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In this work the structure and corrosion behavior of quasicrystalline cast AlesCuzsFe12 and AlesC024Cu1z
alloys in 5 % sodium chloride solution (pH 6.9 - 7.1) were investigated. The alloys were cooled at 5 K/s. The
structure of the samples was studied by methods of quantitative metallography, X-ray analysis, and scanning
electron microscopy. Corrosion properties were determined by potentiodynamic method. The made investigations
confirm the formation of stable quasicrystalline icosahedral (y) and decagonal (D) phases in the structure of
AlssCuzsFer2 and AlesCo24Cuss alloys correspondingly. In 5 % sodium chloride solution, the investigated alloys
corrode under electrochemical mechanisms with oxygen depolarization. Compared with AlssCuzsFe12 alloy,
Als3C024Cuss alloy has less negative value of free corrosion potential (—0.43 V and —0.66 V, respectively), and its
electrochemical passivity region extends due to the inhibition of anodic processes. A corrosion current density,
calculated from (E,lgi)-curve, for AlssC024Cuis alloy amounts to 0.18 mA/cm? and for AlesCuzsFer2 alloy — to
0.20 mA/cm?. The lower corrosion resistance of AlssCuzsFe12 alloy may be explained by the presence of iron-
containing phases in its structure. Based on obtained results, the AlesC024Cuzs alloy was recommended as coating
material for rocket-and-space equipment working in marine climate.
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Quasicrystalline Al-Cu-Fe and Al-Cu-Co alloys
may be used as structural components in rocket-and-
space industry owing to their high hardness, low surface
energy, high wear resistance, low friction, and resistance
to oxidation [5-11]. But the quasicrystalline alloys cannot
be applied as functional materials due to their brittle
nature at ambient temperature. However, the
combination of excellent physical and mechanical
properties makes them the promising material for surface
application as thick composite [12-15] and ion-plasma
thin coatings [16-21] when good corrosion resistance is
additionally required.

The rocket-and-space equipment has been currently
operating in marine climate, where salt may affect
component surface. Therefore, it is interesting to

Introduction

The AI-Cu-Fe and AI-Cu-Co alloy systems
containing stable quasicrystalline phases are the most
interesting functional materials. The interest also is
prompted due to the finding of quasicrystalline phases of
the above alloys when they are cast under conventional
solidification techniques. Three-dimensional Al-Cu—Fe
quasicrystals show a five-fold symmetry and have
icosahedral structure [1, 2]. The Al-Cu-Co quasicrystals
are two-dimensional decagonal quasicrystals consisting
of periodic stacking of atomic layers with a tenfold
symmetry within the plane [3,4]. Thus, decagonal
quasicrystals combine two types of crystalline order: they
are quasiperiodic in a plane and they are periodic in the

direction perpendicular to a plane. This property sets
decagonal phases apart from periodic crystals, as well as
from icosahedral quasicrystals.
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compare the resistance to corrosion as well as the
electrochemical behavior of quasicrystalline cast
icosahedral Al-Cu-Fe and decagonal Al-Cu-Co
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quasicrystals in sodium chloride aqueous solution.

I. Experimental procedure

The AlgCuzsFer; and AlssCo24Cuis alloys were
prepared of high purity (99.99 %) components put in a
graphite crucible and melted using Tamman furnace. The
cooling rate of the alloys was 5 K/s. In order to verify the
bulk compositions, Sprut CE®-01-M atomic absorption
spectroscopy instrument was applied for the examination
of selected samples. The relative precision of the
measurements was better than + 1 at. %.

The instruments wused in the microstructural
characterization of the investigated alloys were mainly
Neophot and GX-51 optical microscopes (OM), Epiquant
quantitative analyzer, POMA 102-02 scanning electron
microscope (SEM). The alloys were also studied by
powder X-ray diffraction (XRD) using JPOH-YM-1
diffractometer with CuK., radiation. Vickers hardness
measurements were carried out at indentation load of
50 9. The data shown was an average of at least
5 measurements.

