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Abstract. Al-Y-Fe amorphous and nanocrystalline alloys are characterized by a unique collection of diverse properties that are influenced by
various factors, including heat treatment. In this paper, the effect of heat treatment on the structural changes and selected properties of Al-Y-Fe
metallic glasses in the as-spun state is investigated. The structure of the AlggY7Fes and AlggY¢Feq alloys was examined by means of X-ray
diffraction (XRD) and Mossbauer spectroscopy (MS). Corrosion resistance of the samples was characterized using polarization tests in a 3.5%
NaCl solution at 25°C. The effect of sodium chloride on the surface was studied with scanning electron microscopy (SEM) and energy-dispersive
spectroscopy (EDS). The magnetic properties of Al-based alloys were explored using a vibrating sample magnetometer (VSM). It was revealed
that the tested alloys show better properties after annealing than in the as-spun state. The annealing of the AlggY7Fes and AlggYgFeq alloys in
the temperature range of 200 to 300°C improved the magnetic properties and corrosion resistance of these materials. After 3600 s, better Eqcp
values were recorded for the Algg Y¢Feq and Algg Y7 Fes alloys after annealing at 300°C and 200°C, respectively. On the basis of the polarization

tests, it was concluded that the electrochemical properties are better for AlggY¢Feg alloys after annealing at 300°C.
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1. INTRODUCTION

Lightweight alloys that exhibit high mechanical properties and
relatively good corrosion resistance are in demand on a large
scale in the aircraft, automotive, white goods and architec-
tural industries. These characteristics are to be found in amor-
phous aluminum matrix alloys, which have properties supe-
rior to those of typical crystalline Al alloys, and which are
characterized by greater flexibility in the composition of the
alloy, making these materials attractive for practical applica-
tions [1,2].

The properties of metallic glasses, including those based on
Al, are closely connected with their structure, which is amor-
phous and metastable. During thermal activation, an amorphous
structure decomposes, affecting changes in mechanical, mag-
netic and electrochemical properties of metallic glasses [3-5].

Heat treatment of amorphous alloys may consist of anneal-
ing leading to relaxation of the amorphous structure and anneal-
ing resulting in full crystallization of metallic glasses, which in
this case is disadvantageous due to the degradation of the prop-
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erties of such materials, including, for example, loss of high
corrosion resistance, as well as a significant increase in brittle-
ness, preventing their practical use. A process that is signifi-
cantly more advantageous for metallic glasses is annealing, as
a result of which the amorphous structure relaxes, as this phe-
nomenon usually leads to preservation and sometimes even im-
provement of the desired physical and mechanical properties
of metallic alloys [6-8]. The reasons for the properties of im-
provement of amorphous alloys after heat treatment are being
constantly discussed; therefore, more research is needed in this
area [1,4,9].

Considering that physical and chemical properties are ex-
tremely important for practical applications of aluminum-based
metallic glasses as engineering materials, the aim of the present
work is to investigate the influence of annealing conditions on
changes in the structure and selected properties of AlggY7Fes
and Algs Y¢Feg alloys casted by means of melt spinning.

The current work is a supplement to the studies carried out
for Al-Y-Fe alloys. In previous reports, only the changes oc-
curring in the structure of these alloys under the influence of
heat treatment were analyzed, but the corrosion resistance and
changes in the magnetic behavior of Al-Y-Fe alloying systems
were not investigated under the influence of thermal activation.

© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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2. MATERIALS AND METHODS

The samples for the tests were ribbons of metallic glasses
AlggY7Fes and AlggYgFes. The base alloys were produced by
induction melting of the elements Al, Fe, and Y with a purity
of 99.9% in a ceramic crucible. The elements had the form of
pieces. The final ingots with a diameter of 30 mm were ob-
tained. The mixture of elements was melted under inert gas at-
mosphere (argon 5.0).

From the ingots produced, by melting at the speed of a 30 m/s
copper wheel, ribbons with a thickness of approximately 30 pm
were obtained, which were then subjected to heat treatment,
consisting of annealing at 200, 250 and 300°C for 30 minutes
and subsequent cooling in an argon atmosphere.

