/

re-

\

You have downloaded a document from
RE-BUS
repository of the University of Silesia in Katowice

Title: Relationship Between the Thermodynamic Parameters, Structure, and
Anticorrosion Properties of Al-Zr-Ni-Fe-Y Alloys

Author: R. Babilas, W. Lonski, K. Mtynarek, Anna Bajorek, A. Radon

Citation style: Babilas R., Lonski W., Mtynarek K., Bajorek Anna, Radon A. (2020).
Relationship Between the Thermodynamic Parameters, Structure, and Anticorrosion
Properties of Al-Zr-Ni-Fe-Y Alloys. "Metallurgical and Materials Transactions A" (25
May 2020), doi 10.1007/s11661-020-05833-x

Uznanie autorstwa - Licencja ta pozwala na kopiowanie, zmiemanie,
|® (®) rozprowadzanie, przedstawiane 1 wylconywanie utworu jedynie pod wanmnlasm
pznaczema autorstwa.

YTET SLASKI [N Biblioteka N Ministerstwo Nauki
WH

== Uniwersytetu $laskiego i Szkolnictwa Wyzszego



Relationship Between the Thermodynamic ®

Check for

Parameters, Structure, and Anticorrosion Properties

of Al-Zr-Ni-Fe-Y Alloys

R. BABILAS, W. LONSKI, K. MLYNAREK, A. BAJOREK, and A. RADON

The influence of the chemical composition on the crystallization process, amorphous phase
formation, and the anticorrosion properties of Al-Zr-Ni-Fe-Y alloys are presented. To reduce
the number of experiments, a thermodynamic approach was applied in which the entropy and
Gibbs free energy of representative alloys were optimized. The low glass-forming ability of
Al-Zr-Ni-Fe-Y alloy systems was related to the crystallization of the Al;Zr phase from the melt.
The structural analysis showed that phases containing Ni and Fe, such as Al;9NisY3, AljgFe,Y,
and Al»3NigYy, played a key role in the formation of amorphous alloys. According to this, the
simultaneous addition of Ni/Fe and Y is important to prevent the crystallization of Al-based
alloys in the melt. The formation of an amorphous phase in AlgygZrsNisFesYs alloys and the
complete amorphization of AlgsNisFesYs alloys were responsible for the high corrosion
resistance compared with fully crystalline alloys. Moreover, the addition of Y had a significant
impact on the anticorrosion properties. The XPS results showed that the alloys tended to form a

passive Al,O; and Y,0; layer on the surface.
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I. INTRODUCTION

LIGHTWEIGHT alloys are mainly applied in the
aerospace industry where high strength and low density
are required. The application of conventional aluminum
alloys is limited due to their relatively low strength,
which is insufficient for advanced structural applica-
tions.!"!. Particular attention has been paid to aluminum
alloys whose structure and properties can be improved
by rapid solidification (RS). Al matrix alloys produced
by RS are characterized by their non-equilibrium
phases: amorphous single phase, partially crystallized
particles in an amorphous matrix, quasicrystalline
structures consisting of quasicrystals in an Al matrix
without a grain boundary, and granular amorphous
phases of aluminum with or without a surrounding
amorphous phase.l'*¥ Bulk metallic glasses (BMGs) are
an interesting group of materials produced by RS, and
Al-based BMGs (AI-BMGs) are a promising group of
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engineering materials that have good mechanical prop-
erties with a combination of a high strength and a low
density.”)  BMG production techniques include
melt-spinning, water quenching, copper mold casting,
and arc melting."¥ High-pressure casting also produces
an amorphous surface layer on aluminum alloys.!) The
formation of an amorphous phase requires that mate-
rials have a glass-forming ability (GFA), which states
that alloys should contain more than three elements with
>12 pct atomic size differences and negative mixing
enthalpy.'® These empirical rules for conventional BMG
alloys are different for most amorphous Al-based
alloys.®” In many cases, AI-BMGs require a higher
critical cooling rate (10° - 10° K/s) than typical bulk
metallic glasses. Poon e /'™ indicated that a high GFA
in aluminum alloys can be achieved by slowing the
atomic diffusion, optimizing the entropy between a
supercooled liquid and crystal, as well as a low liquidus
temperature to reduce the cooling rate before vitrifica-
tion occurs. The GFA of several amorphous Al-BMGs
has been verified in many systems prepared bg/
melt-spinning, including  Al-Y-Fe,”) ~ AI-Ni-zr,!'"
Al-Fe-Zr,' Al-Fe-y ' ALY-Ni " Al-Ni-Fe,!'!
AI-Ni-Y, P Al-Ni-Fe-Gd," and Al-Ni-Y-Co-Fe.I'”
The composition of an Al-La-Fe-Ni alloy produced by
spark plasma sintering exhibited a partly amorphous
structure (i.e., Algg-Lag-Fes-Nis).'®! Quasicrystals with a
volume fraction of 30 pct were identified in AlgsNisYy
Co,Fe, produced by gas atomization.!'”!


