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In this work, the changes in the chemical composition of the surface of the amorphous
metal alloy Als;Y4GdiNis as a result of isothermal annealing for two minutes in the air
atmosphere at temperatures T1 = 624+2, T> = 633+2, T3 = 643+2 K, respectively, were
studied by scanning electron microscopy. The annealing temperatures were determined
from DSC (=20 K/min) curves. The open circuit potentials were determined by the OCP
method, which for this alloy are —0,618, —0,650, and —0,717 V, respectively. The following
electrochemical parameters were determined by electrochemical impedance spectroscopy:
the electrical equivalent elements used in the models are solution resistance (Ri), charge
transfer resistance (R3) and corrosion capacitor of the medium/corrosion products
interface (CPEay), charge transfer resistance (R3) in 0,3% aqueous NaCl solution.

It was found that with increasing annealing temperature, the values of solution resistance
(R1), passive film resistance (Rz2), and charge transfer resistance (R3), increase, indicating
the formation of protective oxide layers on the surface of the alloys.

The influence of short-term annealing for 2 min in the temperature range of 624—643 K,
which corresponds to the third stage of crystallisation, on the change in the
electrochemical properties of the amorphous strip alloy Als7Y+GdNiswas investigated and
the chemical composition of the amorphous metal alloys surface was found to change.

Keywords: amorphous metal alloys, aluminium, thermal modification, electrochemical
parameters.

Introduction

Aluminium-based amorphous alloys (AMAs) are promising materials for the
aerospace, automotive and electronics industries due to their low density combined with
improved mechanical and corrosion properties compared to traditional crystalline
aluminium alloys [1-10]. The homogeneous chemical composition and structure of the
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amorphous state contribute to the formation of stable and passive oxide films on the
surface, which effectively protect amorphous materials from aggressive environmental
influences. However, the amorphous state is metastable and can undergo changes under
the influence of heat treatment. Thermal modification, which is carried out to relax the
structure or partially crystallise it, can significantly affect the physical and chemical
properties of amorphous alloys, in particular, their corrosion resistance [4, 5, 8].

After heat treatment, when the temperature reaches the crystallisation point (T.),
phase transformations begin in the alloy, including the formation of nanocrystalline
grains. This leads to a decrease in the corrosion potential due to the appearance of
heterogeneous phases between which internal galvanic pairs can form and an increase in
the corrosion current, as the newly formed grain boundaries and lattice defects become
active zones of anodic dissolution. Also, partial nanocrystallisation can sometimes
increase corrosion resistance due to the formation of a stable passive film. However,
complete crystallisation tends to degrade electrochemical properties [10].

Therefore, electrochemical studies of corrosion processes occurring in aluminium-
based AMAs after their thermal modification are important. The results of the study will
allow us to expend the understanding of the corrosion properties of thermally modified
aluminium AMAs and will contribute to the development of optimised heat treatment
regimes to maintain or improve their corrosion resistance in practical applications.

Materials and methods of the experiment

Electrochemical studies of Alg;Y4GdiNig AMAs in the form of a 20 mm wide and
35 um thick strip, synthesized trans for study by the Institute of Metallophysics of the
National Academy of Sciences of Ukraine, Kyiv, were carried out. Voltammetric studies
of AMAs were carried out in the potentiodynamic mode using a PARstat 2273 (Revision
2273) potentiostat in the range of potentials set around the open circuit potential in an
aqueous solution of 0.3% NaCl. A three-electrode cell was used: the working electrode
(WE) was an amorphous alloy sample with an area of 0.5 cm?, the reference electrode
was a saturated calomel electrode (SCE, 0.242 V), and the counter electrode was a
platinum plate. The obtained voltammetric curves were used to determine the main
electrochemical parameters: corrosion potential (Ecor) and corrosion current density
(Jeorr), which reflect the degree of corrosion activity of the studied AMAs. The study was
carried out by electrochemical impedance spectroscopy (EIS). The model of the
equivalent circuit used to fit the EIS results is shown in Figure 1.
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The electrical equivalent elements used in the model are: solution resistance (Rs),
charge transfer resistance (R¢) and corrosion medium/products interface capacitor
(CPEa)), charge transfer resistance (R being an important parameter and it is inversely
proportional to the corrosion rate for each type of coating [6, 9]. Initial frequency:
20.0 kHz, final frequency: 10.0 mHz.

