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ABSTRACT 
Metallic glass Zr53Cu40Al7 was prepared in the form of ribbon by melt-spinning the master alloy in a 
purified argon atmosphere at a lower quenching rate. Its thickness of 0.1 mm is near limit of bulk 

glasses. Presence of crystallites in the amorphous matrix was confirmed by X-ray diffraction (XRD). 

Homogeneity and chemical composition were investigated using scanning electron microscopy (SEM) 
and energy-dispersive X-ray spectroscopy (EDX). Metallic glasses are metastable and it is of great 

importance to investigate their stability. The crystallization process was studied by means of 

differential scanning calorimetry (DSC). Overall activation energies of the crystallization were 

calculated using various models for non-isothermal process and their values are close to 2.97 eV. 
Keywords: partially crystalline metallic glass, thermal stability, differential scanning calorimetry, 

activation energy, non-isothermal process. 

 
1. INTRODUCTION 

Metallic glasses do not possess a long range order, but short range order can exist. From a 

thermodynamics standpoint, a crystal is more favorable than glass. Upon cooling from the melt, the 
metallic glass exhibits a glass transition. Values of the glass transition temperature will be lower at 

slower cooling rates. At the glass transition temperature the first derivatives of the Gibbs free energy 

such as volume, entropy, and enthalpy are continuous but exhibit a change in slope. There is a 
discontinuity in derivatives of these thermodynamic variables such as heat capacity and the abrupt 

change in heat capacity indicates the glass transition [1]. Depending on the cooling rate, the obtained 

ribbons can be fully amorphous or partially crystalline.  
Metallic glasses are metastable structures and tend to undergo a transition to a more stable state, 

which is followed by changes in desirable physical properties. This fact imposes a strong limit for 

their applications at elevated temperatures. Thermal stability examination and determination of glass 

transition temperature is typically performed by DSC. The crystallization kinetics can be studied in 
two processes, isothermal and non-isothermal, and the experimental results can be interpreted in terms 

of several theoretical models. 

The crystallization kinetics of metallic glasses has usually been studied using the Johnson-Mehl-
Avrami (JMA) phenomenological theory of isothermal kinetics in which the crystallization fraction x 

can be described as a function of time. The JMA equation is usually written as: 

  n
Kttx   exp1)( ,     (1) 

where n is the Avrami exponent and K is the rate constant which is given by: 
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In equation (2), Ea is the activation energy for the overall crystallization process, kB is the Boltzmann 

constant and T is the isothermal temperature. Based on the JMA model, different methods have been 
developed for the study of non-isothermal crystallization. 

Kissinger's method [2,3] assumes that the reaction rate has a maximum at the peak temperature Tc and 

also implies a constant degree of conversion at Tc. It suggests that the heating rates s in terms of the 

peak crystallization temperature Tc can be expressed using the equation:  
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where A is constant. The equation (3) can be rewritten as: 
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The value of activation energy can be calculated from the slope of the approximately straight line 

 2/ln cTs  versus cT/1 . 

Ozawa proposed that the activation energy at peak temperature can be determined according to: 
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Kissinger-Akahira-Sunose (KAS) [4,5] method uses the temperatures Tx which correspond to fixed 

values of the crystallized volume fraction x at different heating rates: 
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The activation energy can be calculated from the slope of the straight line given by (6). 
 

2. EXPERIMENTAL PROCEDURES 

Master alloy was prepared using an argon arc furnace from Zr (99.98 %), Cu (99.999 %) and Al 
(99.999 %). Metallic glass was obtained by melt-spinning in argon atmosphere [6,7]. The process 

parameters were selected as follows: wheel velocity of 15 m/s, ejection argon pressure of 0.8 bar and 

the crucible orifice diameter of 0.5 mm. The final product was the ribbon 1.5 mm wide and 0.1 mm 

thick. Homogeneity and the chemical composition of the ribbon were examined by scanning electron 
microscopy (SEM), using TESCAN VEGA SEM, equipped with BRUKER device for dispersive X-

ray spectroscopy (EDX). The XRD experiment was performed on a Philips PW-1840 diffractometer 

using the software package Philips X´Pert Data Collector.  
Thermal stability of the metallic glass was studied by differential scanning calorimetry. Measurements 

were performed using Diamond DSC.  

 

3. RESULTS AND DISCUSSION 
Results of EDX analysis show that the sample is homogeneous. Distribution of the constituents in the 

sample is shown in Figure 1.  

 

 
 
Figure 1. Distribution of Zr, Cu and Al in metallic glass Zr53Cu40Al7 
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XRD pattern shows a set of well-defined crystalline peaks superimposed on a broad maximum 

corresponding to an amorphous phase. The broad maximum position is 2θ = 38º as shown in Figure 2. 
 

 
 

Figure 2. XRD intensity as a function of scattering angle for the partially crystalline Zr53Cu40Al7 

 

Well defined endothermic and exothermic peaks are observed at glass transition temperature (Tg) and 

crystallization temperature (Tc). The glass transition temperature is not a constant of the material, but 

rather a function of experimental conditions. Values of heat flow (mW/mg) at 30 and 50 K/min 
heating rates are shown in Figure 3. 
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Figure 3. DSC scans recorded at different heating rates  

 

The crystallization peak shifts to higher temperatures with increasing heating rates. The temperature 
of glass transition has been found less dependent on the heating rate than the peak temperature. 

The activation energy for the overall crystallization process was calculated using Kissinger's and 

Ozawa's method. The plot corresponding to Ozawa's method is presented in Figure 4.  
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Figure 4. Ozawa's plot for partially crystalline metallic glass Zr53Cu40Al7 
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The plot is approximately a straight line. The value of the activation energy obtained by Ozawa's 

method is 2.96 eV. The activation energy obtained by Kissinger's method is 2.98 eV. The fractions of 
crystalline phase, e.g. degrees of conversion, at peak temperatures have also been calculated at 

different heating rates and the results are between 50.15 % and 53.28 %. These degrees of conversion 

are calculated as the quotient of the area above DSC curve between the onset temperature of 
crystallization and the actual temperature and the area above the DSC curve between the onset and 

offset temperatures. The activation energies at different degrees of crystallization were calculated 

using KAS method and are presented in Table 1. Maximum difference between Eax is 1.44%. 
 

Table 1. Activation energies at corresponding degrees of conversion 

 

x (%) Eax (eV) 

10 2.994 

20 2.985 

30 2.983 

40 2.988 

50 2.990 

60 2.992 

70 2.999 

80 3.007 

90 3.026 

 

4. CONCLUSIONS 

The process of obtaining metallic glass and its crystallization kinetics can be presented as follows: 
1. Metallic glass ribbon is obtained by melt-spinning with carefully selected process parameters.  

2. It is homogeneous considering the composition, but is not fully amorphous. XRD analysis shows 

a set of sharp crystalline peaks.  

3. Process of crystallization has been studied using three methods. The glass transition temperature 
is very noticeable in the thermogram.  

4. Comparison of the activation energies for different degrees of conversion indicates a single-stage 

process of crystallization. 
Further research will be aimed at identification of crystalline phases in the amorphous matrix of the 

as-quenched samples as well as change of structure during crystallization. 
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