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The influence of the formation of intermetallic compounds on the electrochemical properties of an Al87Y5Ni8 
amorphous metallic alloy (AMA) was investigated by means of differential scanning calorimetry (DSC),  
X-ray diffraction (XRD) and high-resolution electron microscopy (HREM). It is shown that the 
crystallization process taking place upon annealing can be subdivided into three stages corresponding to DSC 
maxima at 505, 602 and 632 K, respectively. The first and the second stage of crystallization were attributed 
to the formation of an fcc-Al(Y) solid solution in the amorphous matrix. During the third stage of crystallization 
precipitation of the fcc-Al(Y) solid solution and of the ternary compound Al19Y3Ni5 with orthorhombic Al19Gd3Ni5-
type structure was observed. An increase of the size of the precipitated phases reduces the corrosion rate coefficient b 
of the AMA.  
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1. Introduction 
 
It is known that the duration and temperature of 
annealing of amorphous metallic alloys are 
responsible not only for structuring [1,2], but also for 
changes in the composition of the surface layers [3-5]. 
These two characteristics are related to physico-
chemical features of the amorphous alloys and to their 
electrochemical corrosion resistance in particular. 
Amorphous Al-based alloys show higher chemical 
resistance in aggressive media than crystalline ones 
[6-8]. This is related to the absence of 
inhomogeneities on the surface of the alloys, since 
inhomogeneities promote the localization of surface 
energy and decrease the chemical resistance [6]. Heat 
treatment of amorphous alloys leads to the formation 
of nanocrystals, not only in the bulk but also on the 
sample surface, which in turn leads to an increase of 
the surface energy with respect to the amorphous state. 
This causes a decrease of the corrosion resistance of 
the annealed alloy in comparison with that of the 
initial amorphous sample. 
 The effect of pressure and temperature on the 
crystallization processes in Al89La6Ni5 has been 
studied in [9,10]. The results obtained in [9] indicate 

a two-step crystallization process for pressures up to 4 
GPa. The first step, corresponding to the simultaneous 
precipitation of fcc-Al crystals and a metastable bcc-
(Al,Ni) 11La3-like phase, is governed by a eutectic 
reaction. The second step corresponds to the 
transformation of residual amorphous alloy into fcc-
Al, Al 11La3, Al3Ni, and unidentified phases. Applied 
pressure strongly affects the crystallization process of 
the amorphous alloy. Both temperatures at which 
phase transformation occurs decreased with increasing 
pressure below 1 GPa and then increased for pressures 
up to 4 GPa. The results are discussed with reference 
to competing processes between the thermodynamic 
potential barrier and the diffusion activation energy 
under pressure. It was shown in [10] that time-
dependent nucleation is observed in the amorphous 
alloy and the experimental data could be fitted by both 
Zeldovich's and Kashchiev's transient nucleation 
models with transient nucleation times of 220 and 120 
min, respectively.  
 In this paper we present the results of an 
investigation of the correlation between corrosion 
resistance and the structure of an Al-based amorphous 
alloy Al87Y5Ni8 as a function of the temperature of its 
heat treatment. 
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2. Experimental procedures  
 
2.1. Materials 
An amorphous Al87Y5Ni8 alloy in form of a ribbon of 
about 30 µm thickness and 15 mm width was prepared 
by melt spinning in helium atmosphere with a cooling 
rate of 7·105 K·s−1. The initial melt was prepared from 
a binary Al3Y alloy and pure metals by induction 
melting. A crystalline ternary alloy Al87Y5Ni8 and also 
the Al3Y alloy were obtained by arc-melting technique 
in argon atmosphere. The purity of the initial metals 
was: Al − 99.999 wt.%, Y − 99.96 wt.%, Ni − 
99.99 wt.%. 
 
