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In this study, the crystallization behavior of melt-spun Al87Ni10La3 

amorphous phase was investigated by using X-ray diffraction and 

non-isothermal differential thermal analysis techniques. The results 

demonstrated that the amorphous phase exhibited two-stage 

crystallization on heating, i.e., at first step the amorphous phase 

transforms into α-Al phase and at second step Al11La3 and Al3Ni 

intermetallic phases precipitate, simultaneously. The activation 

energies of the crystallizations of the amorphous phase were 

evaluated by the Kissinger equation using the peak temperature of 

the exothermic reactions. The values of two-step crystallization 

activation energies were approximately 173.7±6 and 278.4±5 

kJ/mol, respectively. The Avrami index was calculated for the first 

and second step of crystallizations and obtained 0.9 and 3.8 

respectively. This kinetics investigation indicated that in the first 

step of crystallization of Al87Ni10La3 alloy, the nucleation rate 

decreases with time, and the crystallization is governed by a three-

dimensional diffusion-controlled growth, while the second stage was 

in interface control regime.  
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1-Introduction 

Al-based alloys have low density and good 

corrosion resistance that make them a good 

candidate for the transportation and aviation 

industries [1, 2]. Among the Al-based alloys, 

amorphous alloys are a new class of them, which 

have received much attention recently [3-6] 

because these alloys are sufficiently adaptable, 

and they have an unusual combination of 

properties such as high strength, good ductility, 

and last but not least good corrosion resistance. 

It has been shown that these types of alloys can 

be prepared by using either rapid solidification 

or mechanical alloying (MA) techniques [7-11] 

Among the various amorphous Al alloy systems, 

Al–Ni–RE (La, Y, Ce) amorphous alloys have 
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been studied intensively because of their 

excellent glass-forming ability (GFA) and high 

thermal stability [12-15]. It has been reported 

that the glass formation is favored in 

multicomponent compositions of these types of 

alloys [16–20]. In addition to the alloying 

development to produce amorphous Al alloy 

with higher GFA, several investigations also 

have focused on studying the crystallization 

process of amorphous Al-based alloys [21–27]. 

The controlled crystallization of these materials 

improves the properties and this issue is very 

attractive in many engineering applications.  

Generally, there are two basic approaches to 

determine kinetics parameters of amorphous 

alloys during heat treatment, which are 
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isothermal and non-isothermal methods [28-30]. 

The isothermal experimental analysis 

techniques were in most cases more definitive 

and the well-known Johnson–Mehl–Avrami 

(JMA) kinetics equation was always assumed 

[31–36]. But the kinetics of a primary 

crystallization reaction was not easy to fit to any 

established model of phase transformations in 

contrast to polymorphous or eutectic 

crystallization. Meanwhile, it could be seen that 

the non-isothermal thermo-analytical techniques 

had several advantages. The rapidity with which 

non-isothermal experiments could be performed 

made these types of experiment attractive. Non-

isothermal experiments could be used to extend 

the temperature range of measurements beyond 

that accessible to isothermal experiment. Also, 

many phase transformations occurred too 

rapidly to be measured under isothermal 

conditions because of their transients nature. 

Finally, industrial processes often depended on 

the kinetic behavior of systems undergoing 

phase transformations under non-isothermal 

conditions [29]. The study of the kinetics of 

crystallization provided the activation energy of 

crystallization and parameters like Avrami 

index, which responsible for the mechanism of 

crystallization. In this instance a definitive 

measurement of non-isothermal transformation 

kinetics was desirable.  

The previous study [37] has shown that the 

crystallization of fcc-Al nanoparticles in 

amorphous Al90-xNi10MMx (MM: Ce rich 

mischmetal; x=2, 4) alloys are a complex 

process. By thermal analysis, it has been found 

that the activation energy of crystallization (E) 

is changed with the continuation of the phase 

transformation, particularly at the late stage. 

