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The study aims at the investigation of the influence of electrolyte composition and plasma electrolytic
oxidation modes on the composition and morphology of a mixed aluminum and cobalt oxides at the AL25
alloy. Composition, morphology and surface roughness of the oxide systems are examined by scanning
electron microscopy, X-ray analysis and atomic force microscopy. Mixed oxide coatings Al;O3CoO,
formed from the diphosphate electrolytes at various concentration ratio diphosphate / cobalt sulfate
contain cobalt of 8-30 at. % (in terms of metal) in the matrix of alumina. Plasma electrolytic oxidation in
a two-stage mode of the incident power provided formation of strongly adhered coatings characterized by
non-stoichiometry ratio of cobalt and oxygen as well as low content of silicon in deposits. Obtained mixed
oxide systems have developed surface with alternating the spheroid and torus-shaped structures which is
associated with a large number of catalytic sites. They exhibit catalytic behavior in the model reactions of
CO conversion to CO, and benzene oxidation not inferior to the contacts with noble metals. The coatings
AlL,O3CoO, contribute to fuel economy and improve the environmental performance of the internal
combustion engine thus can be recommended for use in the neutralization of gas emissions systems and as
coatings for pistons of combustion chamber.

Keywords: AL25 alloy, cobalt oxides, plasma electrolytic oxidation, mixed oxide system, surface
morphology, catalytic activity

Environmental and technical problems a complex composition [3]. At high
accompanying the operation of internal temperatures, significant advantages are shown
combustion engines (ICE) are associated with by a family of catalysts based on d-metals, in
the incomplete combustion of fuel and, particular, cobalt oxides, which exhibit thermal
respectively, the inevitable formation of toxic lability and high oxygen affinity [4]. Non-
components (CO, NO,, and soot). One of the stoichiometric cobalt oxides not only provide the
perspective ways to improve the performance of thermal stability of the catalysts but also lead to
ICE can be the use of catalysis in situ in the a significant improvement of its reactivity.
combustion chamber [1]. Catalytic processes are In terms of rational designing and effective
characterized by lower activation energies and technology, it seems appropriate to deposit a
consequently temperatures of the fuel burning catalytic layer directly on the surface of ICE
start as well as its higher completeness [2]. pistons manufactured using AL25 alloys with an
These lead to a decrease in the maximum optimal combination of physico-mechanical and
pressure in the combustion chamber and, hence, performance properties [5]. The most promising
in the severity of engine operation and to the method for the formation of thin layers on
minimization of emissions of hazardous aluminum alloys, in particular, silumins, is
substances with exhaust gases. plasma electrolytic oxidation (PEO). This

The currently available hydrocarbon fuel method  provides the incorporation of
combustion catalysts are divided into two catalytically active components into an alumina
groups: catalysts based on noble metals (most matrix owing to the implementation of both
commonly Pd and Pt) and transition-metal electrochemical and thermo-chemical reactions
oxides (Mn, Co, Fe, etc.), particularly those with in high-energy modes [6, 7]. However, it should

© M.V. Ved’, A.V. Karakurkchi, N.D. Sakhnenko,
A.S. Gorohivskiy, 2017 73



M.V. Ved’, A.V. Karakurkchi, N.D. Sakhnenko, A.S. Gorohivskiy

be taken into account that the PEO of silumins is
complicated because these materials contain a
large number of alloying components and inter-
metallic compounds with different chemical
properties of oxides. Previously, we have shown
the PEO expediency of the AL25 alloys in a
diphosphate solution with addition of manganese
salts to produce mixed manganese and aluminum
oxides of different compositions. On this basis,
the aim set in this paper is a study of the
electrolyte composition and the PEO modes for
the formation of a mixed oxide layer with high
cobalt content on the surface of the AL25 alloy.

