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In the present study, the structure and corrosion properties of quasicrystalline conventionally solidified AlesCo20Cuis alloy cooled at
5 K/s were investigated. Structure was characterized by metallography, X-Ray diffraction, scanning electron microscopy, and energy
dispersive spectroscopy. Corrosion properties were determined by gravimetric and potentiodynamic methods at room temperature.
The investigations performed confirm the peritectic formation of stable quasicrystalline decagonal D-phase that coexists with
crystalline Als(Co,Cu)s and Al3(Cu,Co): phases in the structure of AlesCo20Cuis alloy. According to energy dispersive spectroscopy,
the stoichiometric composition of D-phase is Als3C024Cuis. The susceptibility of the AlssCo20Cuis alloy to corrosion significantly
decreases with increasing pH from 1.0 (acidic media) to 7.0 (neutral medium). A corrosion rate of the AlesCo20Cuis alloy in the
aqueous acidic solutions (pH=1.0) increases in the order HNO3—HCI—->H2SO4—H3PO4. The mass of the specimens decreases in the
solutions of H2SO4 or H3PO4 and increases in the solutions of HNO3 or HCI which relates to different rate ratios of accumulation and
dissolution of corrosion products. The AlesCo20Cuis alloy exhibits the highest corrosion resistance in the NaCl solution (pH=7.0) in
which it corrodes under electrochemical mechanism with oxygen depolarization. The better corrosion resistance in sodium chloride
solution is achieved due to the formation of passive chemical compounds blocking the surface. Free corrosion potential of the
AlesCo20Cuis alloy has value —0.43 V, the electrochemical passivity region extends from —1.0 V to —0.4 V, and a corrosion current
density amounts to 0.18 mA/cm?. Depending on media, two typical surface morphologies are revealed after corrosion of
quasicrystalline specimens of the AlesCo20Cuis alloy. In the H2SO4 and H3POs acidic solutions, clean specimens’ surface due to its
homogeneous dissolution is observed except for the more defective areas, such as boundaries of crystalline Al3(Cu,Co)2 phase
containing less Co, which dissolve at a higher rate. In the HNO3, HCI or NaCl solutions, a porous layer on the surface is formed
which is visually revealed as surface darkening. After staying in the NaCl solution, on the surface of the AlesCo20Cuis alloy, the pits
are also found due to preferential dissolution of components where the boundaries of Al3(Cu,Co)2 phase and flaws are located.
Keywords: quasicrystalline AlesCo20Cuis alloy, decagonal quasicrystals, structure, neutral and acidic aqueous solutions, corrosion
resistance.

PACS: 61.50.Lt, 61.72.Ff, 62.23.Pq, 68.35 Fx, 68.35.Np, 81.05.Je, 81.40.Cd

The quasicrystalline alloys are considered to be particularly interesting metallic materials because of exceptional
properties, or combinations of physical and chemical properties, that distinguish these alloys from conventional
crystalline materials [1-5]. The quasicrystalline alloys are useful for industrial applications as engineering, structural
and surface coating materials [6-17] due to their outstanding properties, including high strength and hardness, a low
friction coefficient and excellent wear resistance, together with other remarkable engineering properties such as good
oxidation resistance, high toughness etc. [18-26].

After the discovery of a metastable icosahedral quasicrystal in the AI-Mn system, many alloy systems have been
identified in which icosahedral or decagonal quasicrystalline phases are stable up to melting temperature. Among them,
the Al-Cu—Co system in which a stable decagonal phase (D-phase) has been found in a slowly solidified AlssCo20Cu;s
alloy [27-31]. D-phase is quasiperiodic in a plane and periodic in the ten-fold direction perpendicular to this plane
[32-35]. From such crystal structure arises an attractive combination of certain properties that are not achievable with
conventional crystalline alloys [36-39].

The presence of elements such as cobalt in the alloy composition may inhibit corrosion [40,41] and lead to greater
corrosion resistance of quasicrystalline Al-Cu—Co alloys as compared with that of Al-Cu-—Fe alloys that form
icosahedral quasicrystalline phase [42-44]. But only limited information has been found in the literature concerning the
susceptibility of the Al-Cu—Co alloys to corrosion. Therefore, in this study we explored the behaviour of the
AlesCo0Cuys alloy in neutral and acidic media, which allows us to evaluate its corrosion resistance under conditions
comparable to application of aviation and rocket-and-space equipment.

