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Abstract: Plasma electrolytic oxidation (PEO) process of Al-Zn-Si alloy in
water solution containing 4 g L™ sodium metasilicate at constant current den-
sity of 400 mA cm™ was investigated. The species present in PEO micro-
-discharges and their ionization stages were identified using optical emission
spectroscopy technique. The obtained PEO spectrum consists of atomic/ionic
lines originating from the elements present both in the substrate (Al, Zn) and
the electrolyte (Na, O, H). Apart from atomic and ionic lines, AlIO band at
484.2 nm was also detected. Plasma electron number density diagnostics was
performed from the Hgy line shape. The electron temperature of 4000+400 K
was estimated by measuring the relative line intensities of zinc atomic lines at
481.05 and 636.23 nm. In addition, surface morphology, chemical and phase
composition of oxide coatings were investigated by SEM-EDS and XRD.
Oxide coating morphology is strongly dependent of PEO time. The elemental
components of PEO coatings are Al, Zn, O and Si. The oxide coatings are
partly crystallized and mainly composed of gamma phase of Al,Os.

Keywords: micro-arc oxidation; anodization; optical emission spectroscopy;
plasma temperature; gamma Al,Os.

INTRODUCTION

Plasma electrolytic oxidation (PEO), also known as micro-arc oxidation
(MAO) or anodic spark deposition (ASD), is a high-voltage anodizing process in
which the surface of some metals such as aluminium', magnesiumz, titanium?’,
tantalum®, niobium’, hafnium®, zinc’ or their alloys are converted into oxide coat-
ings. PEO process is based on the anodization of metals above the dielectric
breakdown voltage of original oxide film (typically from 350 to 600 V). The
appearance of plasma is registered in the form of numerous transient short-living
micro-discharges generated continuously over the coating surface and accom-
panied by gas evolution.® Micro-discharging happens as a consequence of loss in
oxide film's dielectric stability in the region of low conductivity and results in
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916 STOJADINOVIC and VASILIC

localized high temperature (10° to 10* K) and high pressure (~10* Pa). Various
processes including electrochemical, chemical, thermodynamical and plasma-
-chemical occur at the micro-discharge sites and play an important role in the
phase formation, composition and morphology of formed oxide coating. The
PEO coatings usually contain crystalline and amorphous phases with constituent
species originating both from metal and electrolyte.

The distribution and types of micro-discharges have important effects on the
formation mechanism of the resultant oxide coatings. Optical emission spectro-
scopy (OES) is the most convenient technique for characterization of micro-
-discharges appearing during the PEO. In general, it has been found that micro-
-discharge optical emission spectra originate from both the species present in
substrate and in electrolyte.” >® The most popular application of OES for PEO
diagnostics is spectra characterization and observation of temporal evolution of
spectral lines in the visible and near UV spectral region. The main obstacle in
OES application for PEO characterization comes from space and time inhomo-
geneity of micro-discharges appearing randomly across the anode surface. The
results of relative line intensity measurements of species originating either from
the substrate or from the electrolyte have been employed to determine the elec-
tron temperature.”'"'>"” The spectral line shape analyses of hydrogen Balmer
lines or ion lines from the substrate have often been used to estimate the electron
number density.**”'"'**3 The molecular vibrational temperature was determined
from the B’*—>X?Z" emission transition of AlO,">?° and the B'Y"—>X'T" emis-
sion transition of Mg0.'***%

The present paper describes PEO process of Al-Zn-Si alloy (a nominal com-
position of 55 % aluminum, 43.5 % zinc and 1.5 % silicon) in sodium metasili-
cate. AI-Zn-Si alloy has good oxidation resistance, excellent electrochemical
protection, good resistance to wet corrosion, and high energy efficiency with
superior heat reflection and low heat consumption.*® Micro-discharge character-
istics during PEO process of Al-Zn-Si alloy were investigated by optical emis-
sion spectroscopy. Scanning electron microscopy (SEM-EDS) and x-ray diffract-
ion (XRD) served as tools for examining surface morphology, chemical and
phase composition of obtained oxide coatings.

