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Abstract: Monophasic Al50Ni50 ribbons were fabricated by melt spinning at circumferential speeds (Sc) of 21 and 
42 m/s, and subsequently annealed at various temperatures. The microstructure and corrosion behavior of ribbons were 
studied through various experimental methods. With increasing Sc, the as-spun and annealed ribbons at 42 m/s show a 
higher (100) crystal orientation factor F(100), a lower barrier to recrystallization and a higher total film resistance than 
the counterparts with 21 m/s. The as-spun ribbon at 42 m/s demonstrated a denser and more stable Al2O3 passive film 
compared to the as-spun and annealed ribbons at 21 m/s. This improvement in passive film can be further enhanced by 
700 °C annealing. Therefore, the corrosion resistance of AlNi ribbons can be improved by increasing Sc and additional 
annealing at an appropriate temperature. 
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1 Introduction 
 

AlNi alloys, including nickel aluminides, have 
recently garnered significant attention from both 
scientists and industries due to their advantageous 
properties, such as small atoms density, high 
compression resistance, and high antioxidant 
capacity [1−5]. Nickel aluminides appear to have 
very good properties that make them eligible for the 
development of new materials. They have excellent 
oxidation resistance, thermal stability and strength 
at high temperature [6,7]. Among the AlNi alloys, 
the AlNi phase stands out as the most promising, 
exhibiting a relatively low density of 5910 kg/m3, a 
melting point of 1638 °C, excellent corrosion 
resistance, and good thermal conductivity of 
75 W/(m∙K). These desirable properties make it a 

suitable material for a wide range of engineering 
applications, including the coating of materials such 
as surface catalysts and semiconductors to impart 
corrosion resistance, as well as for use in structural 
applications such as turbine blades and vanes in  
the automotive and aeronautical industries where 
lightweight components are in high demand [8−11]. 

Rapid solidification (RS) technologies have 
been defined as the rapid dissipation of thermal 
energy during the transition from a liquid state at 
high temperatures to a solid state at ambient 
temperature [12]. Rapid solidification technologies 
for liquid metal, together with appropriate selection 
of the chemical composition of aluminum alloys, 
make it possible to obtain metallic materials with 
unique structures and different properties compared 
with the conventional materials with an ordered 
crystalline structure [13−16]. According to the 
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literature, for the process to be classified as rapid 
solidification, the critical cooling rate must be 
exceeded [17]. The classification of rapid 
solidification can be considered further by taking 
into account the form of obtained samples (for 
example, powder techniques), the obtained  
structure (grain size, particle size), and the cooling 
rate [18−20]. In order to obtain high-quality 
aluminum alloys for structural applications, a 
number of parameters should be taken into  
account, namely, chemical composition, atomic 
diameters, atomic vapor interactions, and liquid 
temperature [7,21−23]. The most common rapid 
solidification technologies include water quenching, 
high-pressure casting, pressure casting into a copper 
mold, and continuous casting methods such as 
melting spinning [16]. In the melt spinning process, 
a higher circumferential speed (Sc) corresponds to a 
higher cooling rate, according to Ref. [24]. 

Recrystallization is a critical process in the 
thermomechanical processing of metals, as it 
facilitates the restoration of a worked metal to an 
unworked and formable state [25]. In the annealing 
process as the temperature beyond certain value, the 
deformed grains of the crystal structure are replaced 
by a new set of stress-free grains that nucleate and 
recrystallize until all the original grains have been 
consumed. This process can eliminate all the effects 
of strain hardening in steel such as heavy plastic 
deformation produced during cold working [26,27]. 
When temperature is raised, the new, stress-free 
grains nucleate and grow inside the old deformed 
grains and also at the grain boundaries. This 
replaces the distorted grains produced by strain 
hardening. The mechanical properties of metal 
revert back to their original, more ductile and 
weaker state [28,29]. 

Currently, while the relationship between the 
mechanical properties and crystal structure of alloys 
has been extensively studied [30,31], the influence 
of crystal orientation on the corrosion behavior of 
metallic materials and the underlying reaction 
mechanisms are not yet fully understood. To further 
understand the corrosion mechanism of the alloy, it 
is important to study the corrosion behavior of the 
matrix phase with different orientations. Recently, 
the differences in the corrosion resistance of 
single-crystal aluminium with different crystal 
orientations have been investigated in neutral and 
acidic solutions [32−34]. It was discovered that the 

corrosion resistance of the (100) crystalline surface 
was superior to that of other crystalline surfaces. 
Hence, in order to further verify the variation of the 
(100) crystal orientation, the orientation factor F(100) 

of AlNi ribbon is valuable to be checked in both the 
as-spun and annealed samples. 

The objective of this study is to investigate the 
effect of cooling rate and annealing process on the 
microstructure and corrosion properties of single 
phase Al50Ni50 alloys. The microstructure and 
corrosion behavior of as-spun and annealed Al50Ni50 
ribbons at different cooling rates were examined 
using various experimental techniques. The findings 
of this study provide a promising approach for 
enhancing the corrosion resistance of Al- or 
Ni-based alloys. 
 