http://crossmark.crossref.org/dialog/?doi=10.1007/s11661-020-05833-x&amp;domain=pdf

In order to obtain nanocrystalline structures and
high-quality alloys with aluminum matrixes, the chem-
ical composition, atomic diameters, atomic pair inter-
actions, and liquid temperature must be carefully
considered.® Aluminum alloys containing rare earths
(RE) and transition metals (TM) are characterized by
high mechanical strength and wear and corrosion
resistance.['”) The combination of Al-Zr-Ni-Fe-Y gives
rise to properties demanded in structural metals due to
the addition of alloying elements which influences the
structural and mechanical properties.”” Al+TM+RE
systems containing partially crystallized phases in an
amorphous matrix were used to form a nanocomposite
with outstanding mechanical properties.['” Zirconium
addition to Al-Zn-Mg alloys resulted in the formation of
a coherent Al;Zr phase whose precipitation was respon-
sible for improving the mechanical properties and
corrosion resistance, as well as grain refinement and
resistance to recrystallization.*!) The addition of nickel
improved the hardness, compression, and flexural resis-
tance due to the distribution of intermetallic Al3Ni in
the Al matrix.?” The addition of iron can increase the
strength of an alloy. Sasaki er al.*? indicated that a
nanocrystalline AlgFe phase formed in bulk Al-Fe alloy
samples formed by spark plasma sintering. Further-
more, literature data describe the beneficial effects of
rare-earth elements like yttrium on the mechanical
properties.”” Al-based alloys with optimized chemical
compositions have shown high strength, low density,

o . . . [16,73]
good ductility, and high corrosion resistance.
Al-based BMGs have demonstrated tensile strengths
above 1000 MPa, which is two times higher than
conventional aluminum-based alloys.') Moreover, the
mechanical properties of many AI-BMGs can be
improved by forming composite materials containing
crystalline fcc Al particles in an amorphous matrix.['®!

The aim of this work was to identify the structure of
Al-Zr-Ni-Fe-Y alloys whose compositions were exper-
imentally determined using thermodynamics calcula-
tions. The predicted compositions necessary to obtain a
glassy structure were determined using parameters
connected to entropy and the Gibbs free energy of

.. [24] .
mixing. The use of a thermodynamics approach
allowed the number of experiments to be reduced, the
crystallization mechanism to be determined, and to
describe the effect of all chemical elements on the
formation of an amorphous phase. Structures were
investigated using X-ray diffraction and light micro-
scopy. Electrochemical corrosion resistance tests were
also performed using the potentiodynamic method.
Additionally, X-ray photoelectron spectroscopy (XPS)
was used to investigate the passivation of alloys.

II. MATERIALS AND METHODS

A. Thermodynamic Calculations

In these studies, the chemical composition of Al-Zr-
Ni-Fe-Y alloys was determined based on the optimiza-
tion of entropic thermodynamic parameters associated
with entropy. For this purpose, the configuration

entropy (AS®°"€), mismatch entropy (AS™"), and the
sum of these entropies (AS*"™) were calculated accord-
ing to Egs. (1)~(8). Moreover, the mixing contribution
was taken into account by calculating the Gibbs free
energy of mixing according to Egs. (9)—(11). The
maximization of entropy should lead to obtaining alloys
with unique structures and properties.

The configurational entropy was determined based on
Boltzmann’s hypothesis concerning the relationship
between entropy and chemical composition!>>2*!:

AS™ME = —R) " ¢ilng; 1]
i=1

where R is the gas constant and ¢; is the concentration of
the i-th chemical element.