The Als7Y4GdiNis AMAs samples were modified by heat treatment for 2 minutes in
air at temperatures of 624+2 K, 633+2 K, and 643+2 K, which were determined by DSC
and selected according to the third stage of crystallisation.

Results and discussion

Annealing temperatures were determined from DSC curves. In these studies, the
temperatures recorded at a heating rate () of 20 K/min were used.

To determine the change in the electrochemical parameters of AMAs in an aqueous
solution of 0.3 % NaCl, the open circuit potential (OCP) method, which is a passive
experiment, was used. In this mode, only the quiescent potential between the reference
electrode and the working electrode is measured and is for Alg;Y4GdNig annealed at
temperatures T = 624+2 K, T, = 63342 K, T3 = 643+2 K.

The establishment of the equilibrium potential took 15 hours, which is five times
longer compared to the initial AMAs of the same composition. Fig. 2 shows the last 15
minutes of the process of establishment of the equilibrium potential.
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Fig. 2. Determination of the open circuit potential for Als7Y4+GdiNis AMAs annealed at
temperatures T1 = 624+ 2 K (1), T2 = 633+ 2 K (2), T3 = 643+ 2 K (3), respectively.

Using the equivalent circuit (Fig. 1), we determined the change in the electro-
chemical parameters of AMAs as a result of annealing (Fig. 3, Table 1). Figure 3 shows
typical Nyquist curves and graphs of the change in the phase angle for Alg;Y4GdNig
after heat treatment at temperatures T), T,, Ts.

As can be seen from Table 1, the solution resistance (R1) and charge transfer
resistances (Rj3) increase with increasing annealing temperature. The constant phase
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element (CPE) is treated as a pure resistor when n = 0, a pure capacitor when n = 1, and
a Warburg impedance when n = 0.5. In this model, R, R,, and R; are the solution
resistance, passive film resistance, and charge transfer resistance in the double layer,
respectively, while CPE1 and CPE2 represent the CPE to the passive film and double
layer, respectively. Hence, this model assumes that the passive film is defective and
should not be treated as a homogeneous layer.
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Fig. 3. Experimental Nyquist diagrams (a) and phase angle plots (b) for Als7Y4GdiNis AMAs
heat-treated sample at T1 = 624+2 K (1), T2 =633+2 K (2), Tz = 643+2 K (3).

Table 1

Electrochemical parameters obtained from the fitting of EIS results for Als;Y4GdiNis AMAs after heat
treatment at temperatures T1=624+2 K, T:=633+2 K, T3 =643+ 2 K

Annealing CPE1 CPE2
temperature QRclr’nz QIZ; , | (Q'em?) n Ql?r,n , | (Q'em™?) n
2. K 10 103
initial 45.600 4800.0 0.0450 0.8700
624 37.6(7) | 324.0(1) | 21.50(1) | 085(7) | 78(8) | 3.40(5) | 0.68(7)
633 201.0(6) | 2.105) 121(3) | 1.98(7) | 2283(1) | 3.36(5) | 0.60(1)
643 7865 | 206.0(5) | _6.40(2) | 0.76(5) | 991 | 020(1) | 0.77(5)

A passive film can be described as a complex membrane structure consisting of
various layers of insoluble oxide that protect the surface from corrosion. In some cases,
the point resistance of an alloy is determined by the passive film formed on its surface.
The Al,Oj; oxide film is unstable in water. It usually transforms into AIOOH or AI(OH)3,
which is more stable than the Al,O; film.

