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Atomic cluster evolution and corrosion behaviour of Al84Ni10Gd6-xYx (x = 0, 2, 4 and 6) metallic 

glasses were investigated using experimental methods and ab initio molecular dynamic simulations. 

The shoulder peak area in x-ray diffraction patterns, enthalpy of second and third crystallization and 

population of <0 3 6 0> Ni-centered clusters increase with increasing yttrium content, but the onset 

temperature and enthalpy of first crystallization decrease simultaneously. Yttrium substitution and 

annealing treatment can aggravate metastable pitting and induce a thicker alumina film during 

polarization, which can be explained by the segregation of Ni-centered clusters and ordering of Al-rich 

clusters.  

 

 

Keywords: Metallic glass; Al alloy; Corrosion; Pitting. 

 

 

1. INTRODUCTION 

Al-based metallic glasses (MGs) with aluminum content over 80 at.% exhibit an extremely 

good corrosion resistance combined with high strength and have potential applications such as metal 

coatings [1]. These excellent properties are ascribed to the chemical and structural homogeneity of the 

metastable amorphous structure. However, the presence of short range orders (SROs) and medium 

range orders (MROs) in the glasses is unavoidable, which has a great influence on the mechanical and 

electrochemical properties [2]. Hence, understanding the effects of SRO or atomic clusters on the 

corrosion properties becomes of essential importance. 

To uncover the structure characters of Al-based MGs, many experimental works were carried 

out, e.g., by using X-ray absorption spectroscopy, Mansour et al. revealed the Al-Co bond in Al-Co-Ce 
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MGs has a covalently bonded environment [3]; by using high energy X-ray diffraction (XRD), our 

recent work observed that there is a shoulder peak in the Al-Ni-Gd MGs [4]. Nevertheless, the detailed 

atomic structure especially for the evolution of atomic clusters is still unclear. Recently, ab initio 

molecular dynamics (AIMD) simulations have been used to investigate the structure characters for Al-

based metallic glasses. The AIMD simulations show that the properties of Al-based MGs are mainly 

dependent on the solute-centered quasi-equivalent clusters [5]. Poon et al. [6] also proposed the 

backbone model that the backbone clusters in Al-based MGs can stabilize the amorphous structure and 

improve the glass forming ability (GFA). Hence, here comes the question, how to strengthen the 

backbone clusters and tune the properties of the Al-based MGs? Han et al. [7] pointed out that addition 

of Ce can enhance the GFA of Al-Fe MGs. Our earlier work [8] also found that the addition of Ni can 

improve the GFA and corrosion resistance of the Al-Ni-Gd MGs. Although several ways to improving 

corrosion resistance in Al-based MGs are discovered, the insight of the structural evolution by the 

substitution of rare earth elements in Al-based MGs has not been concerned. 

Annealing treatment can bring great influence on the structure and properties of MGs [9, 10]. 

In the case of annealed Al-Co-Ce MGs, the bond length of Al-Co and Al-Ce is decreased and the 

corrosion resistance is declined [7]. Hence, we need to understand the internal mechanism of the 

annealing treatment on the amorphous structure. As shown in Ref. [11], the devitrification of face 

centered cubic Al (fcc-Al), as a result of the annealing can greatly affect the metastable pitting 

corrosion behaviour of Al-based MGs. This mechanism has not been reported in the literature which 

may give a further understanding of the effect of annealing on the corrosion resistance. 

In our earlier work, the metastable pitting (Pmp) was observed in Al-Ni-Gd MGs [8]. We found 

that the addition of Ni can enhance the Pmp which is ascribed to the stress between the Ni-rich corroded 

part and uncorroded part. In this paper, we intend to investigate the role of Y substitution on the 

evolution of the Al(Ni)-rich clusters in the Al-based MGs, hope to further understand the metastable 

pitting process which is helpful to develop a promising Al-based MG with good corrosion resistance. 

 

 

 

2. EXPERIMENTAL AND AIMD SIMULATION  

The ingots of Al84Ni10Gd6-xYx (x = 0, 2, 4 and 6) were prepared by high frequency induction-

melting pure Al, Ni, Gd and Y materials (purity > 99.9 wt.%) in the air. The ribbons were prepared by 

a single-roller melt-spinning equipment in the air at the circumferential speed of 29.3 m/s. The 

parameters such as the melt speed, the injection pressure are kept constant during the spinning process. 

The amorphous or crystalline state of the as-spun and annealed ribbons were characterized by X-ray 

diffractometer (XRD) with a D/Max-rB diffractometer with Cu Kα radiation. The thermal analysis of 

as-spun ribbon was performed using a differential scanning calorimetry (DSC) (Netzsch DSC 404) 

under an Ar atmosphere from room temperature to 500°C with a heating rate of 10 K/min. The ribbons 

were annealed in a silicon crucible in an Ar atmosphere and the annealing temperature was chosen as 

290°C (this temperature is well above the first crystallization ending temperature) according to the 

DSC data. The wheel surface morphology and phase images of the as-spun and annealed sample were 

performed using atomic force microscope (AFM, Bruker Dimension Icon). The test was carried out in 
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the tapping mode with a scanning rate of 2.0 line/s. A silicon cantilever with soft tapping mode tip was 

used. The samples used for AFM test were ground in sequence on 800, 1400, 2000 grit SiC paper and 

then polished with 1 μm diamond paste using the deionized water as the lubricant. They were 

subsequently ultrasonically cleaned by deionised water. 