The second parameter, mismatch entropy, was calcu-
lated according to the equations used by Takeuchi and
Inoue, using the gas constant instead of Boltzmann’s
constant!?);

AS™S = RB (&= 1w +%(C —1)’n
2]
_{%(C— (- 3) +lnC}(1 —J%)}
1
(=1— 3]
3
n=L S @ra)a-ayies W
1=
o’ 3 2
=y Y didi(di—d) e 5]
07) j>1=1
)’
V3= 50322 6]
3
ak:ZCfdf;k:273 [7]

i=1

where ¢ is the packing fraction (0.64 for dense random
packing) and d; and d; are the atomic diameters of
chemical elements i and ;.

The sum of both, the configurational and mismatch
entropy, was expressed as follows:

ASSUM — ASconfig + ASmis [8]

The Gibbs free energy of mixing (Eq. 9, 10, and 11)
was determined based on the calculated entropies and
chemical enthalpy of mixing (AH™) of amorphous
alloys calculated from Miedema’s model using the
Miedema Calculator for enthalpy of amorphous
alloys[30*33]:
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AGmix,conf — AHmix _ TASconﬁg [9]
AGmix,mis _ AHmix _ TASmiS [10]
AGmix,sum — AHmix — TASSUm [1 1]

where T is the average melting temperature calculated
according to equation (12):

n
T= ZciTm,i [12]
i=1

where T, ;is the melting temperature of pure element i.

The optimization process was carried out in Microsoft
Office Excel Solver tool using the Evolutionary Solving
Method for non-smooth optimization problems. The
alloy composition was varied until the optimum was
reached. Since objective functions were used (Egs. [1],
[2], 8], [9], [10], and [11]), the function variables were the
atomic concentration of elements, with some restric-
tions: (a) at. pct of Al > 80 and < 100, (b) at. pct of Zr,
Ni, and Fe, Y < 10 and = 0. The algorithm parameters
are listed in Table I.

The chemical composition of Al-Zr-Ni-Fe-Y alloys,
along with their calculated thermodynamic parameters,
are listed in Table II. The optimized parameters are in
bold.

The calculations show that the chemical composition
determined based on the minimization of AG™ *"™ and
AG™* ™% was nearly the same. Therefore, five alloys
were chosen for further analysis:

e AlgyZrsNisFesYs, in which all alloying additives are
at the same atomic concentration,

Table I. Evolutionary Algorithm Parameters Used to
Optimize the Values of Thermodynamic Parameters

Parameter Value
Convergence 0.0001
Mutation Rate 0.075
Population Size 1000
Random Seed 0
Maximum Time Without Improvement [s] 30

e AlggZroNigFe gY o, which contains only Fe and Y
additives,

L4 A1802r4.7Ni4.39Fe4.27Y6_64, with a hlgh Conﬁgura-
tional entropy; however, the atomic concentrations
are not the same,

(] A1802r9‘97Ni2_15FC()_06Y7.82, in which Zr and Y are
favorable, but Ni is also present, and

L] Algozr9'97Ni0'03FeoY|0, in which Zr and Y are the
main alloying additives.

These five alloys were used to investigate the influence
of Zr, Ni, Fe, and Y on the formation of an amorphous
phase, as well as the crystallization of unconventional
Al-based alloys.

B. Experimental Methods

The master alloys were prepared by the induction
melting of Al, Zr, Fe, Ni, and Y (99.9 pct) under an
argon atmosphere in a ceramic crucible. The ingots were
melted to ensure homogeneity. Then, plates with a
thickness of 1 mm were cast using a high-pressure die
and ribbons melt-spinning method."”!

The phase identification and structural verification of
the samples were performed using X-ray diffraction
(XRD). All samples were formed into a powder, and
XRD patterns were recorded using a Rigaku Mini Flex
600 equipped with a copper tube as an X-ray radiation
source and a D/TEX strip detector. Differential thermal
analysis (DTA) was performed using a NETSCH
Jupiter STA 449 F3 thermal analyzer. The DTA curves
were recorded at a cooling rate of 20 K/min under a
protective argon atmosphere. The microstructure of the
master alloys and plates was analyzed using a Zeiss Axio
Observer light microscope. Weck’s reagent was used as a
color etchant to reveal the structure of alloys. For this
purpose, 4 g of KMnO, and 1 g of NaOH were dissolved
in 100 mL of distilled water. The etching process was
conducted at room temperature using an etching time
from 30 to 40 seconds.