This study proposed to study phase change 

during heating of amorphous Al87Ni10La3 alloy 

and to determine the activation energy of 

crystallization process, which describes the 

mechanism of the crystallization by employing 

non-isothermal models. The results were 

compared to other researches.  

 

2- Materials and methods 
The alloy with a nominal composition of 

Al87Ni10La3 was prepared by vacuum induction 

melting of the mixture of pure Al (99.99 wt%), 

Ni (99.99 wt%) and La (99.99 wt.%) under a 

high purity Ar atmosphere in a quartz crucible. 

Melting was performed several times to ensure 

compositional homogeneity of the alloying 

elements in the ingot. Amorphous ribbons with 

a width of 2–3 mm and a thickness of 30 μm 

were prepared by a single roll melt spinning 

machine. The tangential velocity and diameter 

of Cu wheel were 40 m/s and 200 mm 

respectively. The phase analysis of the ribbons, 

immediately after melt spinning, was performed 

by X-Ray diffraction (XRD) with Cu_Kα 

radiation (AW-XDM 300, China). The 

simultaneous thermal analysis was performed 

up to 700°C at rates of 2.5-40°C/min under 

protective N2 atmosphere to analyze the 

crystallization behavior of sample during heat 

treatment in a thermal analysis instrument STA 

449F3, NETZCH, Germany. In order to identify 

the phases after each exothermic peak in thermal 

analysis curve, the pieces of ribbons were heat 

treated isochronally (20 K/min) in STA 

instrument up to preset temperature and then 

cooled to room temperature. The kinetic studies 

are based on the ICTAC Kinetics Committee 

recommendations for collecting kinetic data 

[38] and for performing kinetic computations 

[39]. 

 

3- Results and discussions 
Fig. 1 shows the XRD pattern of the as-received 

melt spun Al87Ni10La3 alloy. Only a broad peak 

corresponding to a fully amorphous phase is 

observed. This confirms that the melt spinning 

of the alloy was successful to produce the 

amorphous alloy. 
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Fig. 1.  XRD pattern of Al87Ni10La3 amorphous alloy. 

 

Fig. 2 shows continuous heating DSC plots for 

Al87Ni10La3 amorphous alloy at heating rates of 

2.5 to 40 K/min. As it can be seen, the 

crystallization of the amorphous alloy is a two-

stage process and the temperature ranges of 

these two stages are listed in Table 1. Tx1 refers 

to the onset temperature of the first 

crystallization stage, Tp1 refers to the peak 

temperature of the first crystallization stage, and 

so on.  

No Tg is detected prior to the first crystallization 

onset temperature (Tx) either due to weak 

endothermic peak related to the glass transition 

temperature or a small fraction of quench-in 

nuclei that from initially during rapid 

solidification. These are typical features of 

crystallization processes in which the primary 

crystallization of fcc-Al phase occurs [21-23]. 

The first stage of crystallization for the heating 

rate of 2.5, 5 and 10 K/min is shown in higher 

magnification in the Fig.2. Upon increasing the 

heating rate, all the crystallization peaks shift to 

higher temperatures indicating a kinetic effect 

during crystallization of the amorphous alloy 

and all the peaks become broader. This 

phenomenon is quite common, and the physical 

reason has been discussed in the literature [29-

34].  

 Fig. 3 shows the XRD patterns of Al87Ni10La3 

amorphous alloys after heat treatment at 560 K 

and 650 K. The heat treatment temperature is 

shown by down arrow in thermal analysis curve 

of 20 K/min (fig.3-inset). As DSC results show, 

the amorphous alloy crystallizes through the 

primary crystallization of fcc-Al phase from the 

amorphous matrix in the temperature range of 

390–510 K. After the second crystallization 

peak, XRD patterns are indexed to be Al3Ni and 

Al11La3 phases in addition to the equilibrium 

phase Al. At a higher temperature of 650 K, the 

alloys are fully crystallized, and the 

microstructure consists of Al, Al3Ni and Al11La3 

phases. This crystallization process can be 

presented as below:  