Further nanocrystallisation of the alloys, when nanocrystals of an already solid
solution of AI(R) and intermetallic compounds are released (as a result of annealing at
temperatures), on the contrary, shifts the corrosion potentials to the cathode region,
activates pitting corrosion processes and leads to an increase in the corrosion current
(Table 2). The surface layers are compacted, which improves the corrosion characteristics
of AMAs, in particular, a significant expansion of passivation areas on the voltammogram.
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Annealing at Ts leads to the formation of a surface granular, possibly porous structure.
Solution ions diffuse through the pores faster, thereby provoking corrosion, which is
reflected in higher values of the corrosion current density.

It was found from the voltammetric curves that corrosion currents increase as a result
of annealing, which indicates the intensification of corrosion processes on the surface of
AMAs. However, the corrosion potentials shifted to the anodic side (Table 2) and the
oxygen content of the AMAs surface increased (Fig. 4), which may indicate surface
passivation and the formation of an oxide film.

Fig. 4. Microphotographs of the AMAs surface after annealing at temperatures at
(a) Ti= 624+2, (b) T2= 633+2, (c) T3=643+2 K. (magnification of 1000 times).
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Table 2.
Main characteristics of corrosion in 0.3% NaCl solution. Als7Y+Gdi1Nis AMAs after heat treatment
Annealing temperature £2, K -Ecorr, V Jeorr, Alom? x108
initial state 0,61 1,31
633 0,62 2,69
643 0,54 51,2

The corrosion potentials shifted to the anodic side (Table 2) and the oxygen content
of the AMAs surface increased (Fig. 4, Table 3), which may indicate surface passivation
and the formation of an oxide film (Fig. 5).

Table 3.
Changes in the content of elements on the surface (at. %) of AMAs after annealing
3 0,
Annealed temperatures £2, K Contain of the elements, at.%
Al Y Gd Ni
624 85.94 4.69 0.96 8.42
633 86.56 3.72 0.92 8.80
643 83.39 5.85 1.15 9.61
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Fig. 5. Changes in the oxygen content on the surface of AMAs after annealing
at temperatures T1 = 62442, To= 63342 and T3 =643+2 K.

Conclusions

A short-term heat treatment of Als7Y+GdiNis strip AMAs was carried out at the

temperatures of the third crystallisation stage at the temperatures of the third crystallisation
stage.
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It was found that with an increase in the annealing temperature, the values of solution
resistance (R;), passive film resistance (R»), and charge transfer resistance (R3) increase,
indicating the formation of protective oxide layers on the surface of the alloys.

The open circuit potential (OCP) decreases with increasing heat treatment temperature,
indicating a shift in electrochemical activity to the cathodic direction and the development
of passivation processes. The passive film on the surface of the alloys is heterogeneous,
has a multilayer structure and contains impurities of intermetallic phases and mixed
oxides, which was confirmed by SEM and EDX analysis.

The heat treatment of the samples leads to changes in the surface morphology and
distribution of alloying elements (Ni, Gd, Y), which significantly affects the corrosion
resistance of the alloys. The most noticeable signs of pitting corrosion activation were
found for the alloys after heat treatment at a maximum temperature of 64342 K, that
explains by increasing of corrosion current density (jeor).
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AMoOp(dHI CcrUTaBM Ha OCHOBI AaJIOMIHIIO € TEPCINeKTUBHUMH MaTepialaMu ISl aepOKOCMIYHOT,
aBTOMOOUIBHOI Ta EIeKTPOHHOI IMPOMHUCIOBOCTI 3aBISIKM HU3bKIH I'YyCTHHI y IO€IHAHHI 3 IMOKPAaIlCHHMH
MEXaHIYHHMH Ta KOPO3iHHUMH BIaCTHBOCTAMM IOPIBHAHO 3 TPAAMLIHHMMHU KPUCTATIYHUMH aIIOMiHIEBUMU
crmaBamu. OHOPIAHMI XIMIYHHK CKJIaJA 1 CTPYKTypa aMOpP(HOr0 CTaHy CHPHSIOTH YTBOPEHHIO CTaOIIBHUX
[ACHBHHMX OKCHIHHX IUIIBOK HA IOBEPXHi, 5IKi €()EKTHBHO 3aXHIIAIOTh aMOpP(HI MaTepiajay Bill arpecHBHOIO
BIUIMBY HABKOJIMIIHBOTO CEPEIOBHINA. TOMY €IEeKTPOXIMiYHI JIOCHIJKEHHS KOPO3iMHUX MpOIECIB, IO
BiOyBatoThCs B anmoMiHieBUX AMA micns 1x TepMidHoi Mopuikanii, € BaKIMBEMU. Pe3ynbTaTu QoCiimpKeHHs
JIO3BOJISITH HaM PO3IIMPUTH PO3YMIHHS KOPO3IMHUX BIACTUBOCTEH TEPMIYHO MOIM(DIKOBAHMX ANIOMiHIEBHX
AMA Ta CHpUATHMYTh pPO3pOOIll ONTHMI30BaHMX PEXKHUMIB TepMiyHOT OOpOOKM Ui MiATPUMKH abo
MOKpAIIEHHS IXHbOT KOPO3iHHOI CTIfKOCTI B MPAKTHYHOMY 3aCTOCYBaHHI.