The surface structures of AlgyZrsNisFesYs, AlgoZry
NioFeloYlo, and Algozr9.97Ni2‘15F60‘06Y7_82 ribbons
were determined using X-ray photoelectron spec-
troscopy (XPS) in the depth profile mode, using a
Physical Electronics (PHI 5700/660) spectrometer work-
ing under an ultra-high vacuum (10~° Torr), and a
monochromatic Al Ko X-ray source (1486.6 ¢V). XPS

Table II. The Chemical Compositions of Alloys Determined Based on the Maximization of Entropy and Minimization of the
Gibbs Free Energy of Mixing

Chemical COI’I’IpOSitiOI’l ASconﬁg ASmis ASsum AGmix, conf AGmix, mis AGmix, sum
AlgoZroNigFe oY 1o 5.31 1.45 6.76 — 27.68 — 2341 —-29.29
AlgoZr,4 Nig 30Fes 7Y 604 6.4 1.13 7.57 ~ 33.78 —27.84 — 35.04
A1802r9A97Ni2'15Feo_06Y7A82 5.78 1.03 6.81 — 38.50 — 33.1 — 39.67
A1802r9'97Ni0>03F60Y10 5.33 1.11 6.44 — 38.29 — 3348 — 39.60
AlggZroNigFeyY 1o 542 1.13 6.55 — 38.62 — 33.71 —39.90
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samples were held under vacuum (10~° Torr) for 12 h,
and survey spectra were measured with a pass energy of
187.85 eV. Depth profile (DP-XPS) analysis was carried
out using a 1.5 kV Ar " beam for 15 minutes, sputtering
in intervals between measurements. The collected data
was analyzed using MultiPak 9.2 software, which
contains an internal reference database, and also com-
pared to the NIST XPS database.

Electrochemical measurements were conducted in 3.5
pct NaCl solution using an Autolab 302N potentiostat
equipped with a three-electrode cell and controlled by
NOVA software. A saturated calomel electrode (SCE)
was used as the reference electrode and a platinum rod
as the counter electrode. The corrosion resistance was
evaluated by recording the open-circuit potential (Egcp)
variation versus SCE. Samples were measured after a
period of open-circuit potential stabilization for 3600
seconds and a scan rate of 1 mV s~'. The corrosion
potential (E.o.,), corrosion current density (jeorr), and
polarization resistance (R,) were also determined
according to the Stern-Geary method:

BBl 1B
Jeot = 330306, + B Ry Ry’ 13

where f,, is the anodic and f. is the cathodic Tafel slope
calculated from Tafel extrapolation.?*) The corrosion
rate (veorr) based on the corrosion current density was
also calculated. The surface morphology of samples in
the as-plated state after polarization tests was observed
by using a ZEISS SteREO Discovery V.12 light
microscope.

III. RESULTS AND DISCUSSION

Figure 1 presents the XRD patterns of Al-based
alloys in the as-cast state (a) and plate form (b).
Table IIT summarizes the information of the phases
identified in all alloys, which shows that upon increasing
the Zr content, Al;Zr phase became the dominant phase
in all alloys. Moreover, in alloys in plate form, new
phases such as NizAl and AINi»Zr were observed, which
were associated with non-equilibrium crystallization
under the higher cooling rate. After casting the alloys
in plate form, all diffraction peaks broadened due to
microstructure fragmentation. Moreover, the intensity
of the Al3Zr peak in the alloys with a higher Zr content
significantly decreased (especially the intensity of the
diffraction peak at 20.5° corresponding to the (0 0 4)
lattice plane).

To confirm changes in the microstructure, optical
microscopy images (Figure 2) of alloys were recorded
after color etching, which reveals phases due to their
different behavior when treated with Weck’s reagent.
This analysis showed that the light gray grains in the
form of short plates were associated with the presence of
the AlsY phase, whereas the dark gray grains in the
form of long, well-crystallized plates were Al;Zr phase.
The brown grains were related to phases containing Al
with Fe or/and Ni and the observed shades are related to
the concentration of these elements in the phases. An

T T T T T T T

Intensity (a.u.)

1 AlgoZrNi Fe,Y, T

10 20 30 40 50 60 70 80 90
2Theta (deg)

C))

] AlgyZrg o7Nig g3F€Y1q ]
] AlgyZrg o7Nij 15F € 06Y7 52 ]
] AlgZry ;Niy 30F e, 27Y 6 64 ]
] AlyyZrNigFe,Yq ]
1 Al Zr NigFe,Y; 7

Intensity (a.u.)
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Fig. I—XRD patterns of alloys in the as-cast state («) and in the
form of plates (b).

aluminum solid solution was observed between the
intermetallic grains. The microscopy images of the cast
plates confirmed the fragmentation of the structure. All
phases existed in the form of needles between which
existed aluminum.