EXPERIMENTAL

The studies were conducted using AL25
alloy samples with the working surface of
2.0 cm’. The concentration of alloying elements
in a substrate, wt. %: Si — 11.0-13.0, Cu — 1.5-3.0,
Ni — 0.8-1.3, Mg — 0.8-1.3, Mn — 0.3-0.6,
Fe<0.8, Zn<0.5, Ti<0.2, Cr<0.2, Pb<0.1. The
surface  preparation included  sequential
procedures of mechanical grinding, etching in an
alkaline solution, thorough washing with
distilled water, and drying. Electrolyte solutions
for the pretreatment and PEO were prepared
from certified reagent-grade reactants and
distilled water.

The PEO of samples with a working surface
of 2 cm” was conducted using a B5-50 stabilized
power supply that maintained voltage up to
300 V. PEO was implemented in an electrolytic
cell under conditions of forced cooling of the
electrolyte to the temperature of 20-30 °C at a
current density varied in the range of [=2-
10 A/Jdm*> up to final formation voltage
180-235 V; duration of oxidation process was of
40—-60 min. PEO was implemented from working
electrolytes composition, g/l: K4P,O; — 65.0-300.0;
CoSO4 — 7.5-46.5.

The chemical composition of the coatings
was determined by X-ray photoelectron
spectroscopy on an INCA Energy 350 energy
dispersive spectrometer; X-ray radiation was
excited via exposing the samples to a 15-keV
electron beam. In addition, X-ray fluorescence
analysis was conducted using a SPRUT portable
spectrometer with a relative standard deviation
of 10°-107% the error in determining the
component content was 1 wt. %. The surface
morphology of the coatings was studied using a
Zeiss EVO  40XVP  scanning electron
microscope (SEM). Images were recorded by the
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registration of secondary electrons (BSEs) via
scanning with an electron beam; this mode made
it possible to study the morphology with a high
resolution and contrast ratio. The surface
roughness was evaluated by the contact method
on 10x10x2 mm samples with an NT-206
scanning probe AFM microscope (lateral and
vertical resolutions 2 and 0.2 nm, respectively;
1024 x 1024 scanning matrix, CSC cantilever B
as probe, probe tip radius 10 nm).

The catalytic properties of the resulting
oxide systems were studied in the model reaction
of carbon monoxide conversion to carbon
dioxide [8]. In addition, the catalytic properties
of the materials were studied in the flameless
oxidation of benzene with air [9].

RESULTS AND DISCUSSION

The results of experimental studies show that
PEO process of alloy AL25 in diphosphate
electrolytes containing cobalt (II) is a classic

case [10].  Simultaneous  progress  of
electrochemical  oxidation and  thermal
decomposition of electrolyte components

implemented in the mode of PEO contributes
high adhesion of an oxide coating to the
substrate and incorporation of catalytic
component — cobalt oxides. Composition of
multicomponent oxides depends on both the
concentration ratio of the electrolyte components
and the oxidation current density. Thus, the
oxide system is logically enriched with cobalt by
increasing its content in the solution, but the
electrolyte stability as well as service time is
reduced. At the same time, increasing the
diphosphate concentration in the bath is not
desirable because it leads to a decrease of PEO
efficiency.

It was also found that the cobalt content in
mixed oxide coatings increases when PEO is
performed in the incident power mode. Starting
current density 7, is higher for forming barrier
aluminum oxide film on the AL25 substrate,
which is accompanied by oxidation of the
alloying components and particularly silicon
with soluble substances forming and promotes
homogenization of the alloy surface [11]. After
the process enters a mode of stable arcing current
density for the second stage, i, is reduced to
ensure the formation of the mixed oxide layer.
The current density for the first PEO stage in
cobalt-diphosphate solution does not exceed the
interval 810 A/dm’, while the second stage is
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advisable to hold at current density of
2.5-3.0 A/dm®>. Characteristic parameters of
voltage PEO process also depends on the
composition of the electrolyte: arcing voltage Uj
is 115-120V, and the resulting formation
voltage Uy is 140—160 V. It should be noted that
all voltage parameters grow with the electrolyte
dilution and with increasing current density as
well as the cobalt content in the mixed oxides
increases with the current density and uniformity
of its distribution on the surface is improved
[12].