2 Experimental 
 
2.1 Sample preparation 

The Al50Ni50 ingots were produced via melting 
99.99% Al and 99.99% Ni in a vacuum arc furnace 
(Ebmund Büehler, MAM−1). The arc melting 
system was initially vacuumed to be 5.0×10−3 Pa 
and then filled with purified argon (99.999%). 4 g 
alloy ingot was melted each time and melted more 
than five times to ensure a more uniform 
composition. The as-cast ingots were spun into 
ribbons using a single wheel melting-spinning 
technique (SKY, SD500) in an argon atmosphere at 
circumferential speeds (Sc) of 21 and 42 m/s, 
resulting in ribbons with a thickness of 25 μm and a 
width of 2 mm. Subsequently, the ribbons were 
annealed in Ar atmosphere for 10 min at 
temperatures (Ta) of 500, 700 and 850 °C to 
homogenize the AlNi phase and relieve internal 
stress. 
 
2.2 Microstructure characterization 

The structures of Al50Ni50 alloys were analyzed 
using X-ray diffraction (XRD, Bruker D8 Discover) 
with Cu Kα radiation (λ=1.54 Å) in the 2θ ranges 
from 10° to 90°. The fracture morphologies of the 
as-spun and annealed ribbons were observed using 
a scanning electron microscope (SEM, JSM−7800F) 
equipped with an energy-dispersive X-ray spectro- 
meter (EDS). Additionally, transmission electron 
microscopy (TEM, FEI TALOS F200) was 
employed to investigate the microstructure of ribbons. 
The thermodynamic properties of the ribbon 
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samples were also investigated using differential 
scanning calorimetry (DSC, NETZSCH−404) at a 
heating rate of 20 K/min. The lattice constants of 
AlNi were obtained from the Rietveld analysis 
method with deduction of the Kα2 lines, while the 
lattice constants (a0) of AlNi from ribbon precursors 
were calculated by the extended equation [35]:  

2 2 2
0  

2sin
a h k lλ

θ
= + +                   (1) 

 
where λ is the radiation wavelength (λ=1.54 Å); θ is 
the diffraction angle; h, k and l are the crystal plane 
indices. 
 
2.3 Electrochemical investigation 

The electrochemical investigation was 
conducted using a three-electrode cell with an 
electrochemical workstation (CHI 660E) at room 
temperature (25 °C). The ribbons were used as the 
working electrodes, and their free surfaces were 
covered with epoxy resin. A saturated calomel 
electrode (SCE) was served as the reference 
electrode, while a platinum plate was acted as the 
counter electrode. The working area was measured 
after each electrochemical test, which was 
conducted in 0.6 mol/L NaCl solution. The solution 
used was prepared with the ultrapure water 
(electrical resistivity 18.25 MΩ∙cm) and high- 
purity-grade chemicals. An open circuit potential 
(OCP) test was carried out for 20 min before each 
electrochemical test. The potential range of the 
potentiometric dynamic test for the as-spun and 
annealed ribbons were from −1.1 and −1.2 to 0.8 V, 
respectively, and the scanning rate was 1 mV/s. 

Before the electrochemical impedance spectra 
(EIS) test, the samples were pretreated at an open 
circuit potential for 1800 s until the potential 
fluctuation was less than 5 mV in 10 min. The 
relevant parameters were obtained by mathematical 
model, circuit model and corresponding fitting 
method. The scanning frequency range was set from 
0.01 to 100000 Hz, and the amplitude was ±10 mV. 
To assist in analyzing the variation of corrosion 
properties of ribbons, we also carried out the 
immersion experiment in NaCl solution. 
Specifically, the as-spun and 700 °C annealed 
ribbons with 21 and 42 m/s of the same initial mass 
were immersed in 0.6 mol/L NaCl solution and then 
weighted after drying every 24 h. After the 
immersion test, the corrosion rates of the four kinds 
of ribbons can be deduced. 

2.4 X-ray photoelectron spectroscopy experiments 
The chemical composition of the passive  

film was analyzed using X-ray photoelectron 
spectroscopy (XPS, Thermofisher Escalab Xi±, 
USA) at ambient temperature. The XPS spectra 
were recorded with Al Kα radiation (hv=1486.6 eV) 
from a monochromatic X-ray source and a 400 μm 
light spot size under a base pressure of 2.0×10−7 Pa. 
The test tube voltage and current were set to be 
15 kV and 10 mA, respectively. High resolution 
spectra were obtained at a pass energy of 30 eV 
with a step size of 0.05 eV, and the etching rate was 
1 nm/s (relative to Ta2O5). The XPS spectral 
analysis was performed using CasaXPS system 
(Casa Software Ltd, UK). The standard Shirley 
background subtraction method was used to 
calibrate the binding energy (EB). The atomic 
concentrations of Al, Ni and O were estimated by 
measuring the peak area of the XPS spectrum 
divided by the relative atomic sensitivity factor 
using Casa XPS software. 
 
3 Results and discussion 
 
3.1 Structure  

Figure 1 shows the X-ray diffraction patterns 
of as-spun and annealed Al50Ni50 ribbons with 21 
and 42 m/s at 500, 700 and 850 °C. Four intense 
diffraction peaks located at 2θ=30.95, 44.34, 64.49, 
and 81.60° correspond to (100), (110), (200) and 
(211) crystal faces, respectively. In addition, there 
are two tiny peaks at 2θ=55.04° and 73.24° 
corresponding to (111) and (210) crystal faces, 
respectively. The as-spun and annealed ribbons are 
composed of single AlNi phase. As Ta increases, the 
(100) peak of the ribbons with 21 and 42 m/s 
changes nonmonotically. To further confirm the 
variation of crystal orientation, the orientation 
factor (F) of AlNi (100) surface (F(100)) was 
calculated using the Lotgering equation [36]:  
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where I(h00) and I(hkl) are the integral intensities of 
(h00) and (hkl) diffraction peaks of XRD patterns 
for experimental samples, respectively, I0(h00) and 
I0(hkl) are the integral intensities of (h00) and (hkl) 
diffraction peaks for randomly oriented samples, 
respectively, P and P0 are the ratios of integral 
intensities of (h00) diffraction peaks to those of all 
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Fig. 1 XRD patterns of as-spun and annealed Al50Ni50 
ribbons with circumferential speeds of 21 m/s (a) and 
42 m/s (b) 
 