The electrochemical measurements were carried out using potentiodynamic polarization 

technique. The electrochemical tests were performed using a typical three-electrode system, using a 

platinum plate as the counter electrode and a saturated calomel electrode (SCE) as the reference 

electrode. All measurements were performed using a CHI660E electrochemical workstation in a free 

exposed 3.5 wt.% NaCl solution at 25 °C. All specimens were immersed in the electrolyte for 20 min 

prior to the potentiodynamic polarization test to stabilize their open circuit potentials (OCP). After the 

polarization test, the samples were ultrasonically cleaned two times in deionized water and air-dried. 

Here, we have to clarify that in our earlier work the polarization curves was measured by twice 

scanning process and the scanning rate was 5 mV/s [8]. In this research, we measured the polarization 

curves with only one scanning process and the scanning rate was 1 mV/s; to clarify the formation of 

current peak, the polarization of the as-spun sample with cY = 6 at.% is scanned at a rate of 0.1 mV/s 

after a H2SO4 passivation pretreatment on CS310 electrochemical station (Wuhan Corrtest Instrument 

Company, being the same company in Ref. [12]) . The surface morphology of the samples after full 

potentiodynamic polarization as well as polarization till the end of current peak were examined by 

scanning electron microscopy (SEM, HITACHI SU-70). The surface films of the corroded samples 

were analyzed by X-ray photoelectron spectrometer (XPS, ESCALAB 250Xi). The binding energy 

scale was calibrated using C 1s peak of the contaminated surface carbon that corresponds to 284.6 eV. 

The measured peaks were fitted using the XPS Peak software and the deviation is below 1%. The 

quantitative data of the surface elements was achieved by the Avantage 5.52 software. 

Ab initio molecular dynamic (AIMD) simulations are analyzed on the basis of the density 

functional theory using Vienna ab initio simulation package (VASP) [13] by implementing the 

projector augmented vave method [14]. All dynamical simulations were carried out in a canonical 

ensemble (NVT) through Nosé thermostat to control temperature [15]. Cubic cells containing 100 

atoms with periodic boundary condition were used to simulate the liquid and glassy Al84Ni10Gd6-xYx (x 

= 0 and 6) alloys. The initial structures are equilibrated at 2000 K, which is well above the melting 

temperature of the alloy. After sufficiently relaxed for 4000 steps, the alloys are cooled down from 

1500 K to 300 K at the rate of 10
15

 K/s to produce amorphous solids. At each temperature, the last 

3000 configurations are used for analysis. The data of 1500 K melts and 300 K glasses are chosen in 

this research for the structure analysis. The partial pair distribution function (gij(r)) represents the 

probability to find an i atom in the shell r at the distance r of another j atom, the calculating detail of 

which is shown in Ref. [7]. 

 

 

 

3. RESULTS 

The XRD patterns and DSC curves of as-spun Al84Ni10Gd6-xYx(x = 0, 2, 4 and 6) samples are 

shown in Fig. 1. Only a broad diffraction peak can be found in the XRD patterns (Fig. 1a), which 
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implies the amorphous structure of four as-spun samples. In addition, a slight shoulder peak which is 

outlined by a Gaussian fitting can be found near the main peak and its intensity increases with 

increasing the yttrium content cY. In DSC curves (Fig. 1b), no distinct glass transition is found and 

three exothermal peaks corresponding to three crystallization reactions appear in the heating process 

between 200~400 °C.  
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Figure 1. (a) XRD and (b) DSC curves of the as-spun Al84Ni10Gd(6-x)Yx (x = 0, 2, 4 and 6) glassy 

ribbons. 

 

The first wide exothermal reaction in 240~285 °C corresponds to fcc-Al nanocrystals 

formation, while the second and third exothermal reactions are often relative to the formation of the 

intermetallic compounds according to earlier works [16, 17]. The area of shoulder peaks in XRD 

(Ashoulder), parameters in DSC curves and thickness of ribbons are listed in Table 1. Opposite to the 

Ashoulder of four samples, the onset temperature of first crystallization peak (Tx1) decreases with 
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increasing cY. The area of first exothermic peak (ΔH1) decreases with increasing cY, but the area of 

second and third exothermic peaks (ΔH2+ΔH3) have a slight increasing tendency simultaneously. It is 

indicated that the addition of Y can facilitate the formation of fcc-Al and hinder the formation of the 

intermetallic compounds. Besides, the thickness of the ribbons increases with Y substitution, indicating 

that the viscosity of the melt increases. 

 

Table 1. Areas of shoulder peak (AShoulder) in XRD, onset temperatures of crystallization and areas of 

exothermic peaks (Tx, H1 and H2+H3) in DSC as well as the thickness of the ribbons of 

Al84Ni10Gd6-xYx (x = 0, 2, 4 and 6) glasses. 