Electrochemical experiments were conducted in 5 %
aqueous sodium chloride solution (pH =6.9-7.1) by
means of I77-50-1 potentiostat and 77P-8 programmer
using three-electrode electrolytic system consisted of
silver chloride as reference electrode, a platinum as
counter electrode, and the sample as working electrode.
Potentiodynamic measurements were carried out by
sweeping the potential in the positive or negative
direction with a sweep rate of 1 mV/s until a current limit
in the mA range was reached.

Model corrosion tests for 1, 2, 3, 4, 8 days ina 5%
NaCl solution were performed with specimens

3.0x0.5 cm in size. The specimens were fully immersed
in the saline solution. Testing under these conditions was
assumed to be equivalent to a 5-years application in sea
atmosphere. The surface morphology was examined
using a scanning electron microscope (SEM). Corrosion
and electrochemical tests were carried out at the
temperature of 293 =2 K.

Il. Experimental results and discussion

The AlgCuxsFer, alloy exhibits  multiphase
microstructure (Fig. 1, a,b) [2]. The primary A-AlizFes
phase is nucleated directly from the melt and grows into
the liquid, and the B-AlFe(Cu) phase is formed directly
from the liquid or via a peritectic reaction between the
primary A and liquid. The A-phase is surrounded by a
shell of the quasicrystalline icosahedral y-AlsCuzFe
phase that is formed afterward via peritectic reaction.
The peritectic reaction does not go to completion and the
remaining liquid solidifies into low-temperature
metastable crystalline phases such as t-AlCu(Fe),
n-AlCu, and 6-Al,Cu. The phase constitution of the as-
cast AlgsCuzsFes, alloy is also confirmed by XRD pattern
(Fig. 1, c). The diffractogram indicates that the y and A
phases are dominant. Their volume fraction measured by
quantitative metallography amounts to 55.5 and
32.0 vol.% respectively. Furthermore, several weaker
reflections of minor phases can be seen in the
diffractogram as well. The XRD pattern is not suitable to
distinguish the t and m phases in the solidification
product, since they have similar CsCl-type cubic
structure and lattice parameter [1].

Examination by light-optical microscopy reveals that
Alg3C024Cuss alloy consists of three phases identified as
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Fig. 1. The AlgzCuzsFes alloy: a— OM image (x200); b — OM image (x400); ¢ — XRD pattern.
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quasicrystalline  decagonal  D-phase,  crystalline
Al4(Co,Cu)s phase, crystalline Als(Cu,Co), phase (Fig.
2,a) [4]. The described phase composition is confirmed
by X-ray investigation (Fig. 2,b). After etching grey-
colored quasicrystalline D-phase takes about 65 % of a
total alloy volume. The solidification of the D-phase
proceeds as a peritectic reaction, in which the primary
Aly(Co,Cu)z phase is surrounded by the D-phase.
Subsequently  Al3(Cu,Co), phase solidifies thus
producing a three-phase peritectic structure.
Measurements evidence that the icosahedral and
decagonal quasicrystals possess a microhardness of about
8.6 - 9.9 GPa [2, 4], which is much higher than that for
crystalline phases. Comparison with the intermetallic
compounds in the investigated alloys exhibits the
following sequence:
H(y-AlCuFe)>H(D-AICoCu)>H(Als(Co,Ni)z)>
H(\-AlisFeq)>H(t-AlCu(Fe))>H(6-Al,Cu).
Corrosion behavior of the icosahedral and decagonal
quasicrystalline phases in the AlssCugsFerz and
Alg3C024Cuss alloys is tested in 5 % NaCl solution which
allows a comparison of their corrosion resistance under
conditions comparable to application. Model immersion
tests show that corrosion resistance of the AlgzCuzsFern
alloy is noticeably inferior to that of the AlgzC024Cuss
alloy (Table 1). In a daytime, the surface of the
AlgsCugsFerz alloy loses its metallic luster, and gas
bubbles appear here. Specific mass change (Am) reaches