To test the glass-forming ability of the prepared
multiphase alloys, the alloys were remelted and cast in
the form of ribbons by the melt-spinning method. Based
on the XRD pattern analysis (Figure 3), the main
crystalline phases in alloys cast in the form of ribbons
were identified and are listed in Table IV. The opti-
mization of both the configurational and mismatch
entropy allowed alloys to be obtained in the shape of
ribbons in which the main phase was an amorphous
matrix that contained Al;Zr crystallites. No amorphous
phase was detected in other alloys, but very broad
diffraction peaks were observed in their XRD patterns.
Thus, it can be concluded that a high entropy is
responsible for the formation of a stable amorphous
phase; however, the chemical composition is also an
important parameter. As can be seen, the addition of
zirconium resulted in the crystallization of the Al;Zr
phase. Therefore, this phase negatively influences the
formation of an amorphous phase in Al-based alloys.
On the other hand, the addition of 10 at. pct Fe and Y
did not lead to the formation of an amorphous phase;

METALLURGICAL AND MATERIALS TRANSACTIONS A



Phases Identified Based on the XRD Patterns for As-Cast Alloys and Alloys Cast in the Form of Plates

Table III.

Identified Phases (Alloys in Form of Plates)

Identified Phases (As-Cast State)
19Ni5Y3 + A13ZI' +Al+ A110F62Y + A15Ni2Zr

10F€2Y + A13Y + Al

Chemical Composition
gozrsNi5F65Y5

Optimized Parameter

A Sconﬁg
A Smis

+ FeAl+ A13ZI'+ A112_59F66_41+ AlleZr

10F€2Y + A13Y + Al
3ZI' +Al+ A123Ni6Y4 + AlgFeojNilj

3Zr + A13Y+ Al+ AlzZI“‘l‘Nl:f,Al

3ZI' + A13Y+ A1+AIZr2

— o —

A
A
A
A
A

3Zr +Al+ A123Ni6Y4 + Al]oFCzY
3Zr + A13Y + A123Ni(,Y4
3Zr + A13Y + Al

—

80Z147Niz 30F€427Y 6 64
80Z19.97N1 15F€0. 06 Y 7.82
80ZT9.97Nig 03FegY 1o

80ZroNigFe oY 19

— — — — —

ASSUm
AGmix, conf
AGmix mis
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therefore, the addition of a third element, such as nickel,
is also important to this process.

To understand this phenomenon, AlgsNisFesYs was
prepared. The XRD patterns of this alloy in the as-cast
state and in the form of plates and ribbons are presented
in Figure 4. Two main phases, Al and Al,;NigY4, were
identified in the XRD patterns of the as-cast alloy and in
the form of a plate, as well as a third phase, AljgFe,Y.
Significant structure changes can be observed for this
alloy when cast in the form of a plate. Al was still
present, but diffraction peaks from other phases disap-
peared, which were associated with the formation of
metastable phases. Moreover, the alloy prepared by
melt-spinning displayed an amorphous structure with an
asymmetric diffraction halo associated with short-range
disorder corresponding to the (1 1 1) and (2 0 0) lattice
planes, respectively.

Finally, the crystallization mechanism of this new
group of Al-Zr-Ni-Fe-Y alloys was proposed based on
the DTA curves (Figure 5). Structural analysis was
performed and is schematically presented in Figure 6.
As previously stated, the low glass-forming ability of
alloys containing Zr was due to the formation of the
AlsZr phase, which has a high melting temperature.
Therefore, this is the first phase formed from the liquid
state. Afterward, the Al;Y phase is formed between
grains of this phase. The melting temperature of this
phase is much lower than the Al;Zr phase; therefore,
alloys containing yttrium are much more likely to
undergo amorphization than those with zirconium.
Moreover, the melting of this phase decreased strongly
upon decreasing the Y content. After crystallization of
these phases, the phases containing Fe and Ni crystal-
lized in the grains. These phases have a much lower
melting temperature than the ALY phase. In the last
step, residual Al crystallizes with other elements in the
solid solution and forms a matrix, in which the other
phases are embedded. Therefore, the alloys without Zr
can form an amorphous state by terminating the
crystallization of the highlymelting Al;Zr phase. More-
over, the formation of phases with Ni and Fe, such as
AlgNisY3, AljgFe,Y, and Aly3NigYy, plays a key role in
the formation of amorphous alloys. Atoms in high-en-
tropy alloys cooled at a high rate cannot migrate to form
these phases; therefore, an Al-based amorphous phase
containing Fe, Ni, and Y was formed.