(hkl) diffraction peaks for the experimental samples 
and randomly oriented samples, respectively. The 
preferred orientation factor of (100) face (F(100)), 
position of diffraction peak of AlNi (100) face 
(2θ(100)), corresponding interplanar spacing (d(100)), 
and lattice parameter a0 of as-spun and annealed 
Al50Ni50 ribbons are listed in Table 1. And the F(100) 
and a0 of as-spun and annealed ribbons are shown in 
Fig. 2. 

As shown in Table 1, the F(100) of Al50Ni50 
ribbons tends to increase with increasing Sc. As Ta 
increases, the F(100) of ribbons with 21 m/s first 
decreases and then increases, dropping to 0.079 
from 0.411 and then rising to 0.266. In contrast, the 
F(100) of ribbons with 42 m/s initially increases to 
0.610 from 0.536 and then decreases to 0.492 
(Table 1 and Fig. 2(a)). Simultaneously, the a0 of 
the ribbons with 21 and 42 m/s increases firstly and 
then decreases (Table 1 and Fig. 2(b)). According to 
Refs. [37,38], AlNi has two regions: tension regions 
with large lattice parameters (a0 > 2.886 Å) and 
compression regions with small lattice parameters  

Table 1 Preferred orientation factor (F(100)) and position 
(2θ(100)) of AlNi (100) diffraction peak, corresponding 
interplanar spacing (d(100)) and lattice parameter (a0) of 
as-spun and annealed Al50Ni50 ribbons (The ribbon at 
25 °C is as-spun ribbon) 
Sc/(m·s−1) Ta/°C F(100) 2θ(100)/(°) d(100)/nm a0/Å 

21 

25 0.411 31.009 0.28816 2.887 

500 0.255 30.851 0.28960 2.891 

700 0.079 30.830 0.28978 2.893 

850 0.266 31.031 0.28796 2.884 

42 

25 0.536 31.100 0.28733 2.878 

500 0.610 30.731 0.29070 2.897 

700 0.543 30.760 0.29043 2.896 

850 0.492 30.761 0.29043 2.896 

 

 
Fig. 2 F(100) (a) and lattice parameter a0 (b) of as-spun 
and annealed Al50Ni50 ribbons with 21 and 42 m/s 
 
(a0 < 2.886 Å); the tensile stress can be neutralized 
by the compressive stress induced by oxidation, and 
the annealed ribbons with 42 m/s have fewer total 
stress defect than the counterparts with 21 m/s. 
With increasing Ta, the maximum a0 of ribbons with 
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42 m/s appears at 500 °C, earlier than that of 
ribbons with 21 m/s at 700 °C. This indicates that 
some lattice defects, such as vacancies, dislocations, 
and grain boundaries, disappear more quickly in 
ribbons with 42 m/s. 

Figure 3 shows the SEM images of fracture 
surfaces of Al50Ni50 ribbons after tensile breaking, 

and the average grain sizes are listed in Table 2. In 
the case of 21 m/s, the as-spun ribbon exhibits an 
intergranular fracture surface throughout the cross- 
section, with the grain boundaries perpendicular to 
the surface (roller/air side), indicating grain growth 
against the direction of heat flow (Fig. 3(a));     
at Ta=500 °C or higher, the grain size of ribbon 

 

 
Fig. 3 SEM images of fracture surfaces of as-spun and annealed Al50Ni50 ribbons after tensile breaking with 21 m/s (a−d) 
and 42 m/s (e−h) at different temperatures: (a, e) 25 °C; (b, f) 500 °C; (c, g) 700 °C; (d, h) 850 °C 
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Table 2 Grain size of fracture surfaces of present ribbons 
calculated by Nanomeasure software 

Sc/(m·s−1) 
Grain size/μm 

25 °C 500 °C 700 °C 850 °C 

21 9.30 11.64 14.54 17.40 

42 6.44 7.61 8.85 9.86 
 
increases and the fracture remains intergranular, 
with some grain edges displaying transgranular 
fracture (Figs. 3(b−d) and Table 2). In the case of 
42 m/s, the grain boundaries beneath the surface of 
the as-spun ribbon are perpendicular to the surface, 
and the transgranular fracture area is higher than 
that of the as-spun ribbon with 21 m/s (Fig. 3(e)). 
With increasing Ta, the grain size of ribbon and 
transgranular fracture area tend to increase, and the 
grain boundaries tend to deviate from the 
perpendicular direction of surface (Figs. 3(f−h) and 
Table 2). 

These findings confirm the occurrence of 
nucleation and growth of recrystallization within 
the AlNi ribbons during the annealing process. With 
the increase of cooling rate, the nucleation rate of 
the solid phase increases while its growth rate slows 
down [39,40]. It is expected that the ribbons with 
Sc=42 m/s would have a smaller grain size than  
that with Sc=21 m/s, providing them with more 
opportunities to grow in their preferred orientation 
and resulting in a higher F(100) factor (Fig. 2(a)). 