Aluminum-based alloys in the as-spun and annealed states
were subjected to structural tests using the following methods:
X-ray diffraction (XRD) and Mossbauer spectroscopy (MS).
Phase analysis was performed on the Rigaku Mini Flex 600
powder diffractometer, equipped with a D/TEX strip detector,
where the Cu tube is the X-ray source. The diffractograms were
recorded using a step data collection method with a scan range
of 2 theta of 10° to 90°.

Mossbauer measurements were performed at ambient tem-
perature using a °'Fe nucleus on an MS96 spectrometer
equipped with a linear >’Co:Rh source (25 mCi), multichannel
analyzer, absorber, and detector. The device was calibrated us-
ing a-Fe foil (thickness 30 pm) under room temperature condi-
tions. Analysis and evaluation of the obtained Mdssbauer spec-
tra were performed using the WMOSS program (Ion Prise-
caru, WMOSS4 Mossbauer Spectral Analysis Software, 2009—
2016).

In order to investigate the corrosion resistance of AlgsY7Fes
and AlggY¢Feq ribbons, an electrochemical method of deter-
mining the corrosion rate was used. Corrosion tests were per-
formed at room temperature with the use of Autolab 302 N
potentiostat in a 3.5% sodium chloride solution. Resistance of
the samples in the 3.5% NaCl environment was measured in
a measuring cell containing three electrodes (reference elec-
trode — saturated calomel electrode (SCE); counter electrode
— platinum rod; working electrode — sample). The dependence
of the open circuit potential (Eocp) on time (3600 s) was mea-
sured. The corrosion rate was determined by extrapolating Tafel
curves on the basis of the correlation of the potential with the
logarithm of the current intensity. Using the NOVA software
version 1.11, the corrosion potential (Eo), corrosion current
density (jcorr) and corrosion rate (veorr) Were all calculated. The
scan rate was 1 mV-s~!.

The evaluation of the surface of the ribbons after corrosion
tests was carried out using the Supra 35 scanning electron mi-
croscope (SEM) by Carl Zeiss, and the chemical composition
of the surface layer was determined with the energy dispersive
spectrometer (EDS) by EDAX.

The magnetic nature of the Algg Y7Fes and Algg Y¢Feg alloys
after annealing was carried out using the LakeShore 7307 vi-
brating sample magnetometer (VSM). The tests were carried
out over the magnetic field of up to 10 kOe at room temperature,
and included coercive force (H,) and saturation magnetization
(M), which were determined from hysteresis loops.

3. RESULTS AND DISCUSSION

The amorphous structure of the AlggY7Fes and AlgsY¢Feq al-
loys after annealing at 200, 250 and 300°C was verified by X-
ray diffraction (Fig. 1). The XRD patterns of the ribbons pre-
sented broad diffraction lines and contained diffraction peaks
corresponding to a-Al phase (after annealing at 300°C) of
which significantly less is observed in the AlggY¢Fe¢ alloy.
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Fig. 1. X-ray diffraction patterns of AlggY7Fes (a) and AlggY¢sFeg (b)
alloys after annealing at 200, 250 and 300°C

Similarly, the XRD analysis reported by Yang et al. [10]
stated that nanosized aluminum crystals precipitate after
isothermal annealing of the AlggsY7Fes amorphous alloy at
280°C for 30 min, while increasing the annealing tempera-
ture to 370°C leads to further growth of aluminum crystals
and precipitation of an AljpFe,Y intermetallic phase. Also,
Saksl et al. [11] published the XRD pattern of the AlggY7Fes
alloy after annealing at 773 K, which showed diffraction peaks
corresponding to the fcc-Al, Al3Y, and AlFeY phases. Based on
other X-ray research carried out by Mudry et al. [12], it is es-
tablished that at the first stage of primary crystallization (418-
465 K) there is simultaneous nucleation and three-dimensional
growth of Al nanocrystals. Therefore, by applying appropriate
heat treatment, it is possible to obtain the microstructure of the
amorphous alloy with nanograins of the base metal included in
the amorphous matrix [13].
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Room-temperature Mossbauer spectra for the studied sam-
ples in as-spun state and annealed at various temperatures are
shown in Fig. 2. The spectra of all the alloys studied here are
nearly symmetric and exhibit distribution of quadrupole split-
ting. These spectra were fitted well with two quadruple dou-
blets, and the hyperfine parameters are listed in Table 1. The
values of the isomer shift are almost the same for all compo-
nents and are consistent with those expected for iron atoms in
an Al rich environment [14—17]. Two components indicate that
iron atoms are located correspondingly in two different neigh-
borhoods of Al atoms. Based on XRD results and data from
the literature [18], doublets with quadrupole splitting values of
0.42-0.49 mm/s reflect Fe atoms in Al-rich clusters. The sec-
ond doublet, with much lower quadrupole splitting values, has
hyperfine parameters characteristic of Fe present in Al-Y-Fe
compounds [19,20]. This doublet was interpreted as an amor-
phous phase. The annealing of the alloys at temperatures of
200°C and 250°C almost did not lead to a change in hyperfine
parameters of the fitted components. However, after annealing
at 300°C values of quadrupole splitting increase. This is proba-
bly due to the start process of the segregations accompanied by
the onset of crystallization of amorphous parts of the samples.