Surface morphology and composition of
PEO coatings doped with cobalt oxides depends
on both the concentration of electrolyte and
oxidation conditions — current density, voltage
and time of formation (Fig. 1). The incorporation
of the cobalt in oxide systems affects the
formation of separate spheroid islets of

Dete 20 A4 2016
Time 132410

Sgnal A = SE1
ot o, = 3085

Al-40.5;0-53.7;
Si—54;Mn-04

EMT = 1800
WO 128 mm

a

characteristic blue-purple color. During the
treatment the number of islet structures
significantly increases, some the islets grow
together, agglomerated and form a ceramic like
mosaic patterns (Fig.1 b, ¢). The higher content
of cobalt, the more developed but at the same
time the less uniform is the surface of coating.
Formed oxide systems have high developed
microglobular surface [13] with cobalt content
8-30 at. % and lower concentration of impurities
comparing with Al | Al O; coating synthesized in
pure diphosphate electrolyte (Fig. 1 a), which is
essential for the high catalytic properties of the
material [3]. Analysis of the composition of
oxide systems indicates nonstoichiometric ratio
of cobalt and oxygen which is favorable for the
implementation of catalytic processes involving
oxygen.

. il -
Al-48.7; Co—23.6;

0-259;81-1.8

Fig. 1.

c

Surface morphology and composition (at. %) of PEO coatings on AL25: a — A1|A1203 obtained in

electrolyte 200 g/l K4P,0; with current density i;=8 A/dm?; mixed oxide systems Al | Al,05-CoOy obtained

in PEO two stage modes (i;=8 A/dm? i,=2.5 A/dm?) in diphosphate electrolyte with addition of CoSOy of
concentration, g/l: b — 10; ¢ — 30. Magnification 1000
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It has been found by AFM analysis that the
surface morphology of Al | ALO5;:CoOy system
with cobalt content of 8-12 at. % (Fig.2) is
characterized by the high roughness and large
grain size. Mixed oxide coatings are composed
from the set of spheroid grains with an average
size of 1-2 pm which gather and form the parts
of smooth surface with the spherical grain
agglomerates of 6-8 um (Fig. 2 a). The surface
roughness may be characterized with the spread
of grain size on the cross section between
markers 1-2 (Fig. 2 b). In addition, the surface
morphology of oxides is characterized by rather
large difference between hills and valleys
(Fig. 2 ¢) of 0.3 um up to 1.2 pm and alternating
the spheroid and torus-shaped structures
(Fig. 1 ¢).

Testing of the synthesized oxide systems in
the model reaction of CO conversion to CO; has
shown that the ignition temperature is 230 °C
and the complete conversion is achieved at
305°C which is comparable with the
characteristics of platinum catalysts 217 °C and

297 °C respectively [8]. Completeness of model
reaction of flameless oxidation of benzene over
Al | Al,O;5-:CoOy catalyst is higher than that over
palladium-containing catalysts. For instance, the
degree of Dbenzene oxidation, which is
determined by the amount of resulting CO,, for
example, at the temperature of 300 °C, is
5.0 times higher [8]. Tests of developed
materials based on mixed oxide systems in
model reactions of CO and benzene oxidation
have shown that their catalytic activity is not
inferior to the contacts that contain noble metals.
This can be attributed to several factors: firstly
due to a high affinity of non-stoichiometric
cobalt oxides to oxygen and the corresponding
decrease in the activation energy of double
bonds O=0 destruction [14]. Secondly, the
developed microglobular surface of oxide
systems is characterized by a large number of
catalytic centers and provides an increase in the
number of elementary collisions and interactions
in multicomponent systems.
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Fig. 2. 3D- (a) and 2D (b) maps of the surface and cross sections profile (¢) between markers 1 and 2 for mixed
oxide system Al | AlLO3CoOy, with cobalt content 8.7 at. %. Scanning area 20x20 pm
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Pilot tests of mixed oxides deposited on the
surface of combustion chambers piston of the
ICE, showed a reduction in fuel consumption at
1-3 % and NO, emissions reduction at forced
diesel engine operating modes. This is due to
lower the ignition temperature of the air-fuel
mixture on the surface of Al | Al,O53-CoOy
catalyst composed of non-stoichiometry oxides
with developed surface.