3a JIOTIOMOror CKaHYK4YOi €JIeKTPOHHOI MIKpOCKOMIi JOCHI/UKEHO 3MiHM XIMIYHOTO CKJIady HOBEpXHi
amopdHoro Meranesoro ciaBy Alg;Y,GdNig B pe3ynbTaTi 130TepMi4HOTO BifNay MPOTATOM JBOX XBIJIMH B
aTMocgepi noBitps 3a Temnepatryp T = 62442, T, = 63342, T; = 643+2 K BignosinHo. Temneparypu Bianany
BusHavasucs 3a kpusumu JICK (=20 K/xB).

IMoTeHwianu po3iMKHYTOro Kojia Uisl IIbOTo cIuiaBy craHoBiATh —0,618, —0,650 ta —0,717 B, BiamosixHo.
HacrtynHi enekTpoxiMidyHi mapaMeTpu BHU3HAYAIMCS 32 JOINOMOTOK €JIeKTPOXIMIYHOI iMITeIaHCHOI CHEKTPO-
CKOTII{: eNeKTPUYHNMH CKBIBAJICHTHUMH €JIEMEHTaMH, I10 BUKOPHUCTOBYIOTBCSI B MOJIEIISIX, € omip po3unHy (R)),
omip nepenocy 3apsny (R,) Ta kopo3iiiHuii KoHIeHCaTOp MeXi po3aidy cepenoBuiie/mpoaykT koposii (CPE),
omip neperocy 3apsiny (Rs) y 0,3% Bogromy posunni NaCl.

BcraHoBieHo, 1110 31 301IBIICHHAM TEMIIEPATypH Binany 3HaueHHs onopy po3uuHy (R;), onmopy nacuBHoi
mwiiBka (R,) Ta omopy nepenocy 3apsay (R;) 301IbLIyIOTECS, IO BKAa3ye€ Ha YTBOPSHHS 3aXHCHHX OKCHIHUX
IIapiB Ha MOBEPXHi CILIABIB.

JlocnipkeHo BIUIMB KOPOTKOTPUBAJIOTO BiNally MPOTAroM 2 XB B Jiamna3zoHi temmeparyp 624—-643 K, mo
BIANOBiae TpeTiii crafil KpHcTami3amii, Ha 3MiHy EIEeKTPOXIMIYHHX BIACTHBOCTEH aMOP(HOTrO CTPIiIKOBOrO
craBy Alg7Y4GdiNig Ta BUSBIEHO 3MiHY XIMIYHOTO CKJIa/ly HOBEPXHI aMOP(HUX METAJICBUX CIJIaBiB.

Knmiouosi  cnosa: aMopdHi MeTajeBi CIUIaBH, aJTIOMiHiM, TepMmiuyHa MoIUdiKaIis, eIeKTPOXiMidHi
HapaMeTpH.
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