2.2. Methods 
Differential scanning calorimetry (DSC). The structure 
changes of the AMA during the heat treatment were 
studied by means of DSC (Perkin-Elmer Pyris 1) with a 
heating rate of 20 K·min-1. 
X-ray diffraction (XRD). Phase identification and 
determination of the crystallograpic parameters of the 
intermetallic phases that appear during crystallization 
of the AMA were carried out by X-ray diffraction (X’-
Pert Philips PW 3040 diffractometer, Cu-Kα radiation 
obtained using a graphite monochromator on the 
reflected beam, 2θ range: 10o-140o, scan step 0.04o). A 
Rietveld profile analysis was applied (standard 
FullProf program) for the calculation of the 
parameters of the nanocrystals. For the study of the 
primary crystallization, the samples were annealed for 
1 h at 532, 612 and 639 K before the XRD-studies. 
These temperatures were determined as 5 K above the 
temperature of the end of the first DSC maximum. 
Electrochemical testing. The corrosive behaviour of 
amorphous and crystalline Al87Y5Ni8 alloys in an  
1.5 % NaCl aqueous solution was investigated. 
Measurements of the i = f(E) (where i is the current 
density in µA⋅cm-2, E the polarization potential in mV) 
dependence were carried using an IMP88PC-R 
potentiostate. Polarization curves were obtained under 
a potentiodynamical regime with a scanning time 1 s 
per point. The scanning rate of the potential ∆E/∆t was 
20 mV⋅s-1. A saturated calomel electrode (SCE) was 
used as reference electrode for all the electrochemical 
studies. 
High-resolution electron microscopy (HREM). HREM 
(JEM 3010 microscope) was used for visual 
observation of the samples before and after the heat 
treatment of the AMA. 
Microprobe analysis. Microprobe analysis of the AMA 
was conducted on a RЕММА-102-02 electron 
microprobe analyzer (scanning step− 20 µm). 
 
 
3. Results and Discussion 
 
3.1. Structural changes of the Al87Y5Ni8 amorphous 
alloy 
The DSC curve obtained for the examined Al87Y5Ni8 
amorphous alloy (heating rate 20 K·min-1) is shown in 

Fig. 1. Crystallisation occurs in three stages (I-III). It 
can be seen that primary crystallization takes place in 
the temperature range 495–527 K (maximum at  
505 K) with an enthalpy of formation of nanocrystals 
∆HI= −22.8 J·g-1. Two other, more intense and sharper 
peaks (II and III) on the DSC curve are observed in 
the temperature ranges 601–607 and 629−634 K, with 
maxima at 602 and 632 K, respectively. Such peaks 
are typical for eutectic crystallization and are in our 
case characterized by the enthalpy values  
∆HII= -42.1 J⋅g-1 and ∆HIII= -72.5 J⋅g-1, respectively. 
Three similar exothermic peaks were observed for 
Al 87Y7Fe5 by Boucharat et al. [11].  
 In order to study the primary crystallization, all 
samples were annealed for 1 h at temperatures 
determined as 5 K above the temperature of the end of 
the first DSC maximum (see Fig. 1). Fig. 2 represents 
the X-ray diffraction patterns obtained for the 
examined alloys in the as-quenched state and after 
heat treatment 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 DSC curve for the Al87Y5Ni8 amorphous 
alloy (heating rate: 20 K·min-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 XRD patterns of the examined alloys 
annealed for 1 h at different temperatures. 
Markers show the reflections corresponding to 
fcc-Al (*) and Al19Y3Ni5 (x). 
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at 532, 612 and 639 K. The sharp Al diffraction peaks 
and the diffuse scattering indicate that annealing 
causes the formation of a solid solution of Y in fcc-Al 
nanograins, embedded in an amorphous Al(Y) matrix. 
The diffraction pattern obtained at T=532 K (Fig. 2) 
exhibits (111), (200), (220), (311), and (222) 
diffraction peaks of the fcc-lattice of aluminium on the 
background of the diffusion maximum of the 
amorphous phase. An increase of the annealing 
temperature leads to an increase of the integrated 
intensities and a decrease of the width of the peaks, 
which indicates an increase of the size of the Al 
nanocrystals and of their volume fraction in the 
sample [12]. 
 The diameter of the Al nanocrystals in the amorphous 
matrix after the first stage of alloy crystallization, 
determined from the HREM image (Fig. 3), is about 
15−17 nm. The inhomogeneous distribution of the dots on 
the HREM image indicates that redistribution of the 
metal atom occurs in the amorphous matrix during 
low-temperature annealing. Areas that are enriched by 
Y-atoms arise and increase with time under these 
conditions. Since the atomic diameter of Y, DY 
(0.360 nm), is larger than that of Al, DAl (0.286 nm), 
the presence of Y-atoms delays the diffusion of  
Al-atoms and, as a result, limits the size of the 
nanograins of the initial phase.  
 The second stage of crystallization was attributed to 
the formation, from the amorphous matrix, of a new 
fraction of nanograins with 20 nm diameter. This 
formation of a eutectic mixture of Al nanocrystals and the 
Al 3Ni intermetallic compound from the amorphous matrix 
takes place in the temperature interval 601–607 K. 
These results were obtained from XRD-data (see Fig. 2) 
and have been published in more detail elsewhere [13]. 
During the third stage of crystallization, precipitation of the 
fcc-Al(Y) solid solution and a ternary compound, 
Al19Y3Ni5 with orthorhombic Al19Gd3Ni5-type structure, 
was observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 HREM image of the Al87Y5Ni8 sample 
heated up to 532 K with a heating rate of 
20 K·min-1. A circle indicates the 
nanocrystalline area. 