Amorphous  (Amorphous) + α-Al  Al + 

Al3Ni + Al11La3   (1) 

The variation of observed temperature peak with 

applied heating rate can be described by the 

Kissinger analysis (Eq.(2))[38], or by the Ozawa 

analysis (Eq. (3)) [39]: 

A
RT

ET
Ln c )(

2


   

 (2) 

B
RT

E
Ln c  )(4567.0)(

  
 (3) 

where β is the heating rate, R is the gas constant, 

Ec is apparent activation energy, T is the peak 

temperature, A and B are constants. The 

crystallization onset temperatures, Tx, and the 

peak temperatures, Tpc , for the two peaks 

determined from the thermal analysis curves, 

and the activation energy obtained by Kissinger 

method are listed in Table 1.  
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Fig. 2. The STA curves of Al87Ni10La3 for different heating rates of 2.5, 5, 10, 20 and 40 K/ min. 

 

 
Table. 1. Characteristic temperatures, apparent activation energy obtained by Kissinger and Ozawa models and 

change of Avrami index for the primary and secondary crystallization steps of the Al87Ni10La3 amorphous alloy 

at different heating rates. 

 

Glass 

transition 

 

T (K) 

 

Heating rate (K/min) 
 

 

Activation energy 

(kJ/mol) 

(±6) 

  2.5 5 10 20 40  
Kissinger 

model 

Ozawa 

model 

First peak 

x1T 425 430 430 450 461  

175.1 173.7 
p1T 445 455 457 462 475  

Avrami index 1.05 0.96 0.90 0.84 0.81  

Second 

peak 

x2T 580 600 610 615 618  

282.4 278.4 
p2T 597 603 615 618 625  

Avrami index 4.10 4.05 3.90 3.70 3.50  

Tx1 and Tx2: onset temperature of the first and second crystallization stage 

Tp1 and Tp2: peak temperature of the first and second crystallization 
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Fig. 3. XRD patterns of Al87Ni10La3 amorphous 

alloys after heat treatment at a) 560 K and b) 650 K 

and thermal analysis curve for heating rate of 20 

K/min (inset). 

 

Fig. 4 and Fig. 5 show Ozawa and Kissinger 

plots. These plots are straight with little scatter, 

and it could be concluded that in this range of 

heating rates, there is no change in the reaction 

mechanism. The apparent activation energies 

calculated from the gradients of these plots by 

the Ozawa and Kissinger methods are presented 

in table 1. As it can be seen, for the first 

crystallization stage, the apparent activation 

energy based on the Kissinger model and Ozawa 

model are about 175.1 and 173.7 kJ/mol, 

respectively.  

 

 
Fig. 4.  Kissinger plots of crystallization sequences 

in Al87Ni10La3 amorphous alloys for the primary and 

secondary crystallization steps. 

 

 
Fig. 5. Ozawa plots of crystallization sequences in 

Al87Ni10La3 amorphous alloys for the primary and 

secondary crystallization steps. 

 

The activation energy of crystallization is a 

measure of the thermal stability of amorphous 

alloy. The activation energy of the primary 

crystallization in this alloy and some other 

amorphous Al alloys from the literature are 

listed in Table 2. As indicated in table 2, for the 

first stage of crystallization of Al-Ni-X 

amorphous alloys different activation values 

were reported, which varies from 129- 289 

kJ/mol. The obtained activation energy from 

both models in this study has a value of 175 

kJ/mol which in agreement with other 

researches. It has been reported that the self-

diffusion activation energy of Al, i.e. the 

activation energy for fcc-Al growth, is 120–140 

kJ/mol [40]. Present alloy shows higher 

activation energy that means an additional 

energetic cost for the formation of fcc-Al 

particles due to the formation of Al-La pairs. 