 

Sample 

AShoulder in 

XRD 

(cpsdeg) 

DSC 
Thickness 

(μm) 
Tx (°C) H1 (J/g) H2+H3 (J/g) 

x = 0 20.5 256.1 23.1 97.4 14.3 

x = 2 41.2 252.6 22.6 97.9 15.2 

x = 4 58.3 247.0 22.5 98.0 22.8 

x = 6 59.8 237.4 22.4 100.4 24.0 
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Figure 2. Partial pair distribution functions g(r) of Al84Ni10Gd(6-x)Yx (x = 0 and 6) glasses and melts. 

 

Fig. 2 gives the partial pair distribution functions g(r) of Al84Ni10Gd6-xYx (x = 0 and 6) alloys in 

glassy state at 300 K and in melt state at 1500 K. Owing to the low Ni and rare earth elements (RE = 

Gd or Y) contents, the gNi-Ni(r), gNi-RE(r), gRE-RE(r) curves have a larger roughness than the other 
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curves. The central position rmax and height gA-A(rmax) of the first peak of gA-A(r) reflect the nearest 

neighbor distance and bond number of A-A atomic pair, respectively. The rmax and g(rmax) as well as 

the rmax change (Δr) between the melts and glasses deduced from partial g(r) curves are shown in 

Table 2.  

 

Table 2. The nearest first neighbor distances (rmax) and height of the first peaks (g(rmax)) of partial g(r) 

together with the variation of rmax of glasses cooling from the melts (Δrmax) of Al84Ni10Gd6-xYx 

(x = 0 and 6) alloys. 

 

State 
Atomic 

bonds 

x = 0  x = 6 

rmax(Å) Δrmax(Å) g(rmax) rmax(Å) Δrmax(Å) g(rmax) 

Glass Al-Al 2.78 0.0 4.18  2.80 -0.05 4.10 

Al-Ni 2.45 -0.03 8.88  2.48 -0.04 8.61 

Al-RE 3.18 -0.00 5.20  3.23 -0.06 5.19 

Ni-Ni 2.65 -0.07 1.84  2.73 -0.13 2.71 

Ni-RE 3.23 -0.30 2.64  3.18 -0.28 4.60 

Melt Al-Al 2.78  2.27  2.74  2.34 

Al-Ni 2.42  3.91  2.44  3.80 

Al-RE 3.18  2.58  3.17  2.60 

Ni-Ni 2.58  0.94  2.60  1.51 

Ni-RE 2.93  1.95  2.90  2.31 

 

Here, Δr = rmax(melt)- rmax(glass). Apparently, gAl-Ni(rmax) is the highest among all atomic 

bonds, suggesting that the Ni-centered clusters are dominated clusters in the glasses and melts. In glass 

state, Y substitution has little effect on the gAl-Al(rmax), gAl-Ni(rmax) and gAl-RE(rmax).  
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Figure 3. Population of Ni-centered Voronoi polyhedra and the distribution of various nearest 

neighboring atom composition in Al84Ni10Gd(6-x)Yx (x = 0 and 6) glasses and melts. (a) Total 

population, (b) distribution of <0 3 6 0> clusters, (c) distribution of <0 4 4 0> clusters, and (d) 

distribution of <0 4 4 2> clusters. 

 

However, the glass with cY = 6 at.% has a much higher gNi-Ni(rmax) and gNi-RE(rmax) than that 

with cY = 0, which indicates that Y substitution can increase the number of Ni-Ni and Ni-RE bonds. 

Meantime, we can find that the Δrmax of first four bonds of the alloy with cY = 6 at.% is more negative 

than that with cY = 0, indicating an abnormal expansion of these bonds in the sample with cY = 6 at.% 

during the solidification. 

The Voronoi polyhedron analysis is used to characterize the clusters and the Voronoi 

polyhedron index is shown as <n3 n4 n5 n6>, where ni denotes the number of i-edged faces of the 

Voronoi polyhedron. The coordinate number Z is approximately equal to n3+n4+n5+n6 with ignoring 

the small n7 or n8. Meantime, the composition index (m1, m2, m3) for the nearest neighboring shell of a 

given polyhedron denotes the number of Al, Ni and RE atoms, respectively.  
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Figure 4. (a) Potentiodynamic polarization curves of as-spun Al84Ni10Gd(6-x)Yx (x = 0, 2, 4 and 6) 

glassy ribbons together with the corresponding (b) the logarithm of passive current density ipass 

and (c) reduced current density of the metastable pitting imp. Inset in (a) is the potentodynamic 

polarization curves of sample with x = 6 under a scanning rate of 0.1 mV/s. Pmp denotes the 

current peak, and Ex and  denoted by star indicate the onset and end of Pmp.  

 

The Voronoi indexes of Ni-centered clusters and the detailed composition distributions of 

dominated Ni-centered clusters are given in Fig. 3. In Fig. 3a, the tricapped trigonal prism (TTP) <0 3 

6 0> clusters possess the highest population in the Ni-centered clusters and the population in the glass 

with cY = 6 at.% is much higher than that with cY = 0. The <0 4 4 0> and <0 4 4 2> clusters are 

distorted TTP clusters [18].  