To determine the influence of heat treatment on the corrosion
resistance of the studied alloys, electrochemical tests using the
potentiodynamic approach were provided. Figure 3 shows the
results of measurements of the open-circuit potential (3a, c)
and polarization curves (3b, d) for the cast alloys and after
annealing.

The obtained values of open-circuit potential (Egcp), corro-
sion potential (E¢orr ), corrosion current density (jeorr) and cor-
rosion rate (veorr) for AlggY7Fes and AlggY¢Feg alloys were
listed in Table 2.

Table 1
Hyperfine parameters of AlggY7Fes and AlggY¢Fegq alloys in as-spun
state and after annealing at various temperatures (IS = isomer shift,
QS = quadrupole splitting, A = relative area derived from the spectra).
Absolute errors are estimated at 0.01 mm/s for IS and +0.02 mm/s

for QS
IS QS A
Sample (mm/s) | (mm/s) | (%) Component
0.18 0.42 56 | Doublet 1
as-spun
0.17 0.19 44 | Doublet 2
0.18 0.44 51 Doublet 1
200°C
0.17 0.20 49 | Doublet 2
Algg Y7Fes 0.18 | 043 | 51 | Doublet1
250°C
0.17 0.20 49 | Doublet 2
0.19 0.49 51 Doublet 1
300°C
0.18 0.24 49 | Doublet 2
0.18 043 52 | Doublet 1
as-spun
0.17 0.21 48 Doublet 2
0.18 0.44 50 | Doublet 1
200°C
0.17 0.21 50 | Doublet 2
A138Y6F66
250°C 0.18 0.45 52 | Doublet 1
0.17 0.20 48 Doublet 2
0.18 0.48 52 | Doublet 1
300°C
0.18 0.23 48 Doublet 2

The open-circuit and corrosion potential indicate when the
corrosion processes in the investigated material started. With
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Fig. 2. Mossbauer spectra of AlggY7Fes (a) and AlggY¢Feg (b) alloys in as-spun state and after annealing at 200, 250 and 300°C
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Fig. 3. Variations of open-circuit potential in a function of time (a, ¢) and polarization curves (b, d) in 3.5% NaCl solution at 25°C
of AlggY7Fes alloy (a, b) and AlggY¢Feq alloy (c, d)

Electrochemical parameters of the AlggY7Fes and AlggYgFeq alloys

Table 2

in 3.5% NaCl solution at 25° in as-spun state and after annealing

Eocp Ecorr Jeorr Veorr
Sample Type [V] [V] [uA/cmz] [mm/year]
(£0.01) | (£0.01) | (£0.1) | (£0.001)
as-spun| -—0.727 -0.618 0.31 0.011
200° -0.707 —0.645 0.03 0.001
A188Y7F65
250° -0.749 —0.763 0.01 0.0003
300° -0.745 -0.691 0.01 0.0005
as-spun| —0.561 -0.606 0.60 0.021
200° -0.756 -0.725 0.57 0.019
A188Y6Fe6
250° -0.599 -0.630 0.09 0.003
300° —0.555 -0.533 0.26 0.009

higher Eocp and Eo; values, corrosion resistance of the tested
material is greater. The changes in the open-circuit potential
as a function of time showed an unstable nature in the studied
materials. Better Egcp values were recorded for the AlggY¢Feg
(—0.555 V) and AlggY7Fes alloys (—0.707 V) after annealing
at 300°C and 200°C, respectively, than in the as-spun state.