To further characterize the microstructure of 
the Al50Ni50 ribbons, we conducted TEM 
investigations on both the as-spun and 700 °C 
annealed ribbons with 21 and 42 m/s, as shown in 
Fig. 4. The as-spun ribbon with 21 m/s exhibits 
numerous dislocation lines in random directions 
(Fig. 4(a)), and its corresponding SAED pattern can 
be singly identified as AlNi phase with d(100)= 
2.883 Å (Fig. 4(b)). In the high resolution TEM, the 
matrix zone and its Fast Fourier transformation 
(FFT) pattern confirm AlNi phase with d(100)= 
2.973 Å, which is higher than the value from the 
SAED pattern (Figs. 4(c, d)); a pentagonal 
precipitate (a square with a truncated corner) has a 
similar FFT pattern to matrix, with front surfaces of 
(100) and (110) directions (Figs. 4(c, e)), the d(100) 
of the precipitate is 2.929 Å, which is lower than 
that of the matrix (Fig. 4(e)). The precipitate is an 
earlier crystalline nuclei and trapped by the later 
solidified phase [40−42]. 

The ribbon annealed at 700 °C with Sc=21 m/s 
also exhibits numerous dislocation lines in an 
ordered net-like shape (Fig. 4(f)); and the d(100) of 
its SAED pattern for sole AlNi phase is 2.873 Å 
(Fig. 4(g)). In the high resolution TEM, the matrix 
zone is also identified as sole AlNi phase with 
d(100)=2.968 Å, which is higher than the value from 
the SAED pattern (Figs. 4(h, i)); a pentagonal 
precipitate is identified as AlNi phase with the  
front surface of (110) direction for the long sides, 
and its d(100) is 2.899 Å, which is lower than the   
matrix (Figs. 4(h, j)). This is consistent with the 
recrystallization phenomenon observed in Al- and 
Fe-based alloys [28,43,44]. 

The as-spun ribbon with 42 m/s contains fewer 
dislocation lines, including helical dislocations, 
compared with the ribbons with 21 m/s (Fig. 4(k)). 
The d(100) of its SAED for sole AlNi phase is 
2.873 Å (Fig. 4(l)). In the high resolution TEM, the 
AlNi matrix zone has a higher d(100) (3.012 Å) than 
the value from the SAED pattern (Figs. 4(m, n)); 
the d(100) of the octagonal AlNi precipitate with front 
surfaces of (100) and (110)  directions is 2.987 Å, 
which is lower than the matrix (Figs. 4(m, o)). The 
ribbon annealed at 700 °C with 42 m/s has minimal 
dislocation lines and many dark dots (Fig. 4(p));  
its corresponding SAED pattern can be singly 
identified as AlNi phase with d(100)=2.894 Å 
(Fig. 4(q)); the high resolution TEM shows the 
matrix of AlNi phase and the octagonal AlNi 
precipitate with front surfaces of (100) and (110)  
directions (Figs. 4(q−s)). The d(100) of the precipitate 
(2.872 Å) is also lower than the martix (3.081 Å). 
Here, the ribbon annealed at 700 °C with 42 m/s has 
fewer dislocation and stress defects than other 
ribbons. 

It should be noted that the phases identified by 
TEM only reflect the local microstructure of the 
samples. The brightest SAED spots denote the  
(110) plane AlNi (Figs. 4(b), (g), (l) and (q)), 
corresponding to the peak at 2θ=44° in the XRD 
patterns (Fig. 1). From the fast Fourier transform 
(FFT) of the high-resolution image (Figs. 4(c), (h), 
(m) and (r)), the d(100) value of the matrix (District 1) 
is always greater than that of its adjacent precipitate 
(District 2) and further away the standard value 
(2.88 Å), indicating that the precipitate is closer to 
the defect-less and perfect AlNi phase than the 
matrix. Furthermore, with increasing Sc, the 
precipitate shape changes from a truncated square 
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Fig. 4 Low resolution TEM images, corresponding selected area electron diffraction (SAED) patterns, high resolution 
TEM images and fast Fourier transformation (FFT) patterns of as-spun and annealed Al50Ni50 ribbons: (a−e) Sc=21 m/s, 
Ta=25 °C; (f−j) Sc=21 m/s, Ta=700 °C; (k−o) Sc=42 m/s, Ta=25 °C; (p−t) Sc=42 m/s, Ta=700 °C (The distance d of (100) 
face is deduced from the corresponding diffraction patterns) 
 
to an octagon with more (100) surfaces, which is 
reinforced after annealing and consistent with the 
variation tendency of the orientation factor F(100) 

(Figs. 2(a) and 4(r)). 
To check the recrystallization behavior during 

the heating process, two consecutive runs of DSC 
analysis were conducted on as-spun and annealed 
Al50Ni50 ribbons with the same heating rate of 
20 K/min, as shown in Fig. 5. Here, the peak of first 
DSC curve under the 2nd curve (considered as base 
line) is labeled as exothermic peak (ΔHex), and the 
peak beyond the 2nd DSC curve is labeled as 
endothermic peak (ΔHen). According to Ref. [45], 

the exothermic peak in the measured thermograms 
corresponds to the stored energy released by the 
recrystallization process. 