In glass state, the fraction of <0 3 6 0> cluster with a RE atom in the alloy with cY = 6 at.% is 

higher than that with cY = 0 (Fig. 3b), similar situation is found in <0 4 4 2> clusters (Fig. 3d), but the 

situation in <0 4 4 0> clusters is opposite (Fig. 3c). Apparently, the coordinate number Z of <0 4 4 2> 

cluster (Z = 10) is higher, but the Z of <0 4 4 0> cluster (Z = 8) is lower than that of the regular <0 3 6 

0> TTP cluster. Consequently, the Y substitution in Al-Ni-Gd glasses can increase the Z of the Ni-

centered clusters. 

Fig. 4 displays the potentiodynamic polarization curves and the corresponding polarization 

parameters of as-spun Al84Ni10Gd6-xYx (x = 0, 2, 4 and 6) samples in 3.5 wt.% NaCl solution. In case of 

a scanning rate of 1 mV/s, the as-spun samples have a wide passive region (Fig. 4a). With increasing 

cY, the passivation current density (ipass) of as-spun samples has a linear decreasing tendency (Fig. 4b), 

which indicates that Y substitution can increase the thickness of passive film.  

Meanwhile, a current density peak is appeared at -0.5 to -0.25 VSCE, denoted by Pmp and ended 

at , reflecting the metastable pitting events in our earlier work [8]. To clarify the relationship between 

the current density peak and metastable pitting, we investigate the polarization curves of the alloy with 

cY = 6 at.% at a scanning rate of 0.1 mV/s, see inset in Fig. 4a. Apparently, there exist the metastable 

pitting transients in the measured polarization curve, the number of which rises with increasing the 
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potential; below the pitting potential, the current transients overlap and appear as a “cluster”, being 

consistent with the results in Refs. [12, 19]. In addition, the current transients rise slowly but decay 

quickly, showing that the metastable pits have a difficult nucleation and an easy repassivation, similar 

to the current spike of stainless steel [20] and amorphous Ni-based alloy [21]. Meanwhile, we scale the 

height of Pmp by its reduced current density, imp = imp/ibg. Here, imp is the maximal current density of 

Pmp, and ibg is the current density of its background.  

 

 

 
Figure 5. SEM micrographs of the corroded free surface of Al84Ni10Gd6-xYx glassy alloys together 

with EDS results. (a) Sample with x = 0 after polarized till  point, (b) sample with x = 0 after 

fully polarized, (c) sample with x = 6 after polarized till  point, and (d) sample with x = 6 after 

fully polarized; the insets show the element concentrations of pit and matrix positions in at.%. 
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The variation of imp reveals an increasing tendency with increasing cY (Fig. 4c), while the 

onset potential of Pmp, Ex, decreases simultaneously (Fig. 4a), revealing that the metastable pitting of 

measured samples becomes heavier with yttrium substitution. 

Fig. 5 shows the SEM micrographs of the corroded Al84Ni10Gd6-xYx glassy alloys after a full 

polarization and polarization till the end of Pmp ( point in Fig. 4a). For the sample with cY = 0, the 

number of the pits in the ribbon polarized till  point is less than the fully polarized sample, and the 

pits in the latter contact each other and form several clusters; meanwhile, there exist some pits in 

diameter of 10 m with some cracks (Fig. 5a and b). For the sample with cY = 6 at.%, there exist 

cracks inside the pit and some traces left by cracking in the sample after polarized till  point and 

larger “folk-like” cracks emitted from the pit in case of full polarization (Fig. 5c and d). Apparently, 

the number of cracks has an increasing tendency with increasing cY, which reflects a higher inner 

stress [8]. It can be found that nickel is enriched in pits in the samples after full polarization. The 

matrix has a higher oxygen content for the sample with cY = 6 at.%, which indicates that the Y addition 

sample has a thicker oxide film (insets in Fig. 5). Moreover, it can be clearly seen that the sample with 

cY = 6 at.% is thicker than the sample with cY = 0, which is consistent with the result measured by 

screw micrometer (Table 1). The size of flower-like cracks and their area in sample with cY = 6 at.% 

are larger compared with cY = 0. These results indicate that the sample with cY = 6 at.% possesses a 

larger corrosion stress than that with cY = 0. 
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Figure 6. Al 2p, Ni 2p, Gd 4d, Y 3d and O 1s XPS spectrum as well as the fitting peaks of corroded 

as-spun Al84Ni10Gd6-xYx (x = 0 and 6) glassy alloys after full polarization. (a-d) x = 0; (e-h) x = 

6. 

 

In order to provide more information about the passive film formed during the electrochemical 

test, the XPS technique was employed on the Al84Ni10Gd6-xYx (x = 0 and 6) glassy alloys after 

polarization. Fig. 6 gives the Al 2p, Ni 2p, Gd 4d, Y 3d and O 1s spectrums of the samples after full 

electrochemical polarization. The corresponding element concentrations obtained from the XPS survey 

are listed in Table 3.  

 

Table 3. Relative atomic concentrations on the electrochemical corroded surface of as-spun and 

annealed Al84Ni10Gd6-xYx (x = 0, 4 and 6) glasses obtained from XPS. 