0.81 mg/cm?. In a three-day time, the numerous
corrosion damages and intensive gas evolution are
observed on the surface. Corrosion products go partially
into the solution and, therefore, the solution loses
transparency. Eight days later, corrosion intensifies
(Am = 2.28 mg/cm?). During the experiments, the pH of
the working solution gradually increases which indicates
that the sample corrodes under electrochemical
mechanism with oxygen depolarization and formation of
OH- ions. Most likely, at the initial stage of corrosion,
the surface iron atoms may be oxidized and act as anodes
in galvanic couple. In contact with water and oxygen, the
Fe?* ions turn into Fe®* ions. Final corrosion product
observed visually on the surface is xFe;OzyH,O
compound of non-stochiometric composition (brown
rust). This layer formation is consistent with the change
in color of the samples seen during the immersion.

The substitution of iron by cobalt in Al-Cu-Fe alloy
is favorable for the essential increase of the corrosion
resistance of the samples. After 8 days of the tests, the
mass change of the AlgCo24Cuis alloy equals to
0.80 mg/cm? (Table 1). Only single gas bubbles are
observed on the surface; color and transparency of
working solution do not practically change. Gradual
inhibition of a corrosion rate of the cobalt-containing
alloy indicates that a passivation film consisted of
corrosion products is formed during the tests. This film
may be revealed visually as surface darkening that shows
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Fig. 2. The AlgzC024Cuss alloy: a — OM image (x400); b — XRD pattern.

Table 1
The specific mass change (in mg/cm?) of AlgsC024Cusis and AlssCuzsFes alloys affected by 5-% NaCl solution
Holding time, days
Alloy J y
1 3 4 8
A|53CU25F612 0.81 1.39 1.47 2.28 2.74
Alg3C024Cus3 0.12 0.48 0.65 0.72 0.80
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Fig. 3. (E,t)-curves recorded for AlssCuosFesr. (1) and
Alg3C024Cus3 (2) alloys in 5-% NaCl solution

(pH = 7.0).

no color change of the surface with immersion duration.
So, for the AlegzC024Cuis alloy, behavior is consistent
with the formation of a passive layer.

The results of model immersion tests are in good
agreement with chronopotentiometry measurements of
free corrosion potentials (E) of the AlssCuzsFer, and
Alg3C024Cuss alloys in 5 % neutral NaCl solution. Fig. 3
shows that for AlssCuzsFes. alloy a potential stabilizes at
a value of —-0.66 V during more than 7000 seconds
(2 hours). For AlegzC024Cusz alloy, a potential has less

15~

negative value (—0.43 V) that stops changing no longer
than after 1000 seconds of measurements. A rise of
potential in the positive direction indicates the formation
of a passive film and a steady potential indicates that the
film remains intact and protective. So, as evidenced by
obtained results, Als3C024Cuss alloy is more corrosion
resistant due to surface passivation. Polarization
measurements confirm the chronopotentiometry results
(Fig. 4).

In Fig. 4 are shown voltammograms recorded at
potentials in the anodic direction from the stationary
value up to a sharp increase of a current density due to
oxidation of the alloys’ constituents. After changing the
direction of a potential sweep, in the cathodic area of a
plot, the region of corrosion current limit is observed that
is typical to corrosion processes with oxygen
depolarization. At the reverse cycle of a potential sweep,
the electrochemical passivity region may be determined.
For AlgsCuzsFes; alloy this region extends from —1.0 V to
-0.6V, and for AlesC024Cus3 alloy from -1.0V to
-0.4 V. The extension of the passivity region towards
more positive potentials indicates that the Alsz3C024Cuss
alloy is less susceptible to corrosion than the
A|63CU25F612 aIon.