Thus we can conclude that the varying
electrolyte concentration and conditions of the
PEO process allows formation of oxide coatings
of different composition and morphology that are
expected to affect their functional properties
including catalytic activity in the process of
burning fuel in internal combustion engines and
reduce the toxicity of emissions improving fuel
efficiency and environmental performance of
engines [15].

CONCLUSIONS

(i) Mixed oxide systems Al,O;CoOx with
cobalt content of 8-30 at. % were obtained on
aluminum alloy AL25 by two step plasma-
electrolytic ~ oxidation in a diphosphate
electrolyte added with cobalt(Il) sulfate. It has

been found that surface concentration of silicon
dopant in mixed coatings is two to three times
less than that in the system Al | Al,O5 or treated
alloy AL25.

(i1)) A nonstoichiometry ratio of cobalt and
oxygen in deposits has been shown as well as the
cobalt content in mixed oxide increases regularly
with concentration of cobalt ions in the
electrolyte. At elevated concentrations of cobalt
in Al | ALO5;CoOy the surface morphology
changes from the uniformly roughened to
microglobular with sufficiently large spheroids.

(iii)) Obtained mixed oxide systems have
developed surface with alternating the spheroid
and torus-shaped structures which is associated
with a large number of catalytic sites. They
exhibit catalytic behavior in the model reactions
of CO conversion to CO, and benzene oxidation
not inferior to the contacts with noble metals.
The coatings Al,O;CoOy contribute to fuel
economy and improve the environmental
performance of the internal combustion engine
thus can be recommended for use in the
neutralization of gas emissions systems and as
coatings for pistons of combustion chamber.

CuHTe3 KAaTANITHYHUX KOOAJTbTOBMICHIMX MOKPHUTTIB Ha MoBepPxHi cmiaBy AL2S niazmoBo-
€JIeKTPOTITHYHUM OKCHIYBAHHAM

M.B. Beap, I'.B. Kapakypxkui, M./l. Caxnenko, A.C. I'opoxiBcbKkuii

Hayionanvruti mexuiunuii yHisepcumem « XapKigcbKutl NOAIMEXHIYHUL IHCIUMYm
eyn. Kupnuuosa, 2, Xapxis, 61002, Yxpaina, anyutikukr@gmail.com

Posenanymo npunyunu naazmogo-enekmponimuunozo okcuoysauwna (IIEO) anominicgozo cniagy
AL25 y oughochamuux nysxcnux posuumax, sAxi micmsame xamiowu rxobaremy(2+). 3miwani OKcuoHi
cucmemu Al,O3 CoO, 3 emicmom kobanemy 8—30 am. % odepoacani y dsoxcmyninuacmomy pesicumi IEO.
Bcmanosneno, wo emicm rxobanemy 6 smiwanux noxpummsax Al,O3CoO, 3axonomipno 3pocmac 3
KOHYyenmpayicto ionie xobanomy 6 erekmponimi. Mopgonozcis nogepxui 3miulanux oKCUOi@ 3MIHIOEMbCS
810 PIGHOMIDHO WOPCMKOI 00 MIKPO2IOOYIAPHOIL, KA Micmumb 6euKi cghepoiou 3 niosuUeHUM GMICIOM
kobanemy. QOodepacani cucmemu AlL,O3CoO, 6iOpI3HAIOMbCA PO3GUHEHON) NOBEPXHEI [ BUABIAIOMb
Kamanimuyny akxmuenicme y mooenvhux peaxyiax xkoneepcii CO y CO, ma oxuchenus Oenseny, ujo He
NOCMYNAEMbC KOHMAKMAam Ha ocHosi kowmosnux memanie. Iloxpumms Al,O3CoO, na nosepxmi
HOPWIHA CHPUSIOMb eKOHOMII Rnaiuea i NOKPAWEHHIO eKONO2IYHUX HNOKA3SHUKIE pobomu O08U2yHie
BHYMPIUHBbO2O 320PAHHA.