EXPERIMENTAL

Rectangular samples of dimensions 25 mmx5 mm of Al-Zn-Si alloy (55 % Al, 43.5 %
Zn, 1.5 % Si) were used as working electrodes, while two platinum wires (5 ¢cm long and 1
mm in diameter) were used as cathodes in experiments. The working electrodes were sealed
with insulation resin leaving only an active surface area of 15x5 mm exposed to the elec-
trolyte. The PEO process took place in an electrolytic cell with flat quartz glass windows.”'
PEO was performed under constant current density of 400 mA c¢m™, while duration of PEO
process was varied up to 15 min. A water solution of 4 g L' Na,SiO;-5H,0 was used as the
electrolyte. During the PEO, the electrolyte circulated through chamber-reservoir system and
the temperature of the electrolyte was maintained at 20+1 °C.
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Spectral measurements during PEO were taken on a spectrometer system based on the
intensified charge coupled device (ICCD). Optical detection system consisted of a large-aper-
ture achromatic lens, a 0.3 m Hilger spectrometer (diffraction grating 1200 grooves/mm and
inverse linear dispersion of 2.7 nm mm™), and a very sensitive PI-MAX ICCD thermoelec-
trically cooled camera (—40 °C) with high quantum efficiency manufactured by Princeton
Instruments. The CCD chip consisted of 430x256 active pixels, each approximately 26 um
x26 um. The system was used with several grating positions with overlapping wavelength
range of 5 nm. Spectra were recorded in segments of 43 nm and the whole spectral range was
obtained by adding one spectra interval to the previous one.

The surface morphology of obtained coatings was observed by a scanning electron mic-
roscope (SEM, JEOL 840A). The surface chemical composition of coatings was examined by
an energy dispersive spectrometer (EDS, Oxford) attached to the SEM. Crystal phase iden-
tification was performed via X-ray diffraction (XRD) by using a Rigaku Ultima IV diffracto-
meter with Ni-filtered CuKa radiation (2 = 1.54178 A) source. The XRD data in the 2@ range
from 25 to 75° were collected in a scanning mode with a step size of 0.02° and a scanning rate
of 2° min™".

RESULTS AND DISCUSSION
Spectroscopy characterization of PEO process

Voltage of anodization versus time and luminescence intensity at 500 nm
versus time characteristics during anodization of Al-Zn-Si alloy in water sol-
ution containing 4 g L' Na,Si0;-5H,0 at current density of 400 mA cm 2 are
shown in Fig. 1. During the first 50 s (stage I), the process is similar to conven-
tional anodizing and in this period relatively compact barrier oxide film is
formed. Uniform film thickening is terminated by the dielectric breakdown,
coupled with visible micro-discharges evenly distributed over the surface (stage
II). First small micro-discharges are visible at 450 V (beginning of PEO process)
and after this the luminescence intensity starts to increase.
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Typical optical emission spectrum of PEO micro-discharges in the spectral
range from 375 to 850 nm is shown in Fig. 2a. Atomic and ionic lines were iden-
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918 STOJADINOVIC and VASILIC

tified using the NIST online spectral database.*® The strongest observed lines ori-
ginate from the electrolyte and belong to Na I at 588.99 and 589.59 nm and H I at
656.28 nm (Balmer line H,). We have also detected the following relatively
strong lines: Balmer line Hp (486.13 nm), O I at 715.67 nm, three lines of O I at
794.75, 795.08 and 795.22 nm, three lines of O I at 844.62, 844.64 and 844.68
nm from the electrolyte, two lines of Al I at 394.40 and 396.15 nm, and four lines
of Zn I at 468.01, 472.21, 480.01 and 636.23 from the substrate. In afore men-
tioned results notation I and II refers to neutral atoms and single ionized atoms,
respectively. The continuum emission between 375 and 850 nm results from col-
lision—radiative recombination of electrons and bremsstrahlung radiation.” Det-
ailed optical emission spectra in the spectral range from 400 to 500 nm (Fig. 2b)
and from 600 to 840 nm (Fig. 2¢) shows many O I, Na I, O II, Zn II and Al II
lines. Apart from atomic and ionic lines, AlO band at 484.2 nm was also detected.
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Fig. 2. Optical emission spectra obtained during the PEO in the range of: a) 375-850 nm;
b) 400-500 nm; ¢) 700-840 nm.

