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The formation of quasicrystalline decagonal phase and related crystalline phases was investigated by a
combination of optical metallography, powder X-ray diffraction, atomic absorption spectroscopy and differential
thermal analysis. Corrosion behaviour of quasicrystal Al-Ni—Fe dloys was studied by gravimetric and
potentiodynamic polarization experiments in saline and acidic solutions at room temperature. The decagonal
phase exhibits two modifications (AlFe- and AlNi-based) depending on the composition. In Al;,NisFe;s aloy it
coexists with monoclinic AlsFeNi phase. In Al ¢NixsFes, alloy crystalline Algx(Ni,Fe)s, Als(Ni,Fe),, and
Al3(Ni,Fe) phases are seen adjacent to the quasicrystalline decagonal phase. Stability of quasicrystal phase up to
room temperature was shown to be connected with its incomplete decomposition during cooling at a rate of 50
K/min. AlxNisFe;s aloy has more than twice larger volume fraction of this phase compared to that of
Al gNissFes4 aloy. A dependence of microhardness on composition was observed as well, with Al,oNisFers
aloy having substantially higher values. In acidic solutions, Al;;eNixFes, aloy showed the best corrosion
performance. In saline solutions, the investigated dloys remained mainly untouched by corrosion. Mass-change
kinetics exhibited parabolic growth rate. After a potentiodynamic scan in 3.0 M NaCl solution polarization of
Al FesNiz and Al7gNixsFes, aloys revealed that stationary potentid values became more negative, with
anodic process slowed down. The polarization curves showed that both the quasicrystalline aloys turned to

passive state in this solution.
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I ntr oduction

Al-Fe-Ni dloys have been applied as the basis of
the Alnico magnets due to their magnetic properties [1],
and as high-temperature materials thank to high melting
temperature [2, 3]. Besides, Al-Fe-Ni alloys show very
atractive properties for applications in industrial
furnaces [4] and petroleum chemica plants [5] by
alloying with Cr (up to 8 at. %) or Hf (up to 0.1 at. %).
Al-Fe-Ni alloys produced by mechanical alloying can be
employed as catalyzers, with auminum leached by
neutralizing water solution [6]. The aloys of the said
system in the concentration range of quasicrystalline
decagonal D-phase formation are of a special interest.
This phase is a two-dimensional quasicrystal consisting
of periodic stacking of atomic layers with a tenfold
symmetry within the plane Decagona quasicrystals
combine two types of crystalline order: they are
quasiperiodic in a plane and they are periodic in the
direction perpendicular to a plane.

The D-phase gtahility at room temperature is still
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under discussion. A quasicrystalline decagonal phase was
found to form at compositions very close to Al7;NizFers
and Al gNigFes4 [7, 8]. In a review paper [9] it was
asserted that decagonal quasicrystals in the Al-Ni—Fe
system are to be regarded as metastable. It was suggested
that the decagonal phase appears as an intermediate state
during the formation of Al,3(FeNi), from the liquid.
According to severa studies it is stable within a narrow
compositional range of Al711.717Nizs6.230F€43.53 [10-12].
In other works [13-15] D-phase is assumed to be
thermodynamically stable between 930 and 847 °C, and
on further cooling transforms to the mixture of three
crystalline phases. Besides, in the study [8] the formation
of a single decagona D-phase by rapid solidification is
reported to occur in the concentration range of Alzs.
70Nig9F€21. In papers [16-19] the formation of stable
D-phaseis confirmed aswell.

For any applications of quasicrystals, corrosion
resistance is of utmost importance. Therefore, the aim of
this paper is to investigate structure and corrosion
properties of as-cast Al-Ni—Fe aloys for chemical
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compositions set closely to the compositions, where the
quasicrystal decagona D-phase has been observed.