MATERIALS AND METHODS
The AlssCo0Cuis alloy was produced of high purity (99.99 %) components melted using Tamman furnace in a
graphite crucible. The cooling rate of the alloy was 5 K/s. The alloy composition was verified by atomic absorption
spectroscopy with Sprut CED-01-M device. The relative precision of the measurements was better than + 1 at. %.
Microstructural characterization of the investigated alloy was done using Neophot and GX-51 optical microscopes,
Epiquant quantitative analyzer, JVC scanning electron microscope (SEM) equipped with energy-dispersive
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spectrometer (EDS). The phase and structural compositions were also studied by powder X-ray diffraction (XRD) on
JIPOH-YM-1 diffractometer with Cu-Kq radiation.

The corrosion properties were investigated by the gravimetric method after holding the AlssCo,0Cu;s alloy for 1-4 h
in the HCL, H,SO4, HNO3, and H3PO4 aqueous acidic solutions (pH=1.0) and for 1-8 days in the NaCl aqueous neutral
solution (pH=7.0). The pH value of the media was measured with an EB-74 ionometer. After immersion in solutions,
the specimens were weighed in a BA-21 analytical balance with error smaller than 0.1 mg. A corrosion rate was
determined using the equation given in [45].

Electrochemical experiments were conducted in the NaCl solution (pH=7.0) by means of I1I-50-1 potentiostat and
I1P-8 programmer using three-clectrode electrolytic system consisted of the sample as working electrode, a platinum as
counter electrode, and silver chloride as reference electrode. For each specimen, voltammograms were measured
2-3 times. A value of corrosion current density was determined by extrapolating the linear portion of the anodic and
cathodic branches of the polarization curves to free corrosion potential. Model corrosion tests for 1-8 days in the NaCl
solution were performed with specimens fully immersed in the medium. The surface morphology was examined using
POMA 102-02 scanning electron microscope. Corrosion tests were carried out at the temperature of 293+2 K.

RESULTS AND DISCUSSION

Examination by optical and scanning electron microscopy reveals that AlssCo20Cuys alloy exhibits three-phase
structure consisting of quasicrystalline decagonal D-phase and crystalline phases of Aly(Co,Cu); and Al3(Cu,Co),
(Fig. 1a) [46]. The D-phase solidifies via a peritectic reaction, in which the primary Als(Co,Cu); crystals are surrounded
by the quasicrystalline phase. Later, liquid between D-quasicrystals solidifies to Al3;(Cu,Co), phase. The identified
phases are confirmed by X-ray investigation (Fig. 1b). EDS measurements show that D-phase has stochiometric
composition Alg3Co24Cuis (Table 1). This phase takes about 65 % of a total alloy volume. The size of quasicrystals
varies from 40 to 60 um due to differing local growth conditions.
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Figure 1. The AlesCo20Cuis alloy: a— SEM image; b — XRD pattern
Table 1. Elemental analysis (in at. %) of the AlesCo20Cuis alloy

Phase Al Co Cu
D-phase 62.99 24.02 12.99
Al4(Co,Cu)3 56.39 33.86 9.75
Al3(Cu,Co)2 59.48 9.71 30.81

Corrosion tests of the AlesCo20Cu;s alloy in the acidic media show that after the first hour of treatment a mass of
the specimens gradually increases in the nitric and chloric acids. The mass gain in the chloric acid significantly exceeds
that in the nitric acid reaching 4.58 g/m” against 0.98 g/m? after 4 holding hours. At that, the biggest relative change in
the mass is observed after 2 holding hours in the chloric acid and after 3 holding hours in the nitric acid (Table 2).

