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7KH SODVPD HOHFWURO\WLF R[LGDWLRQ 3(2  RI GLIIHUHQW PHWDOV WKHLU DOOR\V DQG
composites is carried out in electrolytes which contain the very different reactants, but
IXQGDPHQWDOO\HOHFWURO\WHFRQWDLQHGWKHDONDOL,QWKLVUHVHDUFKWKHSRVVLELOLW\LQÀXHQFHRI
the species of alkali on the properties of the coating is studied. The two most commonly
HQFRXQWHUHGDONDOLVQDPHO\.2+DQG1D2+DUHFKRVHQ7KHR[LGHOD\HUVREWDLQHGDUH
VWXGLHG XVLQJ 6(0 ('; ;5' DQG D PLFURKDUGQHVV WHVWHU7KH FRUURVLRQ SURSHUWLHV
are determined using a potentiostat. The effect of the species of alkali in the electrolyte
on the growth kinetics of the coating and its qualitative characteristics is discussed. It is
VKRZQWKDWDWGHVFULEHWKHVSHFLHVRIDONDOLLQWKHHOHFWURO\WHIURP1D2+WR.2+WKH
UDWHRIJURZWKRIWKHR[LGHOD\HULQFUHDVHVIURPWRȝPKíZLWKVLJQL¿FDQWYDULDWLRQ
of the phase composition of the coating. The greatest hardness of an oxide ceramic layer
ZDVREWDLQHGLQWKHLQQHUOD\HURIWKHFRDWLQJREWDLQHGZLWK.2+WKDQZLWK1D2+ 
HV10 and 1288 HV10, respectively). The most favorable combination of physical and
FKHPLFDOSURSHUWLHVLVREVHUYHGLQDQHOHFWURO\WHFRQWDLQLQJ.2+

Introduction
The plasma electrolytic oxidation of metals is a complex process that
FRPELQHV SDUDOOHO SURFHVVHV RI R[LGH ¿OP IRUPDWLRQ GLVVROXWLRQ DQG
dielectric breakdown. The probability of the domination of any of these
partial processes in the overall process depends on the nature of both the metal
and the electrolyte, as well as on the actual regime employed. The ultimate
VWDJHRIWKH3(2WUHDWPHQWLVDTXDVLVWDWLRQDU\VWDWHRISHUVLVWHQWDQRGLF
microdischarges, which exhibit progressive variation of the characteristics
of the material during the electrolysis. At high discharge temperatures and
SUHVVXUHV UHDFKLQJDERXWî3WRî3 ƕ&DQGa2 MPa, respectively
[1]), solid electrolysis products and adsorbed gel layers are deposited on
the metal surface in the form of high-temperature oxide phases or glassy
ceramic coatings. Under those extreme conditions, which occur during the
3(2SURFHVVR[LGHVRIEDVHPHWDOVFDQFU\VWDOOL]HLQGLIIHUHQWFU\VWDOOLQH
forms of the oxide, under different conditions. Depending on the purpose
RIWKHR[LGDWLRQWKH3(2WUHDWPHQWLVW\SLFDOO\FDUULHGRXWIRU±PLQDW
current densities equal to 500–2000 A·mí and voltages up to 800 V [1, 2].
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Various electrolytes are used for the oxidation of aluminum and
magnesium alloys. They include electrolytes based on the silicate
Na26L23 >@ WKH DOXPLQDWHV 1D$O22 and K2Al224ǜ+22 > @ WKH
phosphates Na6P6218, and Na3324ǜ+22 >  @ WKH ERUDWHV
Na2B427ǜ+22DQG.2B427ǜ+22>@DFHWDWHVDQGWDUWUDWHV>
15] etc. Many researchers work with basic electrolytes containing very
different kinds of additives in the form of various soluble salts (Na2:24
>@.)>@.2Al224·3H22.27L23·4H221D2Cr227.0Q24
>@ DQGLQWKHIRUPRILQVROXEOHGLVSHUVHGSDUWLFOHV 6L22 and Al223 [12],
7L22DQG=U22 [9] etc.). The most popular are basic silicate electrolytes
that have a lower alkali content (0.5–1.0 g/L of alkali) for the oxidation
of aluminum alloys and a higher basicity (up to 10 g/L of alkali) for the
oxidation of magnesium alloys.
'LIIHUHQW UHVHDUFKHUV HPSOR\ HLWKHU .2+ >   @ RU 1D2+
[5, 10, 18] as the alkali for preparing the electrolytes used for plasma
HOHFWURO\WLFR[LGDWLRQ)RUWKLVUHDVRQLWEHFDPHQHFHVVDU\WRFRQGXFWDQ
DGGLWLRQDOLQYHVWLJDWLRQWRHYDOXDWHWKHLQÀXHQFHRIWKHVSHFLHVRIDONDOL
on the properties of the coating obtained as applied to our electrolytes.
([SHULPHQWDO
5HFWDQJXODUFRXSRQVîîPPLQVL]HPDGHIURPDOXPLQXP
alloy (2.5% Mg, 0.1% Mn, 0.08% Si, 0.05% Zn, 0.05% V, Al – balance
>@ ZHUHXVHG3ULRUWRWKH3(2SURFHVVWKHVDPSOHVZHUHPHFKDQLFDOO\
polished with #1000 abrasive SiC papers, rinsed in ultrasonic bass with
distilled water, and cleaned in acetone. The homemade machine equipment
ZLWKVWLUULQJDQGFRROLQJV\VWHPVZDVXVHGWRSHUIRUPWKH3(2SURFHVV
with an applied current density 10 A · dm-2.
2[LGHFHUDPLFOD\HUVREWDLQHGLQDQHOHFWURO\WHFRQWDLQLQJ0
Na2Si327ǜQ+22 ZDWHUJODVVȡ JÂFP-3 DQG0.2+RU1D2+
ZHUHVWXGLHG$IWHU3(2WUHDWPHQWWKHVDPSOHVZHUHULQVHGLQGHLRQL]HU
water and dried in vacuum desiccator.
5HVXOWVDQGGLVFXVVLRQ
A YK-2005WA pH/CD meter was used to measure the conductivity
DQGWKHɪɇRIWKHHOHFWURO\WHVDFFRUGLQJWR$670'>@
7KHFRQGXFWLYLW\RIWKHHOHFWURO\WHVZLWK.2+DQG1D2+ZDV
DQGȝ6DQGWKHS+ZDVDQGUHVSHFWLYHO\
&XUUHQWDQGYROWDJHZDYHSUR¿OHVDQGWUHQGSORWRI3(2SURFHVVZHUH
PRQLWRUHGRYHUWKHFRXUVHRIWKHSURFHVVE\D)OXNH6FRSH0HWHU&
(200 MHz/2.5 GS/s). Plots of the dependence of the formation voltage
RIWKHR[LGHOD\HURQWKHR[LGDWLRQWLPHDUHSUHVHQWHGLQ)LJ$VVHHQ
LQ)LJWKHIRUPLQJYROWDJHRIWKHR[LGHOD\HULV±9KLJKHUZKHQ
52