Analysis of polarization curves of the as-spun and after-
annealing samples indicates an increase in corrosion potential
(Ecorr) from —0.618 V for as-spun ribbon to —0.691 V for the
sample annealed at 300°C and —0.763 V for the sample an-
nealed at 250°C in the case of AlggY;Fes alloy.

For the AlggY¢Feq alloy, the best value of the corrosion po-
tential was noted for the sample annealed at 300°C (—0.533 V),
while the lowest E.; value was noticed for the ribbon annealed
at 200°C (—0.725 V).

The corrosion current density exhibited the highest value for
the AlggY¢Feg alloy in the as-spun state (jeorr = 0.60 pA/cmz)
and after annealing at 200°C (jcorr = 0.57 uA/cmz). In addi-
tion, the AlggY7Fes ribbon demonstrated a better value of cor-
rosion current density (jeorr = 0.31 pA/cmz) than the samples
after annealing. The lowest j.or values were obtained for the
AlggY7Fes ribbon after annealing at 250 and 300°C. The cor-
rosion current density is directly correlated with the corrosion
rate. The lowest corrosion rate (Veorr = 0.0003 mm/year) was
calculated for the AlggY;Fes alloy after annealing at 250°C,
and the greatest weight loss was found for the AlggY¢Feg alloy
as-spun state (veorr = 0.021 mm/year). The variable effect of
the annealing process on the change in the corrosion resistance
of Al-based amorphous alloys is confirmed by research carried
outin [1,3,6,21,22]. [6] showed that after annealing at 523 K
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www.czasopisma.pan.pl P

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Influence of annealing conditions on changes of the structure and selected properties of AlggY7Fes and AlggY¢Fegq alloys

of the amorphous AlggNijgZrs melt spun alloy, corrosion resis-
tance of the ribbons improved. In turn, polarization tests of the
Alg4NigY7 alloy revealed the negative effect of heat treatment
at 373 to 673 K on the corrosion resistance of these materials,
because the samples tested after annealing exhibited a lower
potential than the sample in the spun state [22]. Thus, corrosion
resistance of the alloy is mainly dependent on its chemical com-
position and microstructure. The data in the literature indicate
that glassy materials are characterized by better corrosion resis-
tance, because the amorphous structure decreases structural het-
erogeneities as reasons for corrosion [1,23]. This is confirmed
by the research carried out. For the amorphous AlggY7Fes sam-
ple, better corrosion potential was declared as compared to the
annealed samples. In turn, the electrochemical properties are
better for the Algg YgFeg alloy after annealing at 300°C. There-
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fore, it could be concluded that high corrosion resistance can
also be obtained after structural relaxation annealing or partial
crystallization annealing [6]. Tailleart et al. [21] observed the
best corrosion resistance of an amorphous Al-Co-Ce alloy after
relaxation. In turn, Boichyshyn ef al. [24] showed an increase
in the corrosion resistance of Al-based amorphous alloys after
the first stage of crystallization, when nanocrystals precipitated
in the amorphous matrix. In AlggY7Fes and AlggYgFeg alloys
after annealing at 300°C, the diffraction peaks corresponding to
the o-Al phase precipitated in the amorphous matrix were iden-
tified. Thus, apart from the chemical composition, structure is
the factor responsible for the behavior in an electrochemical en-
vironment.