For the as-spun ribbon with 21 m/s, two 
endothermic peaks were observed at approximately 
400 and 800 °C, along with an exothermic peak at 
around 600 °C. The ribbon annealed at 500 °C 
showed similar peaks. However, the endothermic 
peak at 400 °C disappeared in the ribbons with Ta ≥ 
700 °C, and the ribbon annealed at 850 °C showed 
no exothermic peak (Fig. 5(a)), indicating that, as Ta 

is high enough, the endothermic heat for defect 
extinction and the barrier to recrystallization may 
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decrease. Hence, it is understood that the 
recrystallization starting temperature of 700 °C 
annealed ribbon with 21 m/s is lower than that of 
as-spun and 500 °C annealed ribbons. Subsequently, 
grain growth occurred and absorbed heat, which 
was confirmed by the endothermic peaks at around 
800 °C (Fig. 5(a)). 

For the ribbons with 42 m/s, there are      
no noticeable endothermic peaks before the 
recrystallization process, indicating that with 
increasing Sc, the barrier to recrystallizing decreases, 
similar to increasing Ta. At around 600 °C, both the 
as-spun and annealed ribbons with 42 m/s exhibit  
 

 
Fig. 5 DSC thermograms for two consecutive runs at 
heating rate of 20 K/min of as-spun and annealed 
Al50Ni50 ribbons with 21 m/s (a) and 42 m/s (b) (Run 2 
curves are considered as the base lines for the 
corresponding Run 1 curves) 

an exothermic peak corresponding to 
recrystallization (Fig. 5(b)). At around 900 °C, there 
are endothermic peaks associated with grain growth 
after recrystallization. The recrystallization process 
is more easily triggered in ribbons with 42 m/s, 
which is consistent with a higher F(100) value 
compared to ribbons with 21 m/s (Fig. 2(a)). 
 
3.2 Electrochemical analysis 

Figure 6 shows potentiodynamic polarization 
plots of as-spun and annealed Al50Ni50 ribbons in 
neutral NaCl solution. The corrosion potential φcorr, 
corrosion current density Jcorr, pitting potential φpit 
and passive range φpit−φcorr are summarized in 
Table 3. Here, the anodic polarization curves of eight 
ribbons show an obvious passive platform without  
a clear anodic Tafel region, thus the cathodic 
branches are used to approximate their Jcorr. The 
passive platforms of both the as-spun and  
annealed ribbons with 21 m/s are relatively short, 
and their passive current densities Jpass are scattered.  
 

 
Fig. 6 Potentiodynamic polarization plots of as-spun and 
annealed Al50Ni50 ribbons with 21 m/s (a) and 42 m/s (b) 
in neutral solutions 
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Table 3 Parameters deduced from potentiodynamic 
polarization plots in Fig. 6 like corrosion potential φcorr, 
corrosion current density Jcorr, pitting potential φpit and 
passive range φpit−φcorr with standard deviation from 0.05 
to 1.30 (The ribbon with 25 °C is as-spun ribbon) 

Sc/ 
(m·s−1) 

Ta/ 
°C 

φcorr(vs 
SCE)/V 

Jcorr/ 
(μA·cm−2) 

φpit(vs 
SCE)/V 

(φpit−φcorr)  
(vs SCE)/V 

21 

25 −0.50 4.8 −0.05 0.45 

500 −0.43 22.6 −0.11 0.32 

700 −0.51 13.7 −0.15 0.36 

850 −0.62 3.1 −0.14 0.48 

42 

25 −0.60 31.2 −0.03 0.57 

500 −0.58 34.4 0.01 0.59 

700 −0.76 9.2 −0.06 0.70 

850 −0.69 11.4 −0.20 0.49 
 
Additionally, the 700 °C annealed ribbon with 
21 m/s exhibits the highest Jcorr. The higher the 
corrosion current density is, the less resistant to 
corrosion the material is, indicating that the passive 
film of the ribbon is possibly loose and porous 
(Fig. 6(a)). In contrast, the Jpass values of ribbons 
with 42 m/s almost coincide (Fig. 6(b)). 

With increasing Ta, the pitting potential (φpit) 
of ribbons with 21 m/s decreases to −0.15 V at 
700 °C and then increases to −0.14 V at 850 °C. In 
contrast, the φpit of ribbons with 42 m/s increases to 
0.01 V at 500 °C, and then decreases to −0.2 V at 
850 °C. Overall, the changing tendency of the 
pitting potential (φpit) is consistent with the 
orientation factor F(100) (Fig. 2(a)). In conclusion, 
ribbons with a higher F(100) exhibit a better 
corrosion resistance, which is consistent with 
Refs. [32−34]. 

Figure 7 shows the measured and fitted 
Nyquist plots of as-spun and annealed Al50Ni50 

ribbons in neutral NaCl solution. Among several 
candidate equivalent circuits, the equivalent circuit 
R(Q(R(QR))) is suitable for fitting the measured 
EIS data, with a chi-square value of less than 10−3. 
The non-ideal capacitance behavior caused by local 
inhomogeneity is represented by the constant  
phase element CPE (Q), whose impedance is 
defined as [46−48]  
Q=(jω)−n/Y0                                              (3)  
where j is the imaginary number, ω is the angular 
frequency (rad∙s−1), the factor n, defined as a CPE 
power, is adjustable parameter that always lies 

between 0.5 and 1, and Y0 is the frequency 
independent parameter (sn·Ω−1·cm−2). When n=0.5, 
Q reflects a Warburg impedance with diffusion 
character. For 0.5<n<1, Q represents a distribution 
of dielectric relaxation time in the frequency 
domain, and for n=1, Q describes a pure capacitor. 
The fitting results of EIS tests of eight ribbons are 
summarized in Table 4. 