WKH HOHFWURO\WH FRQWDLQLQJ .2+ LV XVHG ZKLFK GHWHUPLQHV WKH JUHDWHU
power of the microarc discharges. The latter leads to a change in its phase
FRPSRVLWLRQ )LJ DVZHOODVDQLQFUHDVHLQWKHH[WHQWRIGLIIXVLRQRI
R[\JHQDQGDFFRUGLQJO\LQWKHWKLFNQHVVRIWKHFRDWLQJ )LJ 

Time, s

Fig. 1.3RWHQWLDOYHUVXVWLPHUHVSRQVHVIRUWKH3(2RIWKH$ODOOR\$OLQHOHFWURO\WHV
FRQWDLQLQJ.2+DQG1D2+

Phase compositions of coatings were determined with a PANalytical
;¶3HUW3UR;UD\GLIIUDFWRPHWHU &X.ĮUDGLDWLRQ LQ*UD]LQJLQFLGHQFH
PRGHXVLQJDVFDQZLWKDJUD]LQJDQJOHȍRIDVWHSVL]HLQɢRI
DQGDUDQJHRIșIURPWR
)LJ  SUHVHQWV GLDJUDPV WKDW UHÀHFW WKH TXDQWLWDWLYH SKDVH
composition of the oxide ceramic layer. As is seen, in both cases the
SULQFLSDOFRDWLQJLVȘDOXPLQD+RZHYHUDIWHUR[LGDWLRQLQWKHHOHFWURO\WH

