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In the present work, the structure and crystallization kinetics of rapidly solidified Al70Ni13Si17 
amorphous alloy have been investigated by a combination of differential scanning calorimetry (DSC) and 
X-ray diffractometry (XRD). Amorphous ribbons were obtained by melt spinning at wheel speeds higher 
than 10 m/s. Crystallization of amorphous Al70Ni13Si17 alloy during continuous heating in DSC, takes 
places in three stages: (1) formation of fcc-Al and hexagonal phases; (2) growth of fcc-Al and hexagonal 
phases; (3) formation of fcc-Si and orthorhombic Al3Ni phases. Isothermal annealing DSC traces for this 
amorphous alloy, the first crystallization peak showed a clear incubation period, and the Avrami time 
exponent n has been determined to be 2.4–2.8 using the Johnson–Melh–Avrami analysis. This suggested 
that the transformation reaction involved continuous nucleation and three dimensional diffusion-
controlled growth. Electrical resistivity of the alloy was measured as 33×10–6 Ω·cm for the amorphous 
structure and 1×10–6 Ω·cm for the crystalline one. This study describes the structure and crystallization 
kinetics of a rapidly solidified Al70Ni13Si17 amorphous alloy. 
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1. Introduction 

Amorphous alloys are metallic alloys with no long range atomic order, in contrast 
to crystalline alloys showing long range order with a repeating unit cell. Amorphous 
alloys are usually produced by rapid solidification of the alloying constituents from 
the liquid phase at such high cooling rates that the atoms are frozen into their liquid 
configuration to form a metastable glass-like structure. For the last three decades, 
amorphous alloys have attracted great interest because of their good mechanical prop-
erties, useful physical properties and good chemical properties resulting from their 
new alloy composition and new atomic configurations. Particularly, great effort has 
 __________  
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been devoted to the production of Al-rich amorphous alloys, with the aim of utilizing 
a high strength material with light weight which may lead to applications in a number 
of fields [1–4]. Recently, Al-rich amorphous alloys have been produced in various Al–
TM–RE ternary alloy systems, where TM is Fe, Co, Ni and RE is Y, La, Ce, by rapid 
solidification technique, and the resulting amorphous alloys exhibit high mechanical 
strength combined with low density, large glass-forming ability and distinctly appre-
ciable glass transition phenomenon [5–10]. Although Al–TM–RE alloys systems 
could be easily amorphized by rapid solidification technique, these amorphous alloys 
contain expensive rare earth elements such as Y, La, Ce, and it is necessary to replace 
them with cheaper elements such as Si and Ni. Furthermore, the density of Si (2.3 
g/cm3) is lower than that of Y (4.45 g/cm3), La (6.17 g/cm3) and Ce (6.77 g/cm3). 
Hence, rapidly solidified Al–Ni–Si amorphous alloys are better choice for practical 
application as materials with high strength, low density and useful physical properties.  

In this study, we present the structure, crystallization kinetics and electrical resis-
tivity of rapidly solidified Al70Ni13Si17 amorphous alloy by a combination of differen-
tial scanning calorimetry (DSC), X-ray diffractometry (XRD) and four-probe tech-
niques. 