Fig. 5 shows the results of voltammetry presented in
semi-logarithmic coordinates in order to determine
corrosion current density (i). The intersection point of
two plot branches corresponds to a logarithm of i. The
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Fig. 4. Cyclic voltammograms recorded in 5-% NaCl solution (pH=7.0) for: a — AlssCuzsFeiy;
b — AlssC024Cuss alloys.
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Fig. 5. (E,Ig i)-curves recorded in 5-% NaCl solution (pH=7.0) for: a — AlgsCuzsFei2; b — AlgsC024Cuss alloys.
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Fig. 7. SEM-images of the surface of AlgsC0.4Cuss alloy after 8-day immersion test in 5-% NaCl solution
(pH =7.0).

value of corrosion current density determined for the
AlgsCugsFe, alloy equals to 0.20 mA/cm? (Fig. 5,a), and
that for the AlgsCo24Cuss alloy is 0.18 mA/cm? (Fig. 5,b)
which may relate to the inhibition of anodic processes for
the AlgzC024Curs aIon.

The SEM images of the surface of the AlgsCuzsFers
alloy corroded in 5 % sodium chloride solution evidence
that after the 8-day tests pits are observed on the surface
of the alloy (Fig. 6). Pits sites, sized from 10 to 50 pm,
are non-uniformly distributed on the surface. Corrosion
occurs primarily in the iron-rich A-phase and secondarily
in the quasicrystalline wy-phase. The pits bottom is
commonly covered by a porous layer of undissolved
copper. The remains of non-separated brown rust are
revealed on the alloy surface as well.

On the surface of AlgsC024Cuss alloy, pits about 10
um in size located mainly in the vicinity of defects are
also revealed (Fig. 7). In addition to pitting, the
boundaries between the primary and peritectic phases are
preferentially dissolved.

Thus, from the electrochemical point of view, the
AlgsCussFe, and  AlgzC024Cusa aIons behave quite
similarly in the aqueous sodium chloride solution, but
immersion tests show that on the surface of AlgzsCuzsFer»
alloy larger pits appear in greater quantity. So, a first
order assessment would suggest that the AlgCuzsFes;
alloy has lower resistance to pitting than the
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Algs3C024Cuss alloy. The reason is that iron-rich phases
and their boundaries in the structure of the AlgzCuzsFern
alloy are more susceptible to attack by saline solution.
The pits on the surface of the AlgzCuzsFer, alloy are Cu-
rich, apparently forming by dissolution of Fe and Al, and
those on the surface of the Als3C024Cuss alloy are Co-
and Cu-rich due to preferential dissolution of Al. Hence,
the general trend seems to be that the noblest metals
remain at the surface during corrosion, while the other
components, such as Fe and/or Al, dissolve. Corrosion is
controlled mainly by chemical composition of the
investigated alloys rather than the specific atomic
structure of icosahedral or decagonal quasicrystalline
phases present in their structure.

Conclusions

The investigations performed on conventionally
solidified AlgsCuzsFe12 and AlgsC024Cuis alloys confirm
that both alloy systems cooled at 5 K/s form stable
quasicrystalline icosahedral (y) and decagonal (D)
phases correspondingly. In AlgCuzsFer, alloy, the
primarily solidified phase is A-AlisFes but, in
Alg3C024Cuy3 alloy, the Alsy(Co,Cu)s. Quasicrystalline
and D phases are further formed by peritectic reaction.

The corrosion of the investigated alloys in 5 % NaCl
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aqueous solution (pH 6.9-7.1) occurs by the
electrochemical mechanism with oxygen depolarization.
More electropositive copper acts as cathode and more
electronegative iron or cobalt — as anode.

When subjected to corrosion, iron-rich phases (A and
y) of AlssCuzsFer, alloy selectively oxidize, with water
soluble Fe** compounds forming. Affected by oxygen
and water, these compounds turn into insoluble Fe®*
compounds that accumulate on the surface of the alloy
and may partially separate from it.