)LJ4XDQWLWDWLYHSKDVHFRPSRVLWLRQ  RI3(2R[LGHOD\HUVRQDOXPLQXP WKH
HOHFWURO\WHZDV06L22 with n = 3 (water glass)), which were obtained with the use
RI0D .2+DQGE 1D2+DVWKHDONDOLDGGLWLRQ
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FRQWDLQLQJ1D2+DODUJHUDPRXQWRIVLOLFRQFRQWDLQLQJFRPSRXQGVDQG
ORZWHPSHUDWXUHPRGL¿FDWLRQVRIDOXPLQXPR[LGHDUHSUHVHQW
A Buehler Micromet 2100 microhardness tester was used to monitor the
microhardness of the oxide layer on the cross section. The microhardness
was determined according to ASTM E384, C1327, and B578 as the mean
RI¿YHPHDVXUHPHQWVIRUHDFKVXEOD\HUXQGHUDORDGHTXDOWR±J
The microhardness measurements performed revealed the greater
KDUGQHVVRIWKHLQQHUOD\HURIWKHFRDWLQJREWDLQHGZLWK.2+WKDQZLWK
1D2+ +910 and 1288 HV10, respectively). These measurements
DUHFRQ¿UPHGE\WKHSKDVHFRPSRVLWLRQRIWKHFRDWLQJ±DODUJHUDPRXQW
of silicon oxide compounds in the coating lowers the hardness. The
microhardness of the outer layer of the oxide ceramic coating was
1288 HV10 and 1292 HV10 IRU WKH HOHFWURO\WHV ZLWK .2+ DQG 1D2+
respectively, which are within the measurement errors.
The corrosion behaviours of specimens were investigated by
potentiodynamic polarization tests in 3.5 wt. % NaCl solution, using an
Autolab PGSTAT12 potentiostat/galvanostat with the General Purpose
Electrochemical System (GPES) version 4.9 software. A three-electrode
cell, with a stainless steel counter electrode and a saturated calomel reference
electrode, was employed [21]. The polarization resistance of a sample was
GHWHUPLQDWHDWDVFDQUDWHRIP9VIURPP9EHORZWKH2&3
How can we see reveals higher protective properties for the coatings
REWDLQHGLQWKHHOHFWURO\WHFRQWDLQLQJ.2+ 7DEOH 7KH7DIHOSORWVDUH
SUHVHQWHGLQ)LJ
Table 1
&RUURVLRQFKDUDFWHULVWLFVRI3(2OD\HURQDOXPLQXPDOOR\$OLQ.2+DQG
1D2+EDVHHOHFWURO\WHV
Alkali

Corrosion
potential,
V

Corrosion current
GHQVLW\ȝ$ÂFPí

Polarization
UHVLVWN2KP

Corrosion rate,
ȝPÂ\HDUí

Base alloy

í

15.99

0.145

230

.2+

í

0.436

1.238

4.7

1D2+

í

2.327

2.002

25.8

7KH VXUIDFH DQG FURVVVHFWLRQ PRUSKRORJLHV RI WKH 3(2 FRDWLQJV
ZHUHH[DPLQHGE\VFDQQLQJHOHFWURQPLFURVFRS\ 6(0 LQD-(2/-60
/9 LQVWUXPHQW ZLWK HQHUJ\GLVSHUVLYH ;UD\ VSHFWURVFRS\ ('6
RU('; ±125$16<67(7KH3UR]D3KL5KR=PDWUL[FRUUHFWLRQ
algorithm was used for the quantitative analysis.
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)LJ7DIHOSORWVRIR[LGHFHUDPLFOD\HUVREWDLQHGZLWK.2+DQG1D2+LQWKH3(2
electrolyte

Photomicrographs of the cross section and surface of oxide layers, as
well as data regarding their elemental chemical composition obtained by
OLQHDUVFDQQLQJXVLQJ('6DUHSUHVHQWHGLQ)LJ2QWKH¿JXUHLVFOHDUO\
seen that the coating consists of two sub-layers: internal and external.
These layers has are different microstructure, phase and chemical
composition, microhardness, it shown in the further text. The coating
REWDLQLQWKHHOHFWURO\WHZLWK.2+KDVDJUHDWHUWKLFNQHVVDQGGHQVLW\RI
the oxide layer, and loose deposits of silicon-containing compounds are
SUHVHQWRQWKHVXUIDFHRIWKH³1D2+´FRDWLQJ
2QWKHEDVLVRIWKHLQYHVWLJDWLRQVSHUIRUPHGWKHXVHRIWKHHOHFWURO\WH
EDVHG RQ .2+ LV UHFRPPHQGHG IRU FDUU\LQJ RXW D SODVPD HOHFWURO\WLF
oxidation process. The oxide ceramic layer obtained in this electrolyte
has higher service characteristics (hardness, corrosion resistance, surface
quality, etc.).
&RQFOXVLRQV
The choice of the alkali used in the plasma electrolytic oxidation
electrolytes was substantiated. Potassium hydroxide ensures better
technological properties for the oxide ceramic coating obtained.
7KH XVH RI .2+ LQVWHDG RI 1D2+  LQ WKH 3(2 HOHFWURO\WHV ZDV
VXEVWDQWLDWHG:KHQ.2+LVXVHGWKHSURFHVVWDNHVSODFHDWDVRPHZKDW
greater formation voltage of the oxide layer, which results in a change in
the phase composition of the coating in the direction of an increase in the
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Fig. 4. &KDUDFWHUL]DWLRQRIR[LGHOD\HUVREWDLQHGXVLQJ.2+ DFH DQG1D2+ EGI 
DE±FURVVVHFWLRQRIR[LGHFHUDPLFOD\HU 6(0%(&î 
c, d – line scan of cross section (EDS);
HI±VXUIDFHRIR[LGHFHUDPLFOD\HU 6(06(,î

content of aluminum oxides and thus in the microhardness (1570 HV10
as opposed to 1288 HV10), as well as increases in the thickness of the
coating and the corrosion resistance.
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