 

State  Sample cAl 

(at.%) 

cNi (at.%) cGd 

(at.%) 

cY 

(at.%) 

cO (at.%) 

As-spun x = 0 23.39 2.96 3.64 - 70.01 

x = 4 25.10 1.15 1.62 1.00 71.13 

x = 6 26.00 0.26 - 1.21 72.53 

Annealed  x = 0 25.92 0.87 2.23 - 70.98 

 

The XPS spectrums of the as-spun sample with cY = 4 at.% and annealed sample with cY = 0 

are not given here. The Al 2p spectrum of both samples can be fitted by the peak of alumina (Al2O3). 
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The Al 2p peak of sample with cY = 6 at.% is higher than that with cY = 0, which indicates that the Y 

substitution can supply more activated Al atoms to participate in the passivation and form a thicker 

alumina film on the surface. The Ni 2p spectrum of the sample with cY = 0 can be divided into two 

components, Ni
+2

 in (Ni(OH)2) and Ni
+3

 in (Ni2O3), while the Ni 2p peak is absent on the surface of 

the sample with cY = 6 at.%. Similarly, the sample with cY = 6 at.% show a weaker RE signal than that 

with cY = 0. Meantime, the O 1s peak can be divided into two categories: the alumina peak and the 

solute element oxide peak. Though the sample with cY = 6 at.% does not contain the Ni(OH)2 peak, it 

has a higher O content than that with cY = 0; meantime, the O content deduced from XPS spectrum has 

a linear increment with the Y addition (Table 3). These facts suggest that the thicker alumina passive 

film on the surface covers more signal of the nickel and rare earth elements. In addition, the increased 

O content and the absent of Ni 2p peak in XPS spectrum are also found for the annealed sample (Table 

3), indicating that a thicker alumina passive film has formed after annealing treatment. 

The XRD patterns and potentiodynamic polarization curves of annealed Al84Ni10Gd6-xYx(x = 0, 

2, 4 and 6) samples are shown in Fig. 7.  
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Figure 7. (a) XRD patterns and (b) potentiodynamic polarization curves of the annealed Al84Ni10Gd(6-

x)Yx (x = 0, 2, 4 and 6) glassy alloys. 
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After annealed at 290 °C for 5 min, the sharp crystalline peaks of fcc-Al appear on the XRD 

patterns of the samples with cY = 4 and 6 at.%, and the intensity increases with cY, which is consistent 

with the DSC result (Fig. 1b). Similar to as-spun ribbons, all annealed samples have a wide passive 

region. Moreover, the metastable pitting peak Pmp is also found in the annealed samples and becomes 

heavier than that in case of as-spun samples. The Pmp parameters of the as-spun and annealed samples 

are shown in Table 4.  

 

Table 4. The onset potential Ex and reduced current density imp of the Pmp in the potentiodynamic 

polarization curves of as-spun and annealed Al84Ni10Gd(6-x)Yx (x = 0, 2, 4 and 6) glasses.  

 

Sample 

As-spun  Annealed 

Ex(VSCE) imp Ex (VSCE) imp 
 

x = 0 -0.45 1.02  -0.51 1.47 

x = 2 -0.48 1.14  -0.52 1.77 

x = 4 -0.53 1.65  -0.58 4.36 

x = 6 -0.59 3.09  -0.61 5.24 

 

For two types samples, the onset potential of Pmp, Ex, tends to be more negative with increasing 

cY, while their reduced current density imp increases on the opposite. In addition, the annealing 

treatment can decrease the Ex of sample but increase itsimp simultaneously. That is to say, both Y 

substitution and annealing treatment can enhance the metastable pitting. 

Fig. 8 presents the 1×1 μm AFM topography and phase images of the as-spun and annealed 

Al84Ni10Gd6 amorphous alloys. The topography images reveal that the surface of the as-spun sample 

with the height fluctuation within 25 nm is flatter than the annealed one with the height fluctuation 

within 45 nm (Fig. 8a and c). The dark and bright zones of as-spun sample tend to segregate or grow 

after annealing treatment in the topography images. Similarly, both dark spot and bright zone in the 

phase image of as-spun sample tend to grow and the corresponding phase shift increases after the 

annealing treatment (Fig. 8b and d). Magonov et al. [22] proposed that a darker region in the phase 

image with a more negative phase shift is related to a softer surface. Zhang et al. also confirms that the 

dark spots in phase images of Al88Ni6Ce4 metallic glass is soft fcc-Al phase [11]. Accordingly, the 

dark spots in the phase images can be regarded as Al-rich region in present glasses with the bright zone 

being Ni-rich region. Obviously, the growth of Al-rich region after annealing treatment indicates that 

the annealing treatment increases the order of the Al-rich clusters. In other words, the structure 

heterogeneity is increased after annealing treatment. 
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Figure 8. AFM images of topography and phase for as-spun and annealed Al84Ni10Gd6 glassy alloy. 

(a) topography of as-spun sample, (b) phase of as-spun sample, (c) topography of annealed 

sample, and (d) phase of annealed sample. 