2. Experimental 

Ternary alloy ingot with nominal composition Al70Ni13Si17 (at. %) has been fabri-
cated by melting of appropriate proportions of high purity Al, Si and Ni elements in 
a graphite crucible under an argon atmosphere. Rapidly solidified ribbons were manu-
factured by the single roller melt-spinning technique. By this technique, it is possible 
to quench the molten alloy at a cooling rate of 104–106 K/s. In order to obtain rapidly 
solidified ribbons, the ingot was re-melted in a quartz crucible and then molten alloy 
ejected through an orifice onto a single Cu wheel with a wheel surface velocity of  
10–40 m/s. The resulting ribbons were typically 60–100 μm thick, 3–5 mm wide and 
up to several meters long. The amorphous/crystalline natures of the as-melt-spun and 
annealed ribbons were characterized by X-ray diffractometry (XRD) technique. The 
XRD experiments were performed using a Philips X’Pert Pro diffractometer with fil-
tered CuKα (λ = 0.154 nm), 35 kV and 50 mA. For phase identification, measurements 
were scanned for a wide range of diffraction angles (2θ) from 20° to 100° with the 
scanning rate of 5 deg/min. The crystallization of rapidly solidified ribbons was inves-
tigated by DSC (Perkin-Elmer DSC-7) using both continuous heating and isothermal 
annealing under a pure argon atmosphere. In order to ensure reliable temperature and 
heat release values, the DSC was calibrated using In (99.999 wt. % of pure In) and Pb 
(99.999 wt. % of pure Pb) standard. Continuous heating was performed at a constant 
heating rate of 20 K/min. Isothermal DSC measurements were carried out by anneal-
ing to various temperatures 5–15 K lower than their first crystallization peak tempera-
tures with the heating rate of 20 K/min, and the heating duration of 3.5 h. For resistiv-
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ity measurements, rapidly solidified ribbons were annealed for 30 min at various tem-
peratures from 300 to 650 K, and then electrical resistivities of the samples were 
measured by the four-probe method. 

3. Results and discussion 

Formation of amorphous alloys by melt-spinning technique is strongly dependent 
on the processing parameters. The most important processing parameters are the wheel 
surface velocity, ejection pressure and ejection temperature. These parameters can 
modify the cooling rate, the viscosity of the melt and also the microstructure of the 
resulting ribbons. In the present work, we changed the surface velocity while keeping 
other parameters nominally constant. Figure 1 shows XRD spectra of the rapidly soli-
dified Al70Ni13Si17 alloys prepared using circumferential wheel speeds in the range  
10–40 m/s. At the wheel speed of 10 m/s, the melt spun ribbon was very brittle and 
XRD trace showed the presence of peaks corresponding to elemental Al, Si phases and 
intermetallic Al3Ni phases (as seen in Fig.1a). At wheel speeds greater than 10 m/s, 
the diffraction peaks from Al, Si and intermetallic Al3Ni phases disappeared, and the 
XRD traces showed the broad halo peak indicating that the structure of the melt spun 
ribbon produced is amorphous.  

 

Fig. 1. XRD spectra of the Al70Ni13Si17 alloys prepared at various wheel speeds: 
a) 10 m/s, b) 20 m/s, c) 30 m/s, and d) 40 m/s 

Figure 2 shows a series of continuous DSC traces obtained from the rapidly solidi-
fied Al70Ni13Si17 alloy which exhibited a broad halo peak in Fig. 1b–d. As seen in 
Fig. 2, the crystallization behaviour of amorphous Al70Ni13Si17 alloys is very similar. 
The DSC traces of these amorphous alloys exhibit three exothermic peaks, indicating 
that structural transformation into final phase takes places in three single steps. It can 
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be seen that the crystallization onset temperature Tx and the first peak temperature T1 
are dependent on the wheel speed. Tx and T1 decreased from 451 K to 442 K and from 
463 K to 452 K, respectively, with increasing wheel speed from 20 m/s to 40 m/s.  

 

Fig. 2. Continuous DSC traces from an amorphous Al70Ni13Si17 alloy  
manufactured at various wheel speeds: a) 20 m/s, b) 30 m/s, and c) 40 m/s 

However, the crystallization peak temperature for other exothermic peaks (the sec-
ond and third peak) remained constant and independent of wheel speed (Fig. 2). The 
crystallization onset temperature (Tx) and the three crystallization peak temperatures (T1, 
T2, T3) are listed in Table 1.  