The presence of La atoms results to decrease in 

the Al-Al clusters which operate as preferential 

sites for the nucleation of fcc-Al particles hence 

more energy is required for the nucleation and 

formation of fcc-Al particles in Al87Ni10La3 

amorphous alloy. 
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Table 2. The crystallization activation energy of 

first peak in the DSC curve for different Al-Ni-X 

amorphous alloys 

No

. 

Composition E 

(kJ/mo

l) 

Ref. 

1 Al88Ni7MM5 129 41 

2 Al88Ni10MM2 140 37 

3 Al87Ni10Ce3 181 42 

4 Al87Ni10La2.1Ce2.8Pr0.3

Nd0.6 

217 43 

5 Al87Ni8La5 258 41 

6 Al85Ni10Ce5 289 44 

7 Al87Ni10La3 175 This 

stud

y 

 

The crystallization activation energies for the 

second peak calculated by Kissinger and Ozawa 

model are about are 282.4 and 278.4 kJ/mol 

respectively. Clearly, the activation energy of 

the second stage of crystallization is higher than 

the activation energy of first crystallization step 

because of more complicated crystallization 

products. As mentioned above, at the second 

stage of crystallization two new phases of Al3Ni 

and Al11La are appeared and need more energy 

to form. In the process of crystallization, the 

atoms participating in the crystallization 

reaction will acquire additional energy to form 

an activated cluster. The activation energy can 

be interpreted as the additional energy that an 

atom must acquire in order to be a part of the 

activated cluster [45].  

The mean value of Avrami index was calculated 

by Gao-Wang method [46] and the result for the 

first and second peaks of the thermal analysis 

curve for different heating rates is presented in 

Table 1. As it can be seen, this value for the first 

peak is averagely 0.9 and for the second peak is 

about 3.8. The Avrami index could be used to 

determine the crystallization mechanism [47]. 

Then, for the first crystallization stage of 

Al87Ni10La3 amorphous alloy, the 

crystallization mechanism is in the diffusion 

control regime while the second stage is in the 

interface control regime. This demonstrates that 

crystallization of Al and the growth of these 

crystallites requires the rejection of La. The 

enrichment of La at the interface of crystalline 

clusters indicates the low mobility of La in the 

amorphous parent phase. This, in turn, hinders 

the growth of the Al nanocrystals. The diffusion 

of alloying elements in metallic glasses is known 

to be sensitive to the relative size of the diffusing 

and the host atoms [48]. The low mobility of La 

can be explained by its larger atomic radius 

(0.1879 nm) compared to Ni (0.124 nm) and Al 

(0.143 nm). Thus, the growth velocity and the 

final size of the Al crystals are controlled by the 

diffusion of La into the amorphous matrix. 

Regions, where La shells around various Al 

nanocrystals, have merged should be even 

higher barriers to the growth of these Al crystals.  

 

Conclusions 
Thermal analysis and X-ray diffraction have 

been employed to investigate the crystallization 

process in the amorphous Al87Ni10La3 alloy. 

The results demonstrated that the crystallization 

from amorphous to fully crystalline state 

consists of two stages. In the first crystallization 

stage, fcc-Al nanoparticle precipitated from the 

amorphous matrix while the second 

crystallization stages is corresponding to the 

crystallization of Al3Ni and Al11La3 phases. The 

apparent activation energies for the first and 

second crystallization stages determined by the 

Kissinger and Ozawa methods. For the first 

crystallization stage, the apparent activation 

energy based on the Kissinger model and Ozawa 

model are about 175.1 and 173.7 kJ/mol, 

respectively. The crystallization activation 

energy for the second exothermic peak in 

thermal analysis curve calculated by Kissinger 

and Ozawa model are about 282.4 and 278.4 

kJ/mol respectively. These values are relatively 

similar for the different models in each 

crystallization stage, and these were in 

agreement with literature. The kinetics 

investigation showed that the precipitation of 

fcc-Al phase in first stage took place with 

decreasing nucleation rate in diffusion control 

mode, while the second stage was in interface 

control regime. 
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