3.2. Corrosion behaviour of Al87Y5Ni8 after annealing 
The electrochemical properties of AMA depend not 
only on the composition but also on the structural 
state. Low-temperature annealing at 373 K leads to 
diffusion of metal atoms in the amorphous matrix and 
favors a redistribution of the elements in the layers 
near the surface, which is reflected on the 
electrochemical characteristics of the Al87Y5Ni8 
dissolution-ionization. The intermetallic compounds 
that form during annealing at temperatures 
corresponding to the different crystallization stages, 
have a significant influence on the electrochemical 
activity of Al87Y5Ni8. Therefore, a comparative 
electrochemical testing of electrodes made from Al 
(99.999% purity), arc-melted Al87Y5Ni8 alloy, initial 
Al 87Y5Ni8 AMA, and of the latter sample annealed at 
373, 532, 612, and 639 K, was carried out. The 
potentiodynamic polarization curves obtained for 
these samples are shown in Fig. 4. The curves 1 and 2 
show that doping of crystalline Al with Y and Ni 
significantly changes the electrochemical parameters 
and the oxidation has shifted the values of the 
corrosion potential from -847 mV to -567 mV.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Potentiodynamic polarization curves 
(polarization time ~150 s) in 1.5 % NaCl 
aqueous solution for crystalline Al (1), an arc-
melted Al87Y5Ni8 alloy (2), an amorphous 
Al 87Y5Ni8 alloy (3), and the amorphous 
Al 87Y5Ni8 alloy annealed at 612 K (4). 
 

 The electrochemical processes taking place on the 
surface of the arc-melted polycrystalline sample, the 
initial amorphous sample and the Al87Y5Ni8 AMA 
annealed at 612 K (curves 2−4 in Fig. 4) differ 
significantly from those taking place in pure Al 
(curve 1). The wide interval of passivation (from -450 
to -150 mV) points on the effective protection of 
oxide films on the surface for all the Al87Y5Ni8 
samples. The corrosion potential of the amorphous 
Al 87Y5Ni8 alloy is equal -485 mV, which indicates that 
amorphization also leads to an improvement of the 
corrosive resistance properties. 
 Annealing of the amorphous alloy at 373 K for 1 h 
enhances significantly the corrosive resistance as a 
consequence of the changes of the composition 



L. Bednarska et al., Influence of the formation of intermetallics on the electrochemical... 
 

Chem. Met. Alloys 1 (2008) 152 

 
 
Table 1 Electrochemical parameters of corrosion of the Al87Y5Ni8 samples in 1.5 % NaCl aqueous solution. 

 
Sample Al87Y5Ni8 Ecorr., mV icorr., µA·cm-2 ∆Epass., mV ipass., µA·cm-2 Epit., mV 

in as-quenched state -485 0.06 395 0.30 -49 
373 -567 0.006 522 0.03 -54 
532 -563 0.029 309 0.02 -92 
612 -560 0.035 238 0.04 -129 

annealed at  
Ta, K 

639 -485 0.93 236 0.25 -134 
arc-melted alloy -567 0.07 353 0.17 -54 

 
 