Table 1. The crystallization onset temperature Tx and three crystallization peak  
temperatures T1, T2, T3 of Al70Ni13Si17 alloys manufactured using various wheel speeds 

Wheel  
speed [m/s] Tx [K] T1 [K] T2 [K] T3 [K] 

 20 451 463 501 548 
 30 447 459 501 547 
 40 442 452 500 545 

 
The crystallization onset temperature and the three crystallization peaks tempera-

tures are in good agreement with those reported by McKay et al. [11] for a similar alloy, 
as determined from their continuous DSC results. On the other hand, at temperatures 
below the first exothermic crystallization peak, there was no clear evidence of a glass 
transition effect, as would be expected for a marginal glass former. The absence of the 
feature characteristic of glass transition temperature could be explained assuming that 
during rapid solidification, a significant number of cluster distributions is formed. Under 
continuous heating, the clusters that are above the critical nucleation size grow even at 
lower temperatures. Therefore, glass transition temperature is hidden underneath the first 
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crystallization peak. In continuous heating analyses, the dependence of crystallization 
temperature on the heating rate can be used to estimate the associated crystallization 
activation energy by means of the Kissinger method [12]. The activation energies are 
presented in Table 2. 

Table 2. Activation energies Ea (kJ/mol) for crystallization in Al70Ni13Si17 
alloys manufactured using different wheel speeds 

Wheel speed 
[m/s] 

1st peak 
[kJ/mol] 

2nd peak 
[kJ/mol] 

3rd peak 
[kJ/mol] 

20 240 170 145 
30 247 179 151 
40 238 173 142 

 
As seen in Table 2, the measured values of the overall activation energy for the first 

exothermic peaks (240±10 kJ/mol) were higher than those of the second (175±10 kJ/mol) 
and third exothermic peaks (145±10 kJ/mol), indicating a relatively stable amorphous 
structure. A similar result was reported by McKay et al [11] for Al–Ni–Si alloy. The 
higher activation energy implies that the energy barrier for the glass-to-crystallization 
phase transformation is higher, and that the amorphous structure is more stable at tem-
peratures lower than the crystallization temperature. 

 
Fig. 3. DSC traces from amorphous Al70Ni13Si17 alloys obtained  

after isothermal annealing at various temperatures 

Figure 3 shows typical isothermal annealing DSC traces of amorphous Al70Ni13Si17 al-
loy prepared at a wheel speed of 40 m/s. As seen in Fig. 3, isothermal annealing DSC 
traces occurred with a clear incubation period, followed by an exothermic peak. Then 
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a decrease in the reaction occurred, which is typical of a nucleation and growth 
mechanism. This suggests that the crystallization should take place by nucleation and 
growth, since the existence of the time dependent incubation period indicates a ther-
mal activation nucleation barrier. The kinetics of crystallization can be expressed by 
the Johnson–Mehl–Avrami (JMA) equation [13] and the corresponding Avrami plots 
were made. This is shown in Fig. 4. From these plots, Avrami exponents n were ob-
tained in the range 2.4–2.8. The Avrami exponent with n = 2.5 is associated with nu-
cleation at a constant rate and diffusion-controlled growth [13]. Similar crystallization 
behaviour and Avrami exponents were reported by Gögebakan et al. for Al–Y–Ni 
alloy [14] and McKay et al. [11] for Al–Ni–Si alloy. 

 
Fig. 4. Avrami plots for the amorphous Al70Ni13Si17 alloy 

 
Fig. 5. DSC traces obtained during continuous heating of Al70Ni13Si17 alloys  
as melt spun (a), and annealed for 30 min at: b) 475 K, c) 525 K, d) 575 K 
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To investigate the crystallization behaviour during the exothermic reactions, 
amorphous ribbons were heated up to the end temperatures of each exothermic reac-
tion peak, and then cooled rapidly to freeze the microstructure for subsequent DSC 
and XRD analysis. Figure 5 shows a typical DSC trace obtained during continuous 
heating of Al70Ni13Si17 alloys (prepared at a wheel speed of 40 m/s), as melt spun and 
annealed for 30 min at various temperatures from 475 to 575 K. The DSC traces of the 
as melt spun ribbon consisted of three exothermic peaks. At the annealing temperature 
of 475 K, the first exothermic peak disappeared and the DSC traces showed two exo-
thermic peaks. However, the second and third exothermic peaks were not affected by 
the heat treatment. The DSC traces of the alloys annealed at 525 K showed only one 
exothermic peak. The DSC trace from alloys annealed at 575 K did not show any exo-
thermic peak. Similar crystallization behaviour was reported by Kim et al. [4] for their 
Al–Y–Ni alloys. 