 

 

4. DISCUSSION 

4.1. Enhancing Ni-centered clusters by Y substitution in Al-Ni-Gd glasses 

As observed in our earlier work [8], with increasing Ni content cNi, the shoulder peak increases 

in XRD patterns of as-spun samples, which is ascribed to the enhancement of Al-Ni bonds. In present 

work, the Ni-Ni bond in the glasses and melts has a similar first neighboring distance rmax to the Al-Ni 

bond and the gNi-Ni(rmax) of the glass with yttrium content cY = 6 at.% is much higher than that with cY 

= 0; while both glasses have a similar gAl-Ni(rmax) because they have the same cNi (Fig. 2 and Table 2). 

Hence, it is inferred that the increment of shoulder peak in the XRD patterns of present glasses with 
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increasing cY is mainly associated with the Ni-Ni bonds. Here, the higher first peak in the gNi-Ni(r) of 

the glass with cY = 6 at.% indicates a stronger linking of Ni-centered clusters. In a glass or melt, the 

longer the nearest neighboring distance it has, the larger coordinate number it possesses [23]. The 

change of the bond length of Ni-Ni (Δr = -0.13 Å) in the glass with cY = 6 at.% when cooling from the 

melt is more negative than that with cY = 0 (Δr = -0.07 Å) and Al-Ni bonds have the same changing 

tendency (Δr = -0.04 Å with cY = 6 at.%  Δr = -0.03 Å with cY = 0), which implies that the 

coordinate number Z of Ni-centered clusters is increased with Y substitution.  

 

 
Figure 9. Schematic presentation of the evolution of Ni-centered tri-capped trigonal prism (TTP) 

clusters to  the distorted TTPs. Sites 1 and 3 denote the vertices of the trigonal prism, and site 2 

denotes the side atoms of the trigonal prism. When the RE atom is Gd, the TTP tends to throw 

an Al atom away at site 2 (Z = Z-1) and the corresponding Voronoi polyhedron will add a 

quadrangle and lose two pentagons to become the index of <0 4 4 0>; when the RE atom is Y, 

the TTP will capture a Ni atom (Z = Z-1) and if the Ni atom is between the sites 1 and 2, the 

corresponding Voronoi polyhedron will add a quadrangle and two hexagons and lose two 

pentagons to become the index of <0 4 4 2> polyhedron, or the Ni atom is between the sites 1 

and 3, the corresponding Voronoi polyhedron will lose a quadrangle and add two pentagons to 

become the index of <0 2 8 0> polyhedron. 

 

Moreover, the Ni-centered tri-capped trigonal prism (TTP) clusters are dominated in the 

present melts or glasses (Fig. 3a). TTP clusters with Voronoi indices of <0 3 6 0> can link into a 

network/backbone structure to stabilize the glasses [18, 24]. Here, the population of <0 3 6 0> in glass 

with cY = 6 at.% is much higher than that with cY = 0. Furthermore, the glass or melt with cY = 6 at.% 

has more <0 2 8 0> and <0 4 4 2> clusters, which are considered as distorted TTP clusters by capturing 
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one atom and increasing coordinate number (Z = Z+1), and less <0 4 4 0> clusters which can be 

regarded as the distorted TTP clusters by throwing one atom and decreasing coordinate number (Z = 

Z-1) [18]. Meanwhile, <0 4 4 0> clusters with cY = 6 at.% has a low population of clusters with 

composition of (7, 0, 1), but a higher population of (8, 0, 0) (Fig. 3c), indicating that Y disfavors 

joining <0 4 4 0> clusters compared with Gd atom; the situation of <0 3 6 0> and <0 4 4 2> clusters is 

opposite (Fig. 3b and d). It is explained that the glass with cY = 6 at.% has a higher population of <0 3 

6 0> clusters but a lower population of <0 4 4 0> clusters than that with cY = 0 (Fig. 3a).  

If we choose the regular Ni-centered <0 3 6 0> TTP cluster with the most popular composition 

of (8, 0, 1) as a starting cluster, the distortation of <0 3 6 0> TTP can be schematically shown in Fig. 9. 

The left half gives the real atomic distribution in the TTP clusters and the right half gives the 

equivalent clusters using the Voronoi polyhedra. The latter can reflect the change of the Voronoi 

indexes clearly.  

When the RE atom is Gd, <0 3 6 0> cluster tends to lose one Al atom at site 2 and form the <0 

4 4 0> polyhedron with a new composition of (7, 0, 1); when RE comes to Y, it will capture a Ni atom 

between sites 1 and 2 and form <0 4 4 2> polyhedron with a new composition of (8, 1, 1) or add a Ni 

atom between sites 1 and 3 and form <0 2 8 0> polyhedron. The icosahedronlike polyhedron <0 4 4 2> 

usually has dense atomic packing with the maximal overlapping of valence electron density and 

prefers to connect with other clusters and form backbone clusters [18, 24]. Such evolution of TTPs can 

explain the segregation of Ni atoms and the change of gNi-Ni(r) in Fig. 2. Combining XRD patterns and 

MD simulation as well as the fact that cNi is constant in present alloys, we may conclude that Y 

substitution can enhance the segregation tendency of the Ni-centered backbone clusters. The 

stabilization of Ni atoms by Y addition was also found in Zr-based glasses [25]. 