|. Experimental procedure

The adloys with nominal compositions of
Al Fe;sNiiz and AlsieNixFess were prepared of high
purity (99.99 pct.) auminum, nickel, and iron. These
elements were put in a graphite crucible and melted using
Tamman furnace. The cooling rate of the alloys was 50
K/min. The average chemical composition of the alloys
was studied by atomic absorption spectroscopy method
usng Srut CE®-01-M device. The aloys were
examined by light-optical microscope Neophot.
Quantitative metallography was carried out with
structural analyzer Epiquant. X-ray diffraction analysis
was done to identify the existing phases in produced
samples on an X-ray diffractometer JPOH-YM-1 with
CuK, source. The reactions involving the decagonal
quasicrystalline phase were investigated by means of
differential thermal analysis (DTA). DTA measurements
were carried out using open aumina crucibles. Two

a

heating and cooling curves were recorded for each
sample at a heating rate of 5K/min. Vickers
microhardness was measured by using a diamond
indenter under a 50 gf load. Corrosion behaviour was
investigated by gravimetric method in chloric, sulphate,
nitrate or orthophosphoric acidic solutions (pH = 1.0) for
1 to 4 hours and sodium chloride or sodium sulphate
saline solutions (pH=7.0) for 1 to 4days. The
polarization experiments were conducted by means of
171-50-1 potentiostat and 77P-8 programmer using three-
electrode electrolytic cell. Platinum was selected as
reference electrode, silver chloride — as working
electrode. While volt-ampere diagrams were registered, a
potential was scanned from its stationary value to the
cathodic or anodic region a the rate of 1.0 mV/s.
Corrosion and electrochemical tests were carried out at
the temperature of 20 + 2°C.

II. Experimental resultsand discussion

Al Fe;sNiyz alloy exhibits two-phase structure (Fig.
1). From X-ray diffraction patterns the investigated
samples consist of primary AlsFeNi phase separated by

b

Fig. 1. Microstructure of Al;,FesNiiz aloy: a —x 200; b — x 400.
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Fig. 2. Diffraction patterns of Al-,Fe;sNiy3 aloy: a —before DTA; b —after DTA.
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secondary quasicrystalline decagonal D-phase as shown pct. of a total alloy volume (Table 1). D-phase of
in Fig. 2. Thermal effects represented by DTA results  AlxFe;sNiyz aloy corresponds to a solid solution of

indicate the formation of D-phase at 930 °C and AlsFeNi nickel in AlgsFe4 (D-AlFe type) [7].
at 1070 °C (Fig. 3, ). Al71gNigFes, dloy consists of three phases

The volume fraction of D-phase reaches 32.0 vol.  identified as quasicrystalline decagonal D-phase,
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Fig. 3. DTA cooling curves of the following alloys: a —Al;xFe;sNiz; b — Al7ygNixsFes .
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Fig. 4. Microstructure of Al;;¢NixFes4 dloy: a —x 200; b —x 400.
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Fig. 5. Diffraction patterns of Al;;gNissFes 4 aloy: a —before DTA; b —after DTA.
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monoclinic Al13(Ni, Fe), phase, hexagona Als(Ni, Fe),
phase, orthorombic Al3(Ni, Fe) phase (Fig. 4). After
etching dark-colored quisicrystalline D-phase takes about
13.7 pct. of atotal alloy volume (Table 1).The described
phase composition is confirmed by X-ray investigations

microhardness of AlxFe;sNiiz aloy exceeds that of
Al716NixsFes, dloy (Table 1). Besides, measurements
showed that the decagonal D-quasicrystals of
Al Fe;sNiyz alloy possess a higher microhardness than
those of Al;qgNijsFes 4 aloy.

Table1

Summary of the quantitative metall ographic analysis and microhardness measurements
of the as-cast Al-Ni—Fe alloys

Allo D-phase volume D-phase microhardness, Total microhardness of
Y fraction, pct. GPa aloy, GPa
Al7,FesNiss 32.0+£0.1 10.8+1.33 10.1+£0.7
Al 6NiFes 4 13.7+£0.1 9.2+ 047 49+0.3
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1 1 2
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Fig. 6. Mass change per unit area vs. corrosion time for Al,FeisNiqs (@) and AlzgNixsFes4 (b) alloysin acidic
solutions (pH=1.0): 1 — H3POy; 2 —H,S0,; 3—HCI; 4 —HNO;,

Table?2

Relative mass change for Al,,Fe;sNiyz and Al gNissFes 4 aloys vs. corrosion time in saline solutions, %

Alloy Solution 7 ZCO”OS'O” time, dayss z
) 0.4 M N2,S0, 01 0.2 0.2 0.2
AlzzFersNiss 3.0M NaCl 0.0 0.0 0.0 01
) 0.4 M Na,S0, 0.0 0.1 01 01
AlzeNizsFess —3 5V NaCl 0.0 0.0 0.0 0.0