 

Fig. 6. XRD traces from amorphous Al70Ni13Si17 alloys annealed  
for 30 min at: a) 475 K, b) 525 K, and c) 575 K 

Figure 6 shows the XRD traces obtained from rapidly solidified Al70Ni13Si17 alloys 
(prepared at a wheel speed of 40 m/s) after heated up to 475, 525 and 575 K, respec-
tively. XRD results revealed that, after annealing to 475 K, fcc-Al and a hexagonal 
phase were formed. This hexagonal phase has been previously identified by 
Schumacher [15] and Legresy [16]. Therefore, this is an indication that, for amorphous 
Al70Ni13Si17 alloys, the first crystallization peaks correspond to the formation of fcc-Al 
and hexagonal phases. After heating to 525 K, no new phase in the XRD traces were 
observed, and the intensities of present phases were increased. Therefore, the second 
exothermic peak in DSC corresponds to the growth of the fcc-Al and hexagonal 
phases. However, after annealing to 575 K, fcc-Al, fcc-Si and orthorhombic Al3Ni 
phases were observed, at this stage of heating the hexagonal phase was no longer pre-
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sent and this is indicating that it is metastable. This observation is in agreement with 
that of McKay et al [11] for Al-Ni-Si alloy.  

 
Fig. 7. Changes of electrical resistivity of Al70Ni13Si17 alloys 

annealed at various temperatures 

In order to understand the variation of the electrical resistivity with annealing 
temperature, amorphous ribbons were annealed for 30 min at various temperatures 
from 300 to 650 K. The changes in electrical resistivity with annealing temperature are 
shown in Fig. 7. As seen from the figure, the electrical resistivity remains nearly the 
same up to 450 K, which is about 33×10–6Ω·cm. Therefore the electrical resistivity of 
the amorphous Al70Ni13Si17 alloy is higher than that of pure Al (2.82×10–6 Ω·cm) and 
Ni (7.12×10–6 Ω·cm), and lower than that of Si (640×102 Ω·cm). However, the highest 
resistivity value decreases significantly from 33×10–6 Ω·cm to 1×10–6 Ω·cm, on de-
compositions of the amorphous phase to a fully crystalline phase. This suggests that, 
in Al–Si–Ni alloy, amorphous structure is responsible for the high resistivity.  

4. Conclusions 

The as-spun ribbon prepared at wheel speeds higher than 10 m/s is ductile, and the 
XRD traces showed a broad halo peak corresponding to the amorphous structure. At 
the wheel speed of 10 m/s, the melt spun ribbon was very brittle and XRD trace 
showed the presence of peaks corresponding to elemental Al, Si phases and intermet-
allic Al3Ni phase. Crystallization of amorphous Al70Ni13Si17 alloy during continuous 
heating in DSC, takes places in three stages: (1) formation of the fcc-Al and hexagonal 
phases from the amorphous phase; (2) growth of the fcc-Al and hexagonal phases; (3) 
formation of fcc-Si and orthorhombic Al3Ni phases. Crystallization of amorphous 
Al70Ni13Si17 alloy during isothermal annealing at in the range 420–27 K show JMA 
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kinetics with the Avrami exponent of 2.4–2.8, corresponding to continuous nucleation 
and three dimensional diffusion-controlled growth. Electrical resistivity of the alloy 
was measured as 33×10–6 Ω·cm for the amorphous structure and as 1×10–6 Ω·cm for 
the crystalline structure. 
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