The XPS survey spectrum for the surface of the
AlgoZrsNisFesYs ribbons is presented in Figure 7. The
characteristic peaks (O 1s, C 1s, Al 2s, Ni 2p, Y 3d, Y
3p, Ca 2p, Fe 2p, Y 3s, Zr 3d, Al 2p, O 2s) and Auger
spectrum (for O KLL and C KLL) were identified. High
intensities relative to the binding energy of oxygen may
indicate the formation of a passive layer in the analyzed
ribbons. The XPS depth profiles for AlggZrsNisFesYs
ribbons are shown in Figure 8. As the sputtering time
and depth increased, the analyzed material showed a
significantly lower C 1s intensity, which may indicate the
presence of carbon from the atmosphere. In the case of
O 1s, an increase was observed in the initial part of the
test and a decrease after 20 minutes of analysis, which
may indicate the presence of oxygen in the passive
layers. As the depth of the tested material increased, the



AlgoZroNigFeioY1o

&

AlgoZr47Niy30Fe427Y .64

()

AlgoZrs,97Nip.03FeoY 10

Fig. 2—Optical microscopy images of all alloys in the as-cast (top image) state and plate form (bottom image); (a) AlgoZrsNisFesYs, (b)
AlgoZroNigFe0Y 10, (¢) AlgoZry 7Nis30Fe427Y 664 (d) AlgoZrg 97Niz 15F€0.06Y7.82, and () AlgoZro.97Nig.03FeoY 1.

Al, Fe, and Ni contents were higher. Figure 9 presents
the XPS narrow-scan spectra of Al 2p, Zr 3d, Y 3d, Ni
2p, Fe 2p, O 1s, and C Is, respectively. In the obtained
spectra, the peak intensity on the surface increased only
for Al 2p, Y 3d, and O 1s, and a contaminant C 1s peak.
These results indicate the formation of a Fassive layer of
ALO; and Y,05;. The literature data®®! concerning
Al,Oj3 passive layers indicates that diffusion occurs more
easily in ribbons than in conventional crystalline alloys.
The XPS spectra of AlgozroNioFeloYlo and Algozr9'97
Ni2.15FC0.06Y7.82 were similar.

Electrochemical studies were used to measure the
stationary open-circuit potential as a function of time,
and the polarization curves are shown in Figure 10. The
results of the open-circuit potential (Eocp), corrosion
potential (Eq), polarization resistance (R,), corrosion
current density (jeorr), and corrosion rate (v.,..) for
ingots, plates, and ribbons are listed in Tables V, VI and
VII, respectively. The results indicated that changing the
cooling rate affected the open-circuit potential and
corrosion potential. These values were compared to
assess the corrosion resistance between individual alloys

METALLURGICAL AND MATERIALS TRANSACTIONS A



under the same conditions, which is described in the
literature.?%*”) The Eocp values were the highest for
ribbons in all compositions except AlgyZrgo7Nis 15
FCO.06Y7'82 and A1802r9,97Ni0.03FeoY10, whose plates
had more positive values. The polarization curves show
that the corrosion potentials (E.,;) were the highest in
the ribbons of all studied alloys. The polarization
resistance (Rp) values were higher for ribbons in
compositions:  AlggZrsNisFesYs 11.1 chm2),
Algozr9'97Ni2.15F60.06Y7'82 (48 kQcm ), and A185Ni5
FesYs (11.2 chmz); for ingots: AlggZroNigFe oY ¢
(34.6 kQcm?), AlggZrs 1NigsoFes»7Ys6a (10.2 kQecm?),
and AlgyZre o7Nig 03FeoY 1o (2.4 kQcm?). The corrosion
current densities (joor;) Were the lowest in ribbons:
AlgtoSNiSFCSYS (1 .58 ,U,A/sz), AlgoZr447Ni4i39
Fes27Yg6a (1.99 pAjem?), AlggZro 97Nig 03FeqY 19 (4.02
pAjem?), and AlgsNisFesYs (1.08 pA/cm?); for ingots:
AlgozroNioFeloYlo (045 ,uA/sz) and A180Zr9.97Ni2415
Feo.o6Y 752 (2.12 pA/em?). The effect of the cooling rate
between plates and ribbons was also determined based
on the calculated corrosion rates. AlgyZrsNisFesYs,
AlgoZrg 97Niz.15Fe0.06Y 782, AlgoZre 97Nig o3FegY 19, and
AlgsNisFesYs showed lower ve,, values, which was
related to their higher corrosion resistance. Figure 11
presents the surface morphology of plates after electro-
chemical tests. The effect of galvanic microcells was
observed due to the presence of multiple phases and
structural defects in the crystalline structure. The
brighter and darker areas indicated the activity of
individual phases with corrosion potentials that are
different than Al. According to the electrochemical tests,