(Fig. 5). At 925-930 °C the decagonal phase was in
equilibrium with the liquid and Al3(Ni,Fe),, and at 875 —
885 °C with Al(Ni,Fe),, Alz(Ni,Fe),, and Als(Ni,Fe)
due to its decomposition to the mentioned three
crystalline phases upon cooling. A summary of the
reactions temperatures derived from DTA data is given
in Fig. 3, b. D-phase of Al;1¢NixsFes4 aloy corresponds
to asolid solution of iron in AlggNiyo (D-AINI type) [7].
Thus, analysis of the ascast Al FeisNijis and
Al716NixFes4 aloys revealed that some quantity of the
decagonal phase formed during solidification can remain
down to room temperature. These results point to the
possibility of extending the temperatura limits of the
decagona phase by cooling a 50 K/min. The volume
fraction of D-phase of Al;1gNisFes4 aloy is morethan 2
times higher than that of Al,,FeisNiyz aloy. The total

The composition and microstructure of the
investigated alloys are the key parameters defining their
corrosion and electrochemical behaviour. Fig. 6 shows
the results of the corrosion tests plotting mass change per
unit area vs. corrosion time in acidic solutions
(pH =1.0). The best corrosion performance in acidic
solutions exhibits Al;gNixFes, aloy for which
maximum mass loss in sulphate acid solution reaches
0.8mg/cm? for 4 hours. The poorer resistance to
corrosion shows Als,FesNiqz aloy for which maximum
mass |oss reaches 2.1 mg/cm? in orthophosphoric acidic
solutions. Both the alloys do not practically react with
chloric and nitrate acidic solutions.

The investigated aloys do not noticeably corrode in
Na,SO, and NaCl saline solutions (Table 2). Their colour
and mass do not essentially change. This may be
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Fig. 7. Polarization curves in 3.0 M NaCl solution
(pH=7.0) for the following alloys: 1 — Al;;Fe;sNiss; 2
— Al716NizzFes 4,

explained by transition of the alloys to passive state due
to nickel present in their composition.

The inertness of the investigated alloys in neutral
media may be substantiated by measuring stationary
potential (E) values by means of long-term registration of
(E, 1)—dependencies in 3.0 M NaCl solution (pH = 7.0).
The increase in nickel content from 13 to 23 at. % is
established to shift stationary potential to more positive
values from -0.55V to -0.46 V. These results indicate
that Al eNixFes4 dloy is more eectrochemicaly inert
than Al;,FesNis aloy.

The further polarization measurements were
conducted to determine electrochemical passivity zones
of the aloys beyond which water reduction with
hydrogen liberation takes place in the cathodic region or
alloy oxidation and oxygen emission proceed in the
anodic region. The polarization rate during the
measurements was 1 mV/s, i.e. (i, E)-dependencies for
both alloys were registered practicaly in stationary
conditions. As shown in Fig. 7, cathode current density
(i) for the alloys is equally started to increase at

potentials more negative than -1.0V. In the anodic
region of polarization curves, passivity zones disappear
a 047V for Al FesNijz aloy and a 0.32V for
Als16NixsFes, dloy. Thus, the increase in a nicke
content of the alloys promotes slowdown of anodic
process, with alloys becoming moreinert.

Conclusions

1. Quasicrystalline decagonal D-phase was observed
in the gructure of Al-Ni—Fe alloys with the compositions
of A|72Fel5Ni13 and A|71.6Ni23|:e;3,4 cooled at a rate of
50 K/min. The decagona phase was established to
exhibit two modifications (AlFe- and AlNi-based)
depending on the alloy composition. This phase of
Al Fe;sNiyz aloy is based on binary quasicrystalline
AlgsFers compound and at room temperature coexists
with crystalline hexagonal AlsFeNi phase, and D-phase
of Al716NixFes4 aloy is based on AlgNiy and coexists
with three crystalline phases as follows: monoclinic
Al3(Ni, Fe)4, hexagonal AlzNi,, orphorombic Als(Ni, Fe)
phases.