The Nyquist semicircle diameter of Al50Ni50 

ribbons with Sc=21 m/s in neutral solution decreases 
significantly after annealing at 700 °C (Fig. 7(a)). 
On the contrary, the Nyquist semicircle diameter of 
ribbons with Sc=42 m/s increases after annealing  
at 700 °C (Fig. 7(b)). Furthermore, the reaction and  
 

 
Fig. 7 Nyquist plots of as-spun and annealed Al50Ni50 

ribbons in neutral solution with Sc=21 m/s (a) and 
Sc=42 m/s (b) (Symbols show the experimental data 
while solid lines are fitting results. The upper inset in (a) 
and lower inset in (b) denote the general fitted circuits; 
and the lower inset in (a) denotes the magnification of 
the EIS curves (χ2 ≤ 0.001)) 
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total resistances (Ra and Rtotal) of the ribbons with 21 
and 42 m/s change similarly to their Nyquist 
semicircle diameters (Table 4) and are consistent 
with their orientation factor F(100) (Fig. 2(a)). In 
summary, the EIS results are in agreement with the 
orientation factor F(100) and Tafel results. 

Figure 8 shows the Bode plots of the as-spun 
and annealed Al50Ni50 ribbons in the neutral NaCl 
solution. Bode plots are roughly divided into three 
regions [49−51]: (1) low frequency f interval 
(10−2−100 Hz) is mainly reflected by the resistance 
(Ra) and capacitance (Qa) of the electrochemical 
reaction at the interface between the ribbon and 
passive film; (2) intermediate frequency area 
(100−103 Hz) is mainly reflected by the resistance 
(Rin) and capacitance (Qin) of the inner passive film; 
(3) high frequency region (103−105 Hz) is mainly 
reflected by the resistance (Rout) and (Qout) of the 
outer passive film or corrosion products. In the low 
f range, the total impedance |Z| of the measured 
ribbons is consistent with their Nyquist semicircle 

diameters (Fig. 7). 
For the ribbons with 21 m/s, in the low f range 

(10−2−1 Hz), the phase angle curve of the as-spun 
ribbon has a small peak P1, while the annealed 
counterparts do not have it. In the f range of 
1−104 Hz, the phase angle curve of the as-spun 
ribbon has a kink including two overlapped peaks 
P2 and P3, while 700 °C annealed counterpart has a 
single peak P1. In the high f range (>104 Hz), 850 °C 
annealed ribbon has a phase angle rise surpassing 
90° while other counterparts do not (Fig. 8(a)). For 
the ribbons with 42 m/s, in the low f range 
(10−2−1 Hz), the phase angle curves of four ribbons 
have no peak. In the f range of 1−104 Hz, the phase 
angle curves of the as-spun and 700 °C annealed 
ribbons both have two peaks: P1 and P2. In the high f 
range (>104 Hz), the phase angle curves of the three 
annealed ribbons have a drastic rise, indicating that 
an outer film or corrosion products are formed 
(Fig. 8(b)). In addition, the peaks at high frequency 
are valuable to further study.

 
Table 4 Fitting parameters from EIS measurements (Rs solution resistance, constant phase element CPE and out layer 
resistance (Qout and Rout), CPE and reaction resistance (Qa and Ra), total resistance (Rtotal) and total impedance (|Z|)) 

Sc 
(m·s−1) 

Ta/ 
°C 

Rs/ 
(Ω∙cm2) 

Y0 of Qout/ 

(10−6sn·Ω−1·cm−2) 
n of 
Qout 

Rout/ 
(106 Ω∙cm2) 

Y0 of Qa/ 

(10−5sn·Ω−1·cm−2) 

n of 
Qa 

Ra/ 
(105 Ω∙cm2) 

Rtotal/ 
(105 Ω∙cm2) 

|Z|/ 
(106 Ω∙cm2) 

21 

25 0.38 4.58 0.88 0.42 2.28 1 3.0 7.2 0.62 

500 1.60 7.53 0.91 0.40 4.19 0.80 0.8 4.8 0.18 

700 1.25 0.96 1 0.05 0.18 0.72 0.1 0.7 0.05 

850 1.26 1.48 0.85 0.60 0.25 0.35 3.5 9.5 1.40 

42 

25 1.80 3.26 0.90 1.07 0.20 0.35 3.8 14.5 0.73 

500 0.14 1.41 0.92 3.56 0.14 1 41.5 77.0 2.80 

700 0.99 1.85 0.96 1.65 1.42 0.80 9.0 25.5 1.60 

850 2.19 0.27 0.99 0.20 0.01 0.99 8.9 10.9 9.30 
 

 
Fig. 8 Bode plots of as-spun and annealed Al50Ni50 ribbons in neutral solution with 21 m/s (a) and 42 m/s (b) 
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In the Bode plot, a phase angle closer to 90° 
indicates a more dense and stable passive film on 
the corroded surface [52]. Accordingly, the passive 
film of the as-spun ribbon with 21 m/s is more 
stable and compact than that of the 700 °C annealed 
counterpart, and the passive film of the 700 °C 
annealed ribbon with 42 m/s is more stable and 
compact than that of the as-spun counterpart. 
Moreover, ribbons with a phase angle rise at high f 
exhibit large total resistance (Rtotal) and impedance 
|Z| (Table 4), indicating that the as-spun and 700 °C 
annealed ribbons with 42 m/s possess higher 
corrosion resistance than the counterparts with 
21 m/s and being consistent with the measured 
passive range in Fig. 6 and Table 3. Immersion 
experiments were also conducted, and the corrosion 
rates of the as-spun and 700 °C annealed ribbons 

with 21 m/s were found to be 0.046 and 0.226 mm/a, 
respectively; while those of the as-spun and 700 °C 
annealed ribbons with Sc=42 m/s were 0.017 and 
0.010 mm/a, respectively. The results of the 
immersion test confirm the electrochemical testing 
results. 
 