For electron number density measurements broadened profile of Balmer Hg
line was used. Balmer line H, is very intensive in PEO process and therefore
strongly self-absorbed. For this reason H, is not suitable for the spectral line
shape analysis.'""" Analysis of the Balmer Hg line profile during PEO of different
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metals showed that Hg line shape can be properly fitted only if two Lorentzian
profiles are used.*®”'"'>** These Lorentzian profiles correspond to electron num-
ber densities of about 1.0x10" and 2.2x10'® cm™. In our case, the lower part of
the Hg line is distorted by AlO band (Fig. 2b). In spite of interference with A1O
molecular band, the full width at half maximum (FWHM) for the upper part of
the profile, after correction by subtracting the instrumental FWHM from the obs-
erved, was estimated at about 0.5 nm, corresponding to electron number density
of about 3.6x10" cm™.

For electron temperature (7.) measurements relative line intensities were
used. This temperature is assumed to be equal to electron excitation temperature,
measured from relative line intensities. For the application of this assumption one
must be sure that energy levels used for 7. measurement are populated in accor-
dance with Boltzmann equilibrium distribution, i.e., that the upper energy level
of the spectral line used is above the lowest level determined by partial local ther-
mal equilibrium (PLTE) condition, which is generally the case for plasma elec-
trolytic oxidation.""

The relative line intensities of the same atomic species can be used to cal-
culate 7, using the equation:’

En@) = Emq)

(1

k() A2y 8m(2) Ao(1) / T2 Amn(1)&m(1)%o(2))
where k is the Boltzmann constant, /; and I, are relative line intensities of the
same species, Amn(y are the transition probabilities, m is the upper and n is the
lower level of the respective lines, g are the statistical weights of the upper
level, En are energies of the upper levels of the lines and A, are the wave-
lengths of the line centers in vacuum. For 7, measurement we have used Zn |
lines (Table I) at 481.05 and 636.23 nm.

TABLE 1. The list of Zn I lines used for the calculation of T,: A-wavelength, g, -statistical
weight of upper energy level, 4,,,-transition probability

Line A,/ nm Transition Zn Energy, eV Apy 1107 s
Zrl 481.05 4555°S,—4s4p’P, 3 6.654 7.00
Zrl 636.23 4s5d'D,—4s4p'P, 5 7.774 4.65

The Balmer lines were ruled out for 7. measurement because H, is self-abs-
orbed while Hp interferes with AlO band. The Al I lines are also not convenient.
Two strong resonance lines Al 1 396.1 and 394.4 nm belong to the same multiplet
and energy spread of upper energy levels is small, thus introducing a large error
in 7. measurement. The O I lines are also excluded for 7, measurement on the
basis of similar arguments used for aluminum lines.
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Difficulty in estimation of 7, using Eq. (1) is related to the question whether
T, in PEO is measured from the same plasma region and in the same time of
micro-discharge evolution. Since it is not possible to perform space and time res-
olved micro-discharge PEO diagnostics with presently available plasma diagnos-
tic techniques, 7, is measured in a standard way from time integrated relative line
intensities. We have performed a series of measurements with different integ-
ration times and obtained 7 in the range 4000400 K.

Morphology, chemical, and phase composition of PEO coatings

Fig. 3 shows the surface morphology evolution of the coatings formed by
PEO of Al-Zn-Si alloy.

T sopm um T s0um um

T soum um T s0um um
T sopm um T s0um pum

Fig. 3. SEM micrographs of oxide coatings formed at various stages of PEO process:
a)1,b)2,¢)3,d)5,e) 10 and f) 15 min.

The coatings show a typical structure formed by PEO, with a number of
pores with different diameters and shapes as well as regions resulting from the
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MICRO-DISCHARGES DURING OXIDATION OF Al-Zn-Si ALLOY 921

rapid cooling of molten material. During the PEO, melted components from sub-
strate enter the micro-discharge channels and react with electrolyte components.
Reaction products are ejected from active micro-discharge channels onto the
coating surface where they rapidly solidify in contact with the low temperature
electrolyte and in that way increase the coating thickness around the channels. At
last, micro-discharge channels get cooled and the reaction products are deposited
onto its walls.