Table 2. Relative changes in the mass (in %) of specimens of the AlesCo20Cuis alloy after corrosion tests

. Holding time, hours
Solution 1 > 3 1
HCl 0.02 0.04 0.12 0.14
HNO:3 0.00 0.00 0.01 0.03
H>SOq4 -0.01 -0.09 -0.15 -0.18
H3POq4 -0.02 -0.09 -0.23 -0.25
Holding time, days
NacCl 1 2 3 4 8
0.04 0.15 0.20 0.22 0.24
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After staying in the H,SO4 and H3;PO4 acidic solutions, the mass of the specimens, on the contrary, decreases, and
after 4 holding hours specific changes of the mass equal to —5.89 g/m? and -8.18 g/m* correspondingly. The
AlgsCo20Cus alloy turns out to be the most corrosion-sensitive in the H3PO, acid. The samples mainly lose their mass in
the sulphuric acidic solution after 1 holding hour and in the orthophosphate acidic solution after 2 holding hours
(Table 2). This conclusion is confirmed by scanning electron microscopy of the surface of the AlssCoCuis alloy
affected by the sulphuric acidic solution (Fig. 2). The surface of the specimens quite homogeneously dissolves where
Co-rich quasicrystalline D-phase and crystalline Als(Co,Cu); phase are located (Fig.2b). Whereas, crystalline
Al3(Cu,Co), phase, containing less Co, dissolves at a higher rate which may relate also to the fact that this phase
crystallizes last and, therefore, may have more defective structure (Fig. 2a).
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Figure 2. SEM-images of surface of the AlesCo20Cuis alloy after 4 holding hours in sulphuric acidic solution (pH=1.0)

The revealed differences in the mass changes of the corroded AlssCo20Cu;s alloy affected by the acids may be
explained by different rate ratios of selective dissolution of the alloy components and accumulation of corrosion
products on the specimens’ surface. Comparison of corrosion rates of the alloy for the investigated acidic solutions
exhibits the following sequence HNO3—HCI—H,SO4—H;3PO;4 (in ascending order) (Fig. 3).

205
2.00 0.0
>
= 0 =
r!|= 150 147 Y
= -0.5 ~
8 1.1%
B
g 1.00
£ v
s 5 T 2 i T T T : 1
0.50 -5 0 5 105 mA/em® 19
0.24 _
| 0.4
0 - — -1.5-
HC1 HNO: H2804 H;PO4 NaCl
Figure 3. Corrosion rates of the AlesCo20Cuis alloy in the Figure 4. Potential versus current curves of the corrosion in
investigated corrosion media NaCl solution (pH=7) of the AlesCo20Cuis alloy

When subjected to corrosion in the investigated media, the analyzed AlssCo20Cu;s alloy is found to corrode much
weaker in the NaCl solution (pH=7.0) than in the acidic solutions of HNO3, H,SO,4, HCI, and H3;PO4 (pH=1.0). After
8 days of the tests in the aqueous sodium chloride solution, the specific mass change of the AlgsCo20Cuis alloy equals to
8.0 g/m2. On the surface of the samples, a passivating oxide film is formed during the tests, which is revealed visually
as surface darkening. That is why, the results on changes in the mass of specimens relative to the initial value indicate
that the mass of specimens gradually increases, especially after 1 day of treatment (Table 2). Then, after 3 days of
staying in the NaCl solution, the mass of specimens increases to a much lesser extent.
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Chronopotentiometry measurements of free corrosion potential of the AlssCozCuis alloy show that potential
stabilizes at a value of —0.43 V after ~17 minutes of measurements. A steady potential testifies that the passivation film
build-up in the NaCl solution remains protective. Polarization measurements also evidence that corrosion of the
AlgsCo2Cuys alloy in the sodium chloride solution is typical to processes with oxygen depolarization (Fig.4).
Voltammograms recorded in semi-logarithmic coordinates indicate that anodic current gradually increases as potential
changes towards more positive values. A sharp increase of an anodic current is observed at potential of ~0.3 V due to
beginning of active dissolution of the alloy components. The appearance of a hysteresis loop in the anodic regime may
be attributed to the surface passivation. After changing the direction of a potential sweep, in the cathodic area of a plot,
a current limit in the mA range is observed. The zero value of a current density is reached at potential of —0.87 V. At
potentials more negative than —1.0 V, cathodic current increases which relates to active hydrogen evolution. The value
of corrosion current density for the alloy is 0.18 mA/cm?. The electrochemical passivity region extends from —1.0 V to
—0.4 V which indicates that the AlssCo,0Cu;s alloy is not susceptible to corrosion in the NaCl solution due to inhibition
of anodic processes. That is why, the AlssCo20Cu;s alloy exhibits the lowest corrosion rate at higher pH (Fig. 3).