3.3 Etching XPS analysis 

The etching XPS analysis results of as-spun 
and annealed Al50Ni50 ribbons with 21 m/s are 
shown in Fig. 9. In the case of as-spun ribbon, with 
increasing etching time te, the Al 2p peak at high 
binding energy (EB) shifts left and then right with a 
large shifting scope, while the peak area at low EB 
tends to increase with a constant position (Fig. 9(a)). 
The Ni 2p peak area at high EB is low and that at 
low EB tends to increase with te (Fig. 9(b)); the O 1s  

 

 
Fig. 9 Al 2p, Ni 2p and O 1s XPS spectra of as-spun (a−c) and 700 °C annealed (d−f) Al50Ni50 ribbons with Sc=21 m/s 
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spectra can be decomposed into two peaks and their 
total area tends to decrease with increasing time, 
which is opposite to the trend observed for Ni 2p 
(Fig. 9(c)). In the case of 700 °C annealed ribbon, 
with increasing te, the Al 2p peak at high EB 
remains nearly constant and at a fixed position, and 
the peak at low EB is very low (Fig. 9(d)). The 
Ni 2p peak disappears after annealing (Fig. 9(e)). 
The O 1s spectra have a constant area with 
increasing te, which can be decomposed into two 
peaks (Fig. 9(f)). Here, Al 2p peaks at 74.7 and 
72.6 eV correspond to Al2O3 and AlNi, respectively. 
In the Al 2p spectra of as-spun ribbon (Fig. 9(a)), 
the AlNi peak increases to the upper limit and the 
Al2O3 peak decreases to a bottom limit as te is 
enough, indicating that the testing point is 
approaching to the AlNi matrix. 

The etching XPS analyses of the as-spun and 
700 °C annealed Al50Ni50 ribbons with 42 m/s are 
shown in Fig. 10. In the case of as-spun ribbon, the 
Al 2p peak positions have the same change 
tendence as those with 21 m/s. In addition, with 
increasing te, the Al 2p peak area at high EB tends to 
increase and then decrease in a slighter degree than 
the counterpart with 21 m/s, indicating that the 
as-spun ribbon has a thicker Al2O3 passive film than 
the latter (Fig. 10(a)). The Ni 2p peak area at high 
EB is low and that at low EB tends to increase with te 
(Fig. 10(b)). The O 1s spectra can be decomposed 
into two peaks and their total area tends to increase 
first and then decrease with increasing te 
(Fig. 10(c)). In the case of 700 °C annealed ribbon, 
with increasing te, the Al 2p peak at high EB tends  
to increase and then decrease with a small position 

 

 
Fig. 10 Al 2p, Ni 2p and O 1s XPS spectra of as-spun (a−c) and 700 °C annealed (d−f) Al50Ni50 ribbons with Sc=42 m/s 
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fluctuation, and the small peak at low EB tends to 
increase with a constant position (Fig. 10(d)). The 
Ni 2p peak at high EB still disappears and that at 
low EB tends to increase with te (Fig. 10(e)). The 
O 1s spectra can also be decomposed into two 
peaks and their total area increases first and then 
decreases with increasing te (Fig. 10(f)). 

Figure 11 shows the te-dependent XPS peak 
positions of ribbons with 21 and 42 m/s. With 
increasing te from 0 to 20 s, the high EB of Al2O3 

peak increases drastically and its variation behavior 
with 21 m/s changes as te increases from 40 to 60 s. 

Thus, the Al2O3 peak position of the as-spun ribbon 
with 21 and 42 m/s can be divided into three and 
two regions, respectively, and Region II with 21 m/s 
has a steep slope than 42 m/s (Fig. 11(a)). After 
annealing at 700 °C, the Al2O3 peak position of the 
ribbon with 42 m/s can be divided into two regions, 
and the ribbon with 21 m/s has only one region 
(Fig. 11(b)). 

The Ni 2p peak position at high EB of as-spun 
ribbons with 21 and 42 m/s has a similar variation 
with their Al 2p peaks (Fig. 11(c)). However, after 
annealing at 700 °C, the Ni 2p peaks at two EB of  

 

 
Fig. 11 Etching time (te) dependent XPS peak positions of Al50Ni50 as-spun and 700 °C annealed ribbons with 21 and 
42 m/s: (a) As-spun, Al 2p; (b) Annealed state, Al 2p; (c) As-spun, Ni 2p; (d) Annealed state, Ni 2p; (e) As-spun O 1s;  
(f) Annealed state, O 1s (Symbols show the experimental data while solid lines are fitting data) 
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the ribbon with 21 m/s disappeared, and the ribbon 
with 42 m/s has only low EB peak as te > 0 
(Fig. 11(d)). The O 1s peak positions of the as-spun 
ribbon with 21 and 42 m/s can be divided into three 
and two regions, respectively, corresponding to Al 
2p peak positions (Fig. 11(e)). After annealing at 
700 °C, the O 1s peak positions of the ribbon with 
42 m/s can be divided into two regions, but the 
ribbon with 21 m/s has one region (Fig. 11(f)). 