of the sample surface. According to the results of the 
microprobe analysis the layers near the surface of the 
initial sample and after annealing at 373 and 532 K 
contained 73.25, 68.81 and 70.87 wt.% Al, 
respectively (21.42 wt.% Ni). During annealing also 
the oxidative processes on the surface of the AMA are 
activated and a stable protective layer is formed. This 
is confirmed by a sharp decrease of the corrosive 
current icorr. (from 0.06 to 0.006 µA·cm-2) and an 
increase by 125 mV of the passivation interval ∆Epass. 
for the sample annealed at 373 K in comparison with 
the initial sample (see Table 1). It must also be noted 
that the values of the corrosion potential Ecorr. and 
pitting potential Epit. for the AMA annealed at 373 K 
and the arc-melted Al87Y5Ni8 alloys are identical. This 
suggests the possible formation of a passivation oxide 
layer on the surface of both samples.  
 The as-quenched amorphous sample and the 
sample annealed at 639 K are characterised by the 
same corrosion potential, Ecorr.= -485 mV. However, 
the values of the corrosion current icorr. of these 
samples differ significantly: 0.06 µA·cm-2 and  
0.93 µA·cm-2, respectively. Such a sharp increase of 
the corrosion current density and passivation are 
related to the considerable increase of the content of 
crystalline Al3Ni and Al19Y3Ni5 phases in the annealed 
sample. 
 An analysis of the data obtained here and literature 
data for other Al-based alloys [14,15] allowed us to 
conclude that protective oxide films change the 
corrosion resistance in the 1.5 % NaCl aqueous 
solution. Dense oxide films are formed on the surface 
of the AMA at 612 K by electrochemical interaction 
of the sample with the 1.5 % NaCl aqueous solution. 
In this case a small corrosion current  
(~ 0.035 µA·cm-2) was observed.  
 The thermal treatment of the AMA under 
investigation influences both the crystallization of the 
intermetallic phases and the size of the nanocrystals 
[13]. This is shown in Fig. 5, where the dependence of 
the electrochemical parameter b on the annealing 
temperature is presented. The parameter b is proportional 
to the corrosion rate and was calculated from 
voltammometric measurements according to the 
formula: b = (logi2 − logi1) / (E2−E1). Formation of 
nanocrystals with a size >50 nm occurs as a mixture of 
solid solution Al(Y) and the ternary compound 

Al19Y3Ni5 during annealing of the AMA at T = 639 K. 
In this case the contact of the AMA with the 
aggressive medium (1.5 % NaCl aqueous solution) 
leads to the formation of more defective oxide films 
on the surface and to an extreme increase of the 
electrochemical activity (Table 1). 
 Consequently, the changes of the electrochemical 
parameters during the thermal treatment are caused 
mainly by the degree of structuring in the amorphous 
alloy. As it is shown in Fig. 5, the corrosive rate 
remains unchanged in the temperature interval 
293−373 K, while the electrochemical characteristics 
(see Table 1) indicate protective properties due to 
surface oxide layers.  
 The electrochemical parameter b changes 
significantly at T ≥ 532 K, after the first stage of 
AMA crystallization. After the stages II and III of 
crystallization the surface of the AMA is close to 
thermodynamic equilibrium and, as a result, the 
electrochemical parameter b shows lower values. 
Formation of the ternary compounds Al3Ni and 
Al 19Y3Ni5 during the stages II and III of 
crystallization, respectively, which takes place 
simultaneously with formation of an fcc solid solution 
Al(Y), leads to an increase of the corrosion current 
and of the electrochemical parameter b. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 The crystallite diameter (D) and the 
electrochemical parameter (b) for different 
annealing temperatures (Ta) of amorphous 
Al 87Y5Ni8 alloys. 
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4. Conclusions 
 
Crystallization of Al87Y5Ni8 amorphous alloys 
proceeds in three stages corresponding to T = 505 K, 
602 K and 632 K. Formation of an fcc-Al(Y) solid 
solution is observed during stages I and II. The third 
stage corresponds to the formation of fcc-Al(Y) and a 
ternary compound, Al19Y3Ni5 (Al19Gd3Ni15-type 
structure). Annealing at different temperatures up to 
612 K promotes the formation of small Al(Y) 
crystallites, randomly distributed in the amorphous 
matrix. Dense protective films were formed on the 
AMA surface before and after annealing process at 
612 K during their interaction with an 1.5 % NaCl 
aqueous solution. The contact of the same aggressive 
medium with an alloy annealed at a higher 
temperature (639 K) led to the formation of more 
defective oxide films. The significant changes of the 
electrochemical parameters observed after the thermal 
treatment are caused mainly by changes of the degree 
of structuring in the initially amorphous alloy. 
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