Scanning electron microscopic investigations evidence that on the corroded surface of the AlgsCo20Cus alloy after
staying in the NaCl solution for 8 days, pits about 10 um in size are observed located mainly in the vicinity of defects
(Fig. 5a). Corrosion is mainly concentrated in crystalline Alz(Cu,Co), phase containing less Co. The dissolution of this
phase is most intense near the phase boundaries (Fig. 5b). Meanwhile, Co-rich quasicrystalline D-phase and crystalline
Aly(Co,Cu); phase are less susceptible to corrosion.
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Figure 5. SEM-images of surface of the AlesCo20Cuis alloy after holding for 8 days in the NaCl solution (pH=7.0)

CONCLUSIONS

The investigations made on conventionally solidified AlssCo20Cu;s alloy confirm that alloy system cooled at 5 K/s
forms stable quasicrystalline decagonal D-phase by peritectic reaction. Its stoichiometric composition corresponds to
Al63C024Cu13.

Corrosion of the AlgsCo20Cuis alloy in the acidic solutions (pH=1.0) of HNO3, HCI, H,SO4, H3POs (in ascending
order) is much stronger than in the NaCl neutral solution (pH=7.0), intensifying with pH decreasing. The corrosion rate
is lower by a factor between 6.0 and 51.25 as pH value is raised from 1.0 to 7.0. In the aqueous solutions of HNO3, HCl,
and NaCl, a rate of accumulation of corrosion products on the specimens’ surface exceeds a rate of dissolution of alloy
components, but in the solutions of H,SO4 and H3;PO4 — vice versa. The surface of the specimens is dissolved almost
homogeneously except for the boundaries of crystalline Al3(Cu,Co), phase containing less Co which dissolve at a
higher rate.

The corrosion of the AlgsCo20Cuys alloy in the NaCl aqueous solution (pH=7.0) proceeds by the electrochemical
mechanism with oxygen depolarization. The highest corrosion resistance of the AlgsCo20Cu;s alloy is observed in
neutral media where a protective oxide film is developed. This alloy has free corrosion potential —0.43 V,
electrochemical passivity region extending from —1.0 V to —0.4 V, and the value of corrosion current density —
0.18 mA/cm?. On the surface affected by saline solution, the pits are revealed preferentially where the phase boundaries
and flaws are located.

The work was performed within the framework of research project No. 0119U100977 “Electrode reactions of 3d-
metal m-complexes® (2019-2021).
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OCOBJIMBOCTI CTPYKTYPOYTBOPEHHSA TA KOPO3Ii KBASIKPUCTAJITYHOTI'O CIITIABY AlssCo20Cuis
B HEUTPAJILHOMY TA KHCJINX CEPEJIOBHIIIAX
Ouena B. CyxoBa, Bonogumup A. Iononcbxuii
Hninpoecokutl nayionanonuil ynigepcumem imeni Onecs I onuapa
49010, Yxpaina, m. [[uinpo, npocn. I'azapina, 72