Kniouoei cnoesa: cnias AL2S5, oxcuou kobanbmy, niazmoeo-eieKmpoiimuyte oKCUOy8aHHs, 3MIUAHT
OKCUOHI cucmemu, MOpGhOI02is NOBEPXHI, KAMANTIMUYHA AKMUGHICTb
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CuHTe3 KaTaJIMTHYeCKHX KO0AJbTOCOAeP/KAIMX MOKPBHITHIH HA MOBEPXHOCTH ciiaBa AL2S
IUIA3MEHHO-3JIEKTPOJIUTHYECKIM OKCHIMPOBAHNEM

M.B. Beab, A.B. Kapakypkuu, H.JI. Caxuenko, A.C. I'opoxuBckuii

Hayuonanvhulii mexuuueckuii ynusepcumem «XapbKo8CKull NOIUMEXHUYeCKUl UHCIMUMym»
yi. Kupnuuesa, 2, Xapvros, 61002, Ykpauna, anyutikukr@gmail.com

Paccmompenvt npunyunst niazmenHo-31eKmporumuieckoeo okcuouposanus (I1150) anomunuesozo
cnnasa AL25 6 oOugpocghammubix wenouHvIX pacmeopax, CcooepucAUx KamuoHvl KoOanvma(2+).
Cmewannvie oxcuonvie cucmemvt Al,O3CoO, ¢ codepocanuem xobaroma 8-30am. % nonyuenvi 6
ogyxcmynenyamom peoicume I150. Ycemanosneno, umo coodepoicanue KobArbma 6 CMEUAHHBIX
nokpvimusax Al,Oz CoO, 3axoHoOMepHO 803pacmaem ¢ KOHyenmpayuel UoHo8 Kobaibma 6 d1eKmpoaume.
Mopgonoeua nosepxnocmu CcMeUaHHbIX OKCUOO8 USMEHAEMC OM DPABHOMEPHO WepOXo8amou 00
MUKPO2LOOYTIAPHOU, cooepaicaujeli KPpYynHole CcGepoudvl ¢ NOBLIULEHHBIM COOEPHCAHUEM KOOATbMA.
THonyuenuvie cucmemvr AL,O3CoO, umerom pazeumyro HOGEPXHOCHb U NPOAGIAIONM KAMATUMUYECKVIO
akmusHocms 6 moodenvubix peaxyusx xkoneepcuu CO ¢ CO, u okucieHus OeH301d, He YCMYNAUYIo
Kowmaxmam, cooepoicawum orazopoonvie memannvt. Ilokpvimus Al,O3; CoO, na nosepxnocmu nopuihs
CHOCOOCMBYIOM IKOHOMUU TMONAUBA U YIYYUIEHUIO IKOJI02UYeCKUX noxazameinel pabomuvl Ogueamereti
BHYMPEHHE20 C2OPAHUSL.

Kniroueevie cnosa: cnnas AL2S5, oxcuodvl kobanbma, niazmeHHO-91eKmpoIumuiecKkoe OKCUOUposarue,
CMeuanHble OKCUOHBIE CUCMEMb, MOPPON02USL NOBEPXHOCHIU, KAMATUMUYECKASL AKMUBHOCMb
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