl< o< 2n7+ T
Asin(og) if 2n7+ T< wr< 2(n+ )T (1)
(n= 0,1, 2, --)
where [ is the current; ¢ is time; A and @ are the
modulus and angular frequency of sine wave re-
spectively; Tvaries from 0 to T, T= T— Tis the
conducting angle in one cycle.
In the calculation below, A and ®@are both set
as 1 while the time axis is inverted, which doesn t
influence the results.
The average current can be expressed as

ﬁsmtdt 1— cosT

In= "= = "o (2)
T €(0, M
The peak current can be expressed as
st T € (0, % )
I, = T (3)
1 T € (5> M
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Fig. 9 Schematic drawing of pulse current

Then the ratio between peck current and aver-
age current is

2NsinT I
L, | 1- cosT I € 2) (4)
In | 2T J

1- cosT TE(Z’ &

ratio of pulse current to average current

A decrease of conducting angle T leads to an
increasing ratio of the peak current to the average
current. If conducting T is the max value T, the
ratio is T if the conducting T tends to 0, the ratio
will increase to infinity.

The analysis of current is parallel to that of
voltage. That is to say, a decrease of conducting
angle T leads to a high peak voltage while the aver
age voltage keeps relatively low.

High peak current and peak voltage are impor-
tant reasons for rapidly deposited amorphous coat-
ings. During the conducting period, the discharges
occur at the interface between substrate and elec
trolyte, high temperature is gained and the result-
ant from complicated physical and chemical reac
tions is molten. Then in the non-conducting peri-
od, the cooling effect of the electrolyte leads to a
rapidly solidification of the molten resultant. A de-
creased conducting angle T makes for higher tem-
perature and more rapid solidification, and so
makes for the formation of amorphous phase.

4.2 Electrolyte

During the PEO process, anions SiO3 in the
solution move to the substrate surface by the ac
tion of electric field. While the current passes
through the aluminum alloy substrate, Al2O3 pas-
sive film is formed on the substrate. When the
breakdown of passive film or the gas envelope sur-
rounding the workpiece occurs, Al2O; phase of the
passive film, part of the substrate Al and SiO3™ are
sintered into xSi02( 1- x) A120Os then transform in-
to amorphous [ AFSrO] phase because of the rap-
idly cooling effect of the electrolyte.

The electrolyte used in this study is sodium
silicate with concentration of 80 g/ L. w hich is high-
er than that in other reports. In the coatings, Al
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element only occupies 10. 75%, while O and Si oc
cupy 87.54% in which Si content reach 27.08% .
These evidences show that the PEO process is a
combination of the oxidation of substrate and reac
tive deposition of the elements in the electrolyte.
An increase of sodium silicate concentration is fa-
vorable to the saturation of Si in the coatings, then
increases the growth rate of amorphous coatings.

S CONCLUSIONS

1) Amorphous coatings are prepared with
pulse electrical source in sodium silicate solution.
The growth rate of the amorphous coatings reaches
4.44 bm/ min. The thicknesses of amorphous coat-
ings are approximately linear to the current density
and process time.

2) The amorphous coatings are composed of
O, Si and Al and the microstructure is similar as
Alo.5Si0.7502.25.

3) The formation mechanism of amorphous
PEO coating is proposed. During processing peri-
ods, plasma arose from the discharges in the elec
trolyte near the substrate surface sinter AlO3
phase of the passive film, part of the substrate Al
and SiO3~ which is enriched near the substrate sur-
face into xSi02( 1- x) Al203 and it then concreted
into amorphous [ AFSFrO] phase due to the rapid
cooling effect of the electrolyte.

4) The hardness of the coatings is about 3~ 4
times of that of the substrate, while the elastic
modulus is about the same as the substrate.
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