B po6oti mocmimkyBaan CTPYKTYpy Ta KOpPO3iliHi BracTHBOCTI KBasikpucramiuHoro cmiaBy AlesCo20Cuis, 3aKkpucTanizoBaHoro 3i
mBuakicTio 5 K/c 3a 3BuwaiiHmx ymoB. CTpyKTypy BHBYAIH METOAAMH MeTajorpadii, peHTTeHOCTPYKTYPHOTO aHawi3ly,
CKaHyBAIbHOI EJIEKTPOHHOI MIKPOCKOMII Ta pPEHTreHOCIEKTPaIbHOTO MikpoaHanidy. KoposiiiHi BIacTHBOCTI BU3HAYAIN
IpaBIMETPHYHIM Ta IIOTEHIIOAWHAMIYHMM METOJaMH 3a KIMHATHOI Temneparypu. IIpoBeneHi MOCTIPKEHHS ITiATBEpAMIIN
MIEPUTEKTUYHE YTBOPEHHS CTaOlIbHOI KBa3iKpHUCTANIYHOI JekaroHansHol D-dasy, ska B cTpykTypi cmtaBy AlesCo20Cuis criBicHye 3
kpuctamivaumu  ¢pazamu  Alsy(Co,Cu); ta Al3(Cu,Co)2. 3rimHo 3 pesyiabTaTaMH pPEHTI€HOCIEKTPaJIbHOrO MiKpoaHai3y,
crexiomerpuunnii cknan D-dasu BigmoBimae Ale3Co24Cuiz. Omip koposii crmaBy AlesCo20Cuis CyTTEBO 30UTBIIYETHCS 3
nigBumeHHsM pH po3unnis 3 1,0 (kucni cepenosuiia) no 7,0 (neiitpanbhe cepenosuiie). [Buakicts kopo3ii cuaBy AlesCo20Cuis y
BOJHHX po3unHax kucinot (pH=1,0) 36inbiryersbes B Takomy nopsaky: HNO3—HCl—->H2SO4—H3PO4. Maca 3pa3skiB 3MeHIIy€eThCS B
posunHax kucimot H2SOs ta H3POs4 i1 30inbiryerscst B posumnax HNOs ta HCI, mo moB’si3ane 3 pi3HUM CITIBBiTHOLICHHSIM
MIBUIKOCTEH HAKOMMYEHHS Ta PO3YMHEHHS NPOXYKTiB Kopo3ii. Haiibineury koposiiiny TpuBkicTs cmiaB AlesCo20Cuis Mae B po3unHi
NaCl (pH=7,0), B sKOMy KOpO3isl CIUTaBy MPOXOIHTH 3a CICKTPOXIMIYHIM MEXaHI3MOM 3 KHCHEBOIO Jenoispu3auicro. Halkpammii
omip Kopo3ii B po3unHi HATPi XJIOPHIY NOCATAETHCS 32 PaXyHOK YTBOPEHHS MACHBHUX XIMIYHHUX CIOJIYK Ha ITOBEPXHI CIUIaBY, SIKi
OJIOKYIOTh KOpO3ito. BinmbHuil moteHmian koposii cmuaBy AlesCo20Cuis cranoButs —0,43 B, 30Ha €NeKTPOXiMIYHOI MACHBHOCTI
npocraraerses Big —1,0 B no —0,4 B, a rycruna ctpymy koposii nopiBuroe 0,18 MA/cM?. 3aexHo Bij KOpo3iiHOro cepenoBuiia,
CIIOCTEpIraroThCsl JBa TUIIM MOBEPXHI 3pas3kiB KBasikpuctayiuHoro cmuiaBy AlesCo20Cuis, siKi 3a3HaiM KOpO3iifHOro pyiHyBaHHSI.
IMicna nepebyBannst B pozumHax kuciaoT H2SOs ta H3POs cnocrepiraerbcs umMcra NMOBEpXHSA 3pas3KiB BHACHIAOK 11 BiZHOCHO
PIBHOMIpPHOTO PO3YMHEHHS 32 BHKJIIOYCHHSIM OUIbLI Ae(EKTHUX IUISHOK, TaKUX sIK rpaHuii kpuctamivHoi ¢asu Al3(Cu,Co)z, 1o
Mictuth MeHme Co, AKi po3unHAIOTECS gemo mBuame. B po3annax HNOs, HCI Ta NaCl Ha moBepxHi yTBOPIOEThCSI HOPUCTHH IIap,
SIKHH Bi3yalbHO CIIOCTEPIraeThesl K MOTeMHIHHA moBepxHi. [licisa nepeOyBanus B pozunHi NaCl Ha moBepxHi cmiaBy AlesCo20Cuis
TaKOXX YTBOPIOIOTHCS AUISHKY IITiHTiB BHACTIZIOK MEPEBAYKHOTO PO3UMHEHHS KOMIIOHEHTIB B MICIISIX PO3TallyBaHHS IpaHULb (a3zu
Al3(Cu,Co)2 Ta nehexTiB MOBEpXHi.

Korouosi coBa: xBasikpucraniuanii crmas AlesCo20Cuis, nekaroHaibHI KBa3iKpHCTAIH, CTPYKTypa, HEUTPAIbHUN Ta KHUCII BOAHI
PO3YMHH, KOPO3iliHa TPHUBKICTB.