As compared with AlgsCuzsFerz alloy, AlgzCo24Cuis
alloy shows better corrosion resistance which may relate
to the formation of passive cobalt-containing compounds
blocking the surface. This alloy has less negative free

corrosion potential, wider electrochemical passivity
region as well as scarcer and smaller pits on the surface
affected by saline solution. Therefore, the AlgzC024Cuis
alloy shows promise as a coating material to protect
rocket-and-space  equipment working in  marine
atmosphere.
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O.B. Cyxoga, B.A. Tlononcekuit

3aKOHOMIPHOCTI CTPYKTYPOYTBOPEHHS Ta KOPO3il JIUTHX KBA3iKPUCTATIYHUX
ciaBiB AlgzsCuzsFer2 Ta AlesC024CUisy BogHOMY po3uuHi HaTpiii X10pHay

Juinposcokuil nayionanvhuil ynieepcumem imeni Onecs I'onuapa, [Aninpo, Yxpaina, sukhovaya@ukr.net

B po6oTi HociiKeHo CTPYKTYpy 1 0cOGIMBOCTI KOpo3ii KBasikpucTamiynux jutux cruiasis AlesCuzsFers Ta
Als3C022Cu13 B 5 %-HOMy po3uuHi Hatpiil xaopuay (pH 6,9 - 7,1). IIIBHAKICTs OXOJOKEHHS CIUIABIB CKJIaaaa
5 K/c. Crpykrypy CcIUIaBiB BHBYQJIM METOIAaMH KUIBKICHOI Meranorpadii, peHTTeHOCTPYKTYpHOTO aHai3y,
pactpoBoi enekTpoHHOI Mikpockomii. Kopo3siliHi BIacTHBOCTI JOCIIDKYBaNM IOTEHLIOJWHAMIYHIM METOIOM.
[IpoBeneni OOCHIIKEHHA HiATBEPIKYIOTh YTBOPEHHsS CTaOlTbHMX KBa3iKpHCTANIUYHUX iKocaenpuyHoi (W) Ta
nexaronanbHOi (D) da3 y crpykrypi cmiaiB AlssCuzsFe12 Ta AlesC024Cuis BimmosinHo. V 5 %-HoMy po34nHi
HaTpii XJIOpUIY MOCTIPKeHI CIUIABH KOPOAYIOTH 3a EJIEKTPOXIMIYHMM MEXaHi3MOM 3 KHCHEBOIO
nenonspusariero. IlopiBusHo 3i crumaBom AlesCuzsFerz, cnmaB AlesC024CUis Mae MeHII Bifx’e€MHi 3HAYCHHs
noteHmiany BinbHOI Koposii (0,43 B i —0,66 B BiamoBigHO), a HOro 30Ha EJIEKTPOXIMIYHOI 1HEPTHOCTL
PO3IIMPIOEThCS 32 PaXyHOK TajbMyBaHHS aHOJHUX IpoleciB. BemuumHa CTpyMy Koposii, po3paxoBaHa 3
(E, Igi)—3anexnocreit, mnst crmaBy AlesC024Cuiz ckmamae 0,18 mA/cm?, a mmst crulaBy  AlgsCuzsFers —
0,20 MA/cM?. Binbll HM3bKY KOpO3iliHy TpuBKicTh crmaBy AlssCUzsFel2 MOSCHEHO NPMCYTHICTIO B HOro
CTPYKTYpi 3aii3oBMicTHUX (a3. IlociyroByrounchk OTpUMaHUMH pe3yibTaTaMH, IJIsi CTBOPEHHsS NMOKPHUTTIB Ha
JeTalsIX PaKeTHO-KOCMIYHOI TEXHIKH, IO IMpAIfOI0Th B YMOBaX MOPCBKOTO KJIIMaTy, pPEKOMEHIOBAaHO CILIaB
Alg3C024Cuss.

KorouoBi cinoBa: ikocaeqpuyHi KBa3ikpUCTaly, A€KaroHajdbHI KBa3iKPHCTAIM, CTPYKTYpa, eIeKTPOXiMiuHa
MOJISIpH3allis, MiTIHIOBa KOPO3is.
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