In contrast to the strong, disordered and stable Ni-centered clusters, the Al inclusion clusters 

are considered as crystal-like and active clusters in the Al-based glasses [6, 15, 24]. They are 

crystallized at a lower temperature during annealing, i.e. the first peak in DSC curves corresponds to 

the formation of fcc-Al and the second and third peaks are often related to the Ni-rich phases [16, 17]. 

Since Y substitution can enhance the segregation of Ni-centered clusters, it is understood that ΔH2 

+ΔH3 with cY = 6 at.% is higher (Table 1). The stronger Ni-centered clusters in the melt with cY = 6 

at.% should lead to a higher viscosity, and it is expected that the ribbon with cY = 6 at.% is thicker than 

that with cY = 0 (Table 1 and Fig. 5). 

 

4.2. Ordering Al-rich clusters by Y substitution in Al-Ni-Gd glasses 

In the simulated gAl-Al(r), Al-Al bonds of the glass with cY = 6 at.% shows an expansion after 

solidifying from the melt (bond length difference Δr = -0.06 Å), but Al-Al bonds with cY = 0 remain 

unchanged (Δr = 0.00 Å). This difference is similar to that of Al-Ni and Ni-Ni bonds after 

solidification (Table 2). According to Gaskell’s argument [6], the expansion of Al-Al bonds in the 

glass with cY = 6 at.% can increase the coordinate number of Al-rich inclusion clusters; meantime, the 

rmax of Al-Al bond is closer to that of fcc-Al crystal (rmax = 2.86 Å [26]) compared with cY = 0. 

Combining the crystal-like character of Al-rich clusters [6] and the existence of quench-in fcc-Al 
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nuclei in Al-based glasses [27], it is understood that the Al phase can crystallize easier in the yttrium 

substituted samples and the first crystallization enthalpy (ΔH1) decreases with increasing cY (Fig. 1b 

and Table 1). It is also explained that fcc-Al peak in the XRD patterns after annealing treatment tends 

to increase with increasing cY (Fig. 7).  

In Al-based metallic glasses, the precipitated crystalline phases even the medium range orders 

have great influence on the corrosion resistance [2, 28]. It is proposed that nanoscale crystals would 

have effect on the pit initiation and metastable propagation [2]. During the electrochemical 

polarization, the ordered Al clusters in sample with cY = 6 at.% can supply more active sites to form a 

thicker Al2O3 passive film, leading to a lower passive density (ipass) (Fig. 4a and 7b), a higher intensity 

of Al 2p XPS spectrum and higher cAl and cO in their matrix EDS results (Figs. 5 and 6). Hence, the 

thicker Al2O3 film in the sample with cY = 6 at.% is possibly the main factor to hide Ni 2p peak in the 

XPS spectrum (in considering of the limitation of test depth of the XPS equipment), and such absence 

of Ni 2p peak in XPS test has been reported earlier [25, 29].  

 

4.3. Aggravating the metastable pitting in Al-Ni-Gd glasses  

As indicated in Ref.[20, 30], metastable pitting represents the formation of metastable pits 

which initiate and grow or propagate briefly at the potential below the pitting potential and show a 

repassivation behaviour; in the potentiostatic current-time (i-t) curves of the stainless steel, the 

metastable pit transients rise slowly, decay quickly, and appear as asymmetrical current “spikes”, 

indicating that the metastable pits are hard to nucleate but easy to passivate. The review article of 

Szklarska-Smialowska [19] denotes that the metastable pitting events occur more frequently at 

potentials closer to the pitting potential and the number of metastable pits on pure Al increases with 

increasing Cl
-
 concentration. In article of Burnstein et al. [30], the metastable pitting current transients 

can be detected with microelectrode. In the work of Böhni et al. [31], there exist many sharp current 

transients in potentiodynamic curve of stainless steel from microelectrode measurements (dcell = 150 

m), while only a current peak below pitting potential in case of normal electrode (dcell = 10000 m), 

indicating the overlap of the current transients. Beside the microelectrode technique, lowering the 

potentiodynamic scanning rate is other method to reveal the metastable pitting current transients [12, 

32]. The potentiadynamic curves of pure iron and mild steel with scanning rate of 0.1 mV/s exhibits 

typical current transients, the number of which tends to rise with increasing the potential. The 

polarization curves of the alloy with cY = 6 at.% at a scanning rate of 0.1 mV/s shows the metastable 

pitting current transients (inset in Fig. 4a), which is consistent with the above mentioned literature. 

Hence, the current peak just below the pitting potential is related to the metastable pitting. 

The fcc-Al can act as the initiation point of the local corrosion due to its low stability [2, 33, 

34]. The Y substitution can induce more ordered Al-rich clusters and fcc-Al quench-in nuclei. 