T
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Fig. 3—XRD patterns of alloys in the form of ribbons with Al;Zr
phase marked.

the greatest surface damage as indicated by the highest
Veorr values was observed for Algozr9.97Ni2'15F60'06Y7'82
and Algozr9‘97Ni0_03FeoY10 plates.

The highest corrosion resistance, including a low
corrosion current density and polarization resistance,
was observed for ribbons of AlgyZrsNisFesYs and
AlgsNisFesYs. The literature data®® highlights the
possibility of improving the corrosion resistance of
magnesium alloys (i.e., Mg-Nd and Mg-Y alloys) by
using rapid solidification processes. Moreover, Das and

Davis?®”! indicated the influence of rapid solidification

4 I ' AI’ AI.

Al Al T
/\/\____—m
B plate -

as-cast |
10 2|0 3'0 4'0 5;0 GIO 7|0 8ID 90
2Theta (deg)

C))

Fig. 4—(a) XRD patterns of AlgsNisFesYs alloy in the as-cast state,
in the form of plates and ribbons; (b) optical microscopy images
recorded for the as-cast alloy (top) and in plate form (bottom).
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Fig. 5—DTA cooling curves recorded for all alloys in the as-cast
state with the marked temperature ranges corresponding to the
crystallization of phases identified in the XRD patterns (Al-ss =
aluminum solid solution).

Table IV. Phases Identified for Alloys in the Form of Ribbons (the Main Phases are in Bold)

Optimized Parameter

Chemical Composition

Identified Phases

ASCO'nﬁg AlgoZr5Ni5F65Y5

ASmlS AlgOZrONiOFe10Y10

AS® ufn AlgyZry 7Nig 30Fe427Y 6,64
AG™ ont AlgoZry 97Niz 15F€0.06 Y 7.52
AG™ M Algozr9_97Ni0_o3FeoY10

Amorphous + Al;Zr + Al+ AINi, Y,
AlloFezY + Al+ A13Y

Amorphous+ Al;Zr + Al+ Feq;Ni; 3Alg
AlZr +AlZr+ Al

Al;Zr +AlY + Al
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Fig. 6—Schematic representation of the crystallization process of
Al-Zr-Ni-Fe-Y alloys: (a) melted alloy, (b) AlzZr phase crystallized
from the liquid state, (¢) Al3Y phase crystallized on the surface of
Al3Zr phase, (d) formation of AI(Ni, Fe) phases, (¢) crystallization
of residual Al.
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Fig. 7—XPS survey spectrum of the surface of AlgyZrsNisFesYs
ribbon.

on the corrosion resistance of Al-TM. Homogenization
of the structure has been shown to prevent the forma-
tion of galvanic microcells and create protective surface
layers in a fully amorphous AlgsNisFesYs alloy.["!

60 —
| Al Zr NiFe,Y,

Atomic concentration (%)

O———7F——T T 7T T T T T T
0 20 40 60 80 100 120 140 160 180

Sputter time (min)
Fig. 8—XPS depth profiles of AlgyZrsNisFesY's ribbon.

However, for AlggZrsNisFesYs, which contained addi-
tional crystalline phases, the lower corrosion rate due to
thermodynamic stability was achieved due to partial
crystallization.*!4?