Combining the results above, the passive film 
structures of the as-spun and annealed Al50Ni50 
ribbons with two different Sc values can be 
schematically illustrated in Fig. 12. The measured 
film of as-spun AlNi samples with 21 m/s has three 
oxide layers: the outer layer with abundant Al2O3 + 
AlNi + slight NiO, the middle layer with abundant 
Al2O3 + AlNi + slight NiO, and the inner layer with 
abundant AlNi + slight Al2O3 + slight NiO 
(Fig. 12(a)). The oxides in Region III like Al2O3 and 
NiO were possibly formed by the AlNi matrix 

during the etching process, which can be reflected 
by P1 in the phase angle curve (Fig. 8(a)). The 
as-spun AlNi samples with 42 m/s has two oxide 
layers: the outer layer with abundant Al2O3 + slight 
AlNi + slight NiO, and the inner layer with Al2O3 + 
abundant AlNi + slight NiO (Fig. 12(b)). The 
passive oxide film of samples with 42 m/s was 
found to be thicker than that of samples with 21 m/s 
(Figs. 9−11). After annealing at 700 °C, the etching 
XPS analysis revealed that the passive film of the 
ribbon with 21 m/s comprised a sole Al2O3 oxide 
layer (Fig. 12(c)), while the ribbon with 42 m/s has 
two oxide layers: the outer layer with sole Al2O3 
and the inner layer with abundant Al2O3 + slight 
AlNi (Fig. 12(d)). These layers were reflected in the 
corresponding phase angle curves (Fig. 8). 

The binding energy of Al 2p and O1s in 
Region I of the 700 °C annealed ribbon with 42 m/s 
is lower than that in Region II (Figs. 11(b) and (f)); 
meanwhile, the Ni 2p peak of 700 °C annealed  

 

 
Fig. 12 Schematic illustration of passive film structures of as-spun and 700 °C annealed Al50Ni50 ribbons: (a) Sc=21 m/s, 
as-spun; (b) Sc=21 m/s, Ta=700 °C; (c) Sc=42 m/s, as-spun; (d) Sc=42 m/s, Ta=700 °C 
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ribbon with 21 m/s disappears (Fig. 9(e)). 
Combining the polarization test (Figs. 6−8 and 
Table 3), it is evident that the Al2O3 film of the 
700 °C annealed ribbon with 21 m/s in Region I is 
loose with porous, while the as-spun and 700 °C 
annealed ribbons with 42 m/s have a thinner Al2O3 

film in Region I and a thicker and more intact  
inner layer (Al2O3 + AlNi) in Region II. These 
observations suggest that finer grains resulting  
from the increase in Sc (Fig. 3) provide more 
opportunities for oxygen atoms to enter the grains. 

The fine grains also bring about some other 
changes in the microstructure of the AlNi phase, 
such as internal stress, texture and recrystallization 
(Figs. 2−5). Here, the as-spun and annealed ribbons 
with 42 m/s have a higher orientation factor F(100) 
than that of ribbons with 21 m/s (Fig. 2(a)). It is 
known that the Al (100) face of the single Al crystal 
has a higher corrosion resistance than its Al (110) 
face [32−34]. Therefore, it can be inferred that the 
corrosion resistance of AlNi ribbon can be 
improved by increasing Sc and additional annealing. 
These findings provide a new strategy for 
enhancing the corrosion resistance of Al-based 
alloys. 
 
4 Conclusions 
 

(1) The as-spun and annealed ribbons with 
circumferential speeds (Sc) of 21 and 42 m/s show a 
fully monophasic AlNi structure. With the increase 
of cooling rate, the as-spun and annealed ribbons 
with 42 m/s show a higher (100) orientation factor 
F(100), which is related to the lower barrier to 
recrystallization than the ribbons with 21 m/s. 
Furthermore, the ribbons with a higher orientation 
factor F(100) demonstrate a higher corrosion 
resistance, as deduced from electrochemical and 
immersion tests. 

(2) The passive film of the as-spun ribbon with 
21 m/s has three oxide layers, after annealing at 
700 °C, the Al2O3 layer (Region I) transforms into a 
loose and porous layer, which has low corrosion 
resistance. In contrast, the passive film of the 
as-spun and annealed ribbons with 42 m/s contains 
a stable and compact Al2O3 + AlNi passive film in 
the inner layer (Region II). Hence, the corrosion 
resistance of Al50Ni50 alloy can be improved by 
increasing Sc plus annealing, thereby offering a new 
strategy to stably passivate Al- or Ni-based alloys. 
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摘  要：通过周向速度(Sc)分别为 21 和 42 m/s 的熔带甩带法制备单相 Al50Ni50 条带，然后采用多种实验方法研究

在不同温度下退火 Al50Ni50 条带的显微组织和腐蚀行为。随着 Sc 从 21 m/s 提高到 42 m/s，相应的铸态和退火条带

的(100)晶体取向因子 F(100)增大，再结晶的障碍减少以及钝化膜的总电阻增大。Sc=42 m/s 的铸态条带比 21 m/s 的

铸态和退火的条带具有更稳定、更致密的 Al2O3 钝化膜，并可以通过在 700 ℃退火进一步提升。因此，提高冷却

速率和选择适当温度进一步退火可以提高 AlNi 条带的耐腐蚀性能。 

关键词：AlNi 合金；快速凝固；取向因子；再结晶；腐蚀性为 
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