The surface morphology of the ribbons after annealing at
300°C and after corrosion tests is shown in Fig. 4.
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Fig. 4. SEM images and EDS spectra of the surface of AlggY7Fes (a, ¢) and AlggY¢Feq (b, d) alloys after annealing at 300° (a, b)
and after corrosion tests (c, d)
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A large number of irregular gas pockets can be observed in
the cast samples on the wheel side, which are evenly distributed
on the surface of the ribbons (Fig. 4a, b). SEM observations
showed that the surfaces of samples after corrosion tests are
quite smooth and shiny, covered by NaCl crystals (Fig. 4c, d).
No pits were observed. EDS analysis revealed the presence of
sodium and chlorine, but did not confirm the presence of oxy-
gen. The corrosion behavior of the AlggFesY7 alloy in 3.5%
NaCl at room temperature was also studied by Yin et al. [25]
using SEM and EDS analysis, and they reported the formation
of an oxide film on the surface of the samples. In turn, Zhang et
al. [6] investigated the corrosion morphology of the ribbons be-
fore and after heat treatment, immersing them in 3.5 wt% NaCl
solution for 60 h and confirming the occurrence of only slight
signs of local corrosion for the 523 K heat treatment sample.
Similarly, Babilas et al. [22] observed that the surface of an-
nealed Alg4NigY7 ribbons after corrosion tests was free of pit-
ting.

The magnetization behavior of the investigated Al-based al-
loys was evaluated using a VSM apparatus (Fig. 5).
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Fig. 5. Magnetic hysteresis loops of AlggY7Fes (a) and AlggY¢Feg (b)
alloys in as-spun state and after annealing at 200, 250 and 300°

Furthermore, the saturated magnetizations (M) and coerciv-
ity (Hc) values were listed in Table 3.

The AlggY7Fes alloy shows the best magnetic parameters af-
ter annealing at 250°C. In this state, ribbons exhibit the high-
est My value of 2.25 emu/g. The impact of heat treatment on

Table 3
Magnetic parameters of the AlggYgFeq and AlggY;Fes alloys
in as-spun state and after annealing

Sample Type Mg [emu/g] H,. [Oe¢]
as-spun 0.18 91
200° 0.02 55
A188Y7F€5
250° 2.25 35
300° 0.85 16
as-spun 0.14 127
200° 0.45 15
A188Y6F66
250° 0.22 41
300° 1.59 12

the improvement of magnetic properties is noticeable. The ex-
ception is the sample of the AlggY;Fes alloy after annealing
at 200°C, whose saturation magnetization value is the lowest
(0.02 emu/g). It is different in the case of coercivity. Alloys in
the as-cast state are characterized by a significantly higher value
of H. than after annealing. The highest value of H,. is exhibited
by the AlggYsFes as-spun alloy (127 Oe).

Al-based amorphous alloys are not magnetic alloys [26],
therefore, the magnetic properties of aluminum-transition me-
tal-rare earth (AlI-TM-RE) type metallic glasses have not been
extensively studied. However, some of the Al-based amorphous
alloys exhibit diamagnetism, frustration, spin glass behavior
and superparamagnetism [27]. Chrobak er al. [28] analyzed
the magnetic properties of the amorphous alloy Alg;YsNig un-
der isothermal conditions at 300 and 2 K. Magnetization mea-
surements of the alloy as a function of magnetic field (H; 0-
7 T) showed that the curve, M(H), measured at 2 K saturates at
a magnetic field value of about 1 T, but the isotherms recorded
at 300 K do not exhibit saturation behavior at all. Therefore,
it was concluded that the magnetic properties of the glassy al-
loy correspond to a superparamagnetic state with magnetic Ni
clusters. In another study [29], the magnetic properties of amor-
phous alloys were investigated, and it was found that at room
temperature the samples exhibit diamagnetic behavior, which is
highly dependent on microstructure.

4. CONCLUSIONS

In the article, the structural as well as anticorrosion and mag-
netic properties of AlggY7Fes and Algg YgFeg alloys were inves-
tigated under different annealing conditions. Study of the struc-
ture of the annealed ribbons showed that the o-Al phase precip-
itated in the amorphous matrix at 300°C. A differential effect
of heat treatment on selected properties of alloys obtained by
means of melt spinning was also found. Both alloys in the melt-
spun state exhibit the highest corrosion current density. The
cast ribbon of Algg Y7Fes alloy also obtained the most expected
value of the corrosion potential. In the case of the AlgsY¢Feq
alloy, annealing at 300°C improved the value of the corrosion
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potential. Thus, the difference in corrosion resistance between
as-spun and after annealing state of the studied alloys is mainly
due to the microstructure, which was partially crystallized af-
ter heat treatment at 300°C. SEM images revealed no signs of
pitting on the surface of the tested samples after annealing at
200 to 300°C, which allows for the use of these materials in the
NaCl environment.
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