Consequently, it is expected that the metastable pitting peak of the sample with Y substitution initiates 

earlier and rises higher (Fig. 4a and Table 4) and that the sample with cY = 6 at.% has a higher oxygen 

content after polarization stopped at point β (inset in Fig. 5). During the polarization, the higher 

standard equilibrium electrode potentials (SEEP) of Ni/Ni
2+

 (-0.25 VSHE) than Al/Al
3+

 (-1.66 VSHE), 
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Gd/Gd
3+

 (-2.88 VSHE) and Y/Y
3+

(-2.10 VSHE) [35, 36] cause nickel to resist the electrochemical 

polarization in a local area. When dealloying Cu-rich and Au-rich metallic glasses, the selective 

dissolution of elements can introduce stress and lead to cracks [37, 38]. Our earlier work shows that Ni 

acts as a dissolution moderator to block the further corrosion of the pitting hole and the stronger Ni-

centered clusters exist, the larger stress are induced and the more developed cracks and higher Pmp are 

formed [8]. Hence, the sample with cY = 6 at.% after full polarization and polarization till  point has 

more flower-like cracks than the sample with cY = 0 (Fig. 5). Obviously, the spalling of the fragments 

induced by stress will further increase the pit current. Consequently, enhancing Ni-centered clusters by 

Y substitution is another reason for a more negative onset potential Ex of Pmp and a higher imp with a 

higher cY (Fig. 4 and Table 4). Since the Ni-centered clusters in the glass with cY = 6 at.% have a larger 

segregation degree, it is expected that the fork-like crack appears and the size of each single flower-

like crack zone is larger compared with the glass with cY = 0 (Fig. 5).  

As shown in XRD and AFM investigations (Figs. 7a and 8), the Al-rich clusters are ordered 

and fcc-Al are devitrified after annealing treatment. According to the low stability of fcc-Al in local 

corrosion [33, 34], it is expected the Pmp of annealed samples occurs earlier and grows higher 

compared with the as-spun samples (Table 4). It is also understood that the Al and O contents deduced 

from the XPS spectrums of the annealed sample with cY = 0 after polarization are higher compared 

with the as-spun sample (Table 3). Meanwhile, the bright zones (Ni-rich phase) in AFM phase image 

grow after the annealing treatment (Fig. 8). Considering the effect of yttrium on Pmp and sample 

surface composition, the annealing treatment has a similar effect on the clusters to the Y substitution, 

i.e. the Ni-centered cluster as well as the induced corrosion stress can be strengthened by not only Y 

substitution but also annealing treatment. Moreover, the devitrification shrink of a glass can induce 

stress in the glass matrix [39]. Hence, the inner stress due to the volume shrink and Ni-centered cluster 

strengthening in the annealed sample can also lead to an earlier and higher Pmp peak (Fig. 7b and Table 

4). Indeed, annealing treatment on the Al-Ni-Y and Al-Co-Ce glasses can make the initiation of their 

metastable pitting easier [29, 33]. In other words, the annealing treatment, similar to Y substitution, 

can aggravate the metastable pitting due to the ordering of Al clusters and the segregation of Ni-

centered clusters. 

 

 

 

5. CONCLUSIONS 

The corrosion behaviour of Al84Ni10Gd6-xYx (x = 0, 2, 4 and 6) metallic glasses has been studied 

in the amorphous and partially devitrified states in 3.5 wt.% NaCl solution by the polarization test. 

Meantime, the thermodynamic parameters, atomic cluster evolution, surface information of samples 

have been investigated. The relationship between the evolution mechanism of the TTP clusters and Y 

substitution are discussed. We find: 

1) With substituting Gd by Y, the shoulder peak in XRD patterns of Al-based glasses, the 

enthalpy of second and third crystallization (ΔH2+ΔH3) and the thickness of as-spun samples increase. 

Meantime, the gNi-Ni(rmax) of Ni-Ni bonds and population of <0 3 6 0> and <0 4 4 2> Ni-centered 

clusters in the glass with cY = 6 at.% are higher compared with the glass with cY = 0. These results 
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indicate that Y substitution can enhance the segregation of Ni-centered clusters in present Al-based 

glasses.  

2) With Y substitution, the onset temperature and the first crystallization enthalpy (ΔH1) 

decrease gradually. Besides, the Al 2p XPS peak and the matrix O content of the corroded sample with 

cY = 6 at.% are higher compared with cY = 0, indicating that Y substitution can enhance the order of 

Al-rich inclusion clusters in present glasses. And the AFM images indicate that annealing treatment 

can increase the size of the Al-rich region or cluster.  

3) With gradual Y substitution, the onset potential Ex of the metastable pitting peak Pmp 

becomes more negative, and the height imp of Pmp increases. The cracks of the corroded sample with 

cY = 6 at.% is more developed than that with cY = 0. These results suggest that Y substitution can 

enhance the corrosion stress due to the ordering of Al-rich clusters and the segregation of Ni-centered 

clusters. Meanwhile, annealing treatment has a similar effect to Y substitution. 

4) The role of Y substitution on the segregation of Ni-centered clusters can be explained 

by a new proposed mechanism: when containing one Y atom, the <0 3 6 0> Ni-centered cluster prefers 

to capture one Ni atom, inducing the segregation of Ni-centered clusters and formation of the 

backbone clusters; when containing one Gd atom, it prefers to throw one Al atom and weaken the 

backbone clusters in the Al-based glasses. This mechanism is helpful to understand the metastable 

pitting behaviour and to design new corrosion resistant Al-based glasses. 
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