Results of the EDS analyses of surface coatings in Fig. 3 and the XRD pat-
terns of oxide coatings obtained after various PEO times are shown are Fig. 4.
The main elements of the coatings are Al, Zn, Si and O. The oxide coatings are
partly crystallized and mainly composed of gamma phase of Al,O;.
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Fig 4. a) EDS analysis of surface coatings in Fig. 3; b) XRD patterns of oxide coatings formed
at various stages of PEO process.

CONCLUSIONS

We have studied plasma electrolytic oxidation (PEO) process of Al-Zn-Si
alloy in sodium metasilicate. The following conclusions were drawn:

— The species that were identified in optical emission spectrum of micro-dis-
charges originate either from Al-Zn-Si alloy electrode or from the electrolyte.
The optical emission spectroscopy measurements based on spectral line shape
and line intensity analysis were applied to determine electron number density and
electron temperature of plasma micro-discharges. The analysis of hydrogen Bal-
mer line Hg shows that the electron number density of plasma micro-discharges is
about 3.6x10" cm™. The electron temperature of plasma micro-discharges is
estimated at about 4000+400 K from the line intensity of zinc atomic lines at
481.05 and 636.23 nm.

— The surface morphology is dependent on PEO time. The main elemental
components of PEO coatings are Al, Zn, Si and O. The oxide coatings are partly
crystallized and mainly composed of gamma phase of AL,Os.
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U3BOJ
CITIEKTPOCKOIICKA CTYOUJA MUKPO-TTPAXKILEHA Y TOKY IVTIASMEHE
EJIEKTPOJIMTUYKE OKCUIOALIUJE

CTEBAH CTOJAIIMHOBHWE u PACTKO BACHU/IMR

Ynugepsuineini y beoipagy, duzuuxu paxynimeii, Ciuyqgenticku wpi 12—16, 11000 Beoipag

Y oBOM paly je uCUTHBAHA IJIa3MeHa enekTponuTHuka okcuganuja (ITIEQ) Al-Zn-Si ne-
rype (55 % Al, 43,5 % Zn, 1,5 % Si) y BoleHOM PacTBOPY Koju campxu 4 g L~ HaTpujym-
-MeTaCHIrKaTa, TPH KOHCTAHTHOj TYCTHHHU cTpyje ox 400 mA cm ™ HeyTtpanHu ¥ joHU30BaHU
aToMH koju y4ecTByjy y [IEO MUKpO-ITpaKbemhrIMa Cy UIEHTU(MHUKOBAaHU TEXHUKOM ONTHUKE
emHcHOHe criekTpockonyje. Mcnutueanu [IEO eMHCHOHH CHIEKTap Ce CacTOjU Off aTOMCKHX B
jOHCKMX JHMHHja Koje NMOTUYY Off eleMeHara INPHUCYTHUX Y nomnosu (Al, Zn) U enekTpoIuTy
(Na, O, H). Ilopen aTOMCKHX U JOHCKUX JIMHU]ja, feTekToBaHa je 1 AlO Tpaka ca MaKCUMyMOM
Ha 484,2 nm. ['ycTHHA eNeKTpPoHa y IIa3MHU TOKOM MUKPO-IIpakiemwa je MpolemeHa U3 aHa-
nuse nmpoduia BogoHuYHe Hy nunuje. EnexrpoHcka TemnepaTypa npaxmbera on 40001400 K
je mpouemeHa MEpemeM pelaTUBHUX WHTEH3WTEeTa aTOMCKUX JHWHHWja UMHKa Ha 481,05 u
636,23 nm. I[Topex Tora, Mopdooryja NoBpuIMHe, XeMUjCKU ¥ a3HU cacTaB OKCUAHUX CJIO-
jesa ucnutuBanu cy nomohy SEM-EDS u XRD texnuka. Mopdomnoruja okCHIHHUX CllojeBa
3aBucu o BpemeHna [1EO mpomneca, nok Al, Zn, O u Si mpepacTaBbajy I1aBHE XeMHjCKe efie-
MEHTe 0] KOjux cy usrpaheHu nodujeHn oKCUAHU cinojeBU. OKCUIHY CI0jeBU CYy AETUMHUYHO
KPHCTAIM30BaHU U YIJIAaBHOM ce cacToje off rama dase Al2Os.

(ITpumsbeno 18. ampuiia, mpuxsaheno 9. maja 2019)
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