IV. CONCLUSIONS

In this study, we investigated the possibility of using a
thermodynamic approach to determine the chemical
composition of Al-based alloys containing Zr, Fe, Ni,
and Y. The results confirmed that the optimization of
different entropic parameters could be used to describe
the crystallization mechanism as well as the glass-form-
ing ability of these alloys. It was concluded that the
addition of zirconium negatively impacted the GFA,
which was related to the formation of the AlZr phase.
The results also indicated the formation of an amor-
phous phase in Al-based alloys containing transition
metals such as Fe, Ni, and Y due to their high entropy in
the liquid state. The high entropy prevented the crys-
tallization of Al]gNi5Y3, AlloFCQY, and A123Ni6Y4
phases, which manifested in the formation of a
metastable amorphous structure. XPS analysis showed
a tendency to form a passive layer of Al,O; and Y,O3
that confirmed an easier passivation process for ribbons.
The electrochemical tests revealed that the high cooling
rate shifted the open-circuit potential and corrosion
potential to more positive values. The best compositions
from a corrosion resistance perspective were AlgyZrs
Ni5FC§Y5 and A185Ni5F€5Y5 ribbons. The
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Fig. 10—Variation of the open-circuit potential with time (a, ¢, e, g, i, k) and polarization curves (b, d, f, h, j, /) in the as-cast state, in the form
of ribbons and plates in 3.5 pct NaCl solution at 25 °C.
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Table V. Polarization Tests of As-Cast State Ingots in 3.5 Pct NaCl Solution

Eocp [V] (£ Ecorr [V] (£ R, [chmz] (+ Jeorr [.UA/CmZ] (£ Veorr [mm/year]
As-cast state 0.01) 0.01) 0.1) 0.1) (£0.01)
AlggZroNigFe zY 1o — 0.984 — 0915 34.6 0.45 0.02
Algozr4_7Ni4_39Fe4_27Y6_64 — 0.758 — 0.749 10.2 4.78 0.16
A1802r9A97Ni2'15FCO.06Y7A82 —0.784 — 0.745 3.0 2.12 0.08
Algozr9'97Ni0'03FeoY10 — 0.886 — 0.894 2.4 6.81 0.25
AlgsNisFesYs — 0.855 — 0.857 4.6 1.63 0.05

Table VI. Polarization Tests of Plates in 3.5 Pct NaCl Solution

EOCP [V] (:t Ecorr [V] (:l: Rp [kQsz] (:l: jcorr [“A/sz] (:l: Veorr [mm/year] (:l:
Plates 0.01) 0.01) 0.1) 0.1) 0.01)
AlggZrsNisFesYs — 0.711 — 0.519 6.3 2.27 0.08
AISOZrONiOFGIOYIO —0.738 — 0.688 3.1 1.24 0.04
A1802r4A7Ni4_39F€4(27Y6A64 — 0.694 — 0.537 4.9 2.11 0.07
Algozr9.97Ni2'15FCO.06Y7'82 —0.714 — 0.668 0.4 6.61 0.24
A1802r9A97Ni0'03F60Y10 —0.713 — 0.688 0.4 8.83 0.33
AlgsNisFesYs — 0.819 —0.759 0.6 3.46 0.11

Table VII. Polarization Tests of Ribbons in 3.5 Pct NaCl Solution

EOCP [V] (:i: Ecorr [V] (:i: Rp [kQC]‘nZ] (:i: jcorr [,UA/CmZ] (:i: Veorr [mm/yeaf] (:l:
Ribbons 0.01) 0.01) 0.1) 0.1) 0.01)
AlgoZrQNioFeloYlo —0.731 — 0.632 3.1 3.51 0.12
AlgoZr4'7Ni4‘39FC4‘27Y6.64 — 0.519 — 0.495 9.3 1.99 0.07
A1802r9A97Ni2'15F€0_06Y7A82 —0.717 — 0.582 4.8 2.61 0.09
A]gozr9.97Ni0'03F60Y10 - 0.721 — 0.598 1.4 4.02 0.15
AlgsNisFesYs — 0.538 — 0.461 11.2 1.08 0.04
homogenization of the structure, which prevented the also achieved in AlgyZrsNisFesYs, in which AlZr
formation of galvanic microcells, was observed in nanocrystallites were embedded in the amorphous
amorphous AlgsNisFesYs. Moreover, the reduction in matrix.

the corrosion rate due to thermodynamic stability was
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Fig. 11-—Surface morphology of (a) AlgeZrsNisFesYs, (b)
AlgoZroNigFe oY 10, © AlgoZry 7Nig 30Fe427Y 6,645 (d)
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AlgsNisFesYs alloys in the form of plates after polarization tests in
3.5 pct NaCl solution at 25 °C.
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