2. Al-Ni—e dloys do not essentially corrode in
neutral saline solutions and chloric or nitrate highly
acidic solutions. In sulphate and orthophosphoric acidic
solutions corrosion activity of the alloys is low and
decreases with increasing nickel content of the alloy due
to surface passivation. For Al FeisNiz aloy as
compared to Al gNixFes, dloy, stationary potential
values become more negative and electrochemica
passivity zone extends due to anodic processes
slowdown.
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O.B. Cyxoga, B.A. Ilonoucekuit, K.B. YcrinoBa

CTpYKTYpOYTBOpPEHHS Ta KOPO3iiiHi BJIaCTHUBOCTI
kBasikpucramiyaux cmiasiB Al-Ni—Fe

Jlninponemposcuokuii nayionanenutl ynisepcumem imeni Onecs I'onuapa, np. I'azapina, 72, m. JJuinpo,
Vpaina, 49010, agpkat@i.ua

JlocitipkeHO HpoLEecH CTPYKTYpPOYTBOPEHHsS KBa3IKPHCTAJIUHOI Ta CHIBICHYOUMX KpUCTaTidHUX (a3 i3
3aCTOCYBaHHSIM METOZIB ONTHYHOI Metanorpadii, PEeHTreHOCTPYKTYPHOrO, PEHTTCHO(IIOPECLEHTHOrO i
T epeHniabHOro0 TepMidHOro aHaniziB. KoposiliHi BJIACTHBOCTI CIUIaBiB JOCIIJDKYBAIN I'paBiIMETPUYHUM Ta
MOTEHLIOIMHAMIYHUM METOJAaMM B PO3YMHAX COJNEil Ta KMUCIOT 3a KIMHATHOI TeMIieparypu. BcraHoBieHO
¢dopmyBanHs 1BoX Momubikaniii nexaroHanbHOI kBasikpucramiuxoi ¢asu (AlFe- i AINi-tum) 3anexHO Bif
ckirany. B cmmaBi Al7NijgFe s Bona criBicHye 3 MonokiiHoo dasoro AlsFeNi, a y crmasi AlzygNigFes, — 3
kpucraniuaumu dazamu Alz(Ni,Fe)s, Als(Ni,Fe), i Alx(Ni,Fe). TTokazano, 1m0 cTabiibHICTh KBa3iKpUCTAIIYHOL
JiekaroHanbHoi (asu 10 KIMHATHOI TemIiepaTypu Moxke OyTum moB's3aHa 3 ii HENOBHMM pO3NAZOM IpH
oxosomkerHi 31 mBuakictio 50 K/xB. O6’ eMHuit BMmicT aekaronanbHol ¢asu y cruiasi Al7oNijgFes Ginbin Hixk y
IBa pa3u mnepeBuinye BmicT wiel ¢asu y cmiaBi Aly;gNigFes,. Bin ckiamy cmmaBy Takox 3aleXHTh
MIKpOTBEpAICTh, IPUYOMY 3aranbHa MikpoTBepaicTh ciuiaBy Alz,NijsFes cyrTeBo Buina. ¥V po3uMHax KHCIOT
HaliBUIly KOpo3iiiHy crilikicTs Mae criaB AlzgNigFess. Y posunHax conel TOCHiDKeHI CIulaBu Maibke He
KOPOJYIOTb. 3aJIe)KHICTh HMMTOMOI 3MIHM Macd 3pa3KiB BiJi 4acy Koposii Mae mapaGoniunuil xapaxrep. [Ipu
nepexoni Bix cmiaBy AlzFesNijz no craBy Al eNigFes, cramionapruii enekTpoximiyHuil HOTeHUian y
posunni 3,0 M NaCl mae MeHII BiX €MHi 3HaueHHs, a 30HA €JEKTPOXIMIYHOI NACHBHOCTI PO3IIMPIOETHCS 3
PaxyHOK rajbMyBaHHs aHOIHMX HpoueciB. OOHIBa JOCHIIKEH] CIUIaBU NEPEXOIATh y MACHUBHUI CTaH y LIbOMY
PO3uMHi.

Korouosi cioBa: nexaroHanbHa (a3a, MIKpOCTPYKTypa, KOpO3iiiHa HOBeAiHKA, CTalliOHAPHWI IOTEHIall,
30HA €JIEKTPOXiMIYHOI TACHBHOCTI.
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