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Chapter 5 CRYSTALLIZATION KINETICS OF METALLIC 

GLASSES       AND ZBLAN GLASS 

5.1 Introduction  

 

The metallic glasses, which are kinetically metastable, can be transformed into 

crystalline state by both isothermal and non-isothermal methods. Thermal analysis 

methods are widely used to study the crystallization kinetics of amorphous materials. 

The study of this transformation and hence the thermal stability of metallic glasses are 

important from the application view point. In the present chapter, the crystallization of 

two materials, one is ZBLAN glass and the other one is 2714A metallic glass is 

studied under non-isothermal conditions using DSC. The Avrami exponent (n), 

Frequency factor (A) and Activation Energy (E) of crystallization are evaluated using 

different isokinetic as well as isoconversional methods. 

The study of crystallization process of metallic glass forming alloys is important in 

understanding amorphization in metallic systems. The properties of fully or partly 

crystalline materials usually differ from those of the corresponding amorphous 

materials. Thus, the kinetics of crystallization must be known to attain products with 

required fraction crystallized or to avoid the degradation of materials when they are 

cooling from high processing temperatures. Crystallization kinetics is extensively 

studied by thermal analysis methods.  

A full kinetic analysis of a solid state reaction has at least two major stages: 

Experimental collection of data: 

Different thermal analysis methods like Differential Scanning Calorimetry (DSC) or 

differential thermal analyzer (DTA) are performed to get the data which is suitable for 

adequate kinetic analysis. The DSC/DTA experiments can be carried out in isothermal 

as well as isochronal (non-isothermal) conditions. The choice of the mode of 

experiment to study the kinetics of the phase transformation has always been a matter 

of debate due to their relative advantages and inherent limitations. Though the 

isothermal techniques are definitive in most case, the non-isothermal techniques 

possess several advantages over it. Some of the notable advantages of the non-

isothermal techniques are: (i) the rapidity with which the experiment can be 

performed (ii) extended temperature range of measurements beyond those accessible 
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to isothermal experiments. Further, many phase transformations occur too rapidly to 

be measured under isothermal conditions because of transients inherently associated 

with the experimental apparatus [1]. Non-isothermal transformation kinetics becomes 

important in such instances.  

 

i) Computation of kinetic characteristics for the data from 1
st
 stage: 

 

The data obtained using different thermo analytical techniques is usually in one of the 

following forms: 

 Sets of , t (or d/dt, t) data at several different constant 

temperatures. 

 Sets of  , T (or d/dt, T or d/dT, T) data at several different 

constant heating rates . 

 Sets of T, t data obtained at several different constant reaction 

rates d/dt. 

 

Here  is the volume fraction of the sample reacted, for example the volume 

transformed in crystalline phase during the crystallization event, and can be obtained 

from DSC curve as a function of temperature (T). 

The analysis of the data is usually sought in terms of a kinetic triplet, E - the 

activation energy, A- the pre-exponential factor and f () - the reaction model or the 

conversion function. Each of these parameters represents an important physical 

concept. For example the transition state theory links E to the energy barrier and A to 

the vibrational frequency of the activated complex. Numerous solid state reaction 

models link f () to the reaction mechanism. Therefore, by the evaluation of the 

kinetic triplet one can theoretically interpret the experimental data. Practically, this 

kinetic triplet provides a mathematical description of the process. If the kinetic triplet 

is determined correctly, it can be used to reproduce the original kinetics data as well 

as to predict the process kinetics outside the experimental temperature region.  

To determine the kinetic parameters of the crystallization processes the choice of a 

sound method for the analysis of the experimental data is important. A multitude of 

methods for the kinetic analysis are available in the literature. These methods are 
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generally based on either the isokinetic hypothesis or the isoconversional principle 

and they can be accordingly categorized as:  

 

(1)Isokinetic methods  

(2)Isoconversional methods  

 

In the isokinetic methods the transformation mechanism is assumed to be the same 

throughout the temperature/time range of interest and, the kinetic parameters are 

assumed to be constant with respect to time and temperature whereas the 

isoconversional methods assume that the reaction rate at a constant extent of 

conversion is only a function of temperature. The kinetic parameters, in 

isoconversional analysis, are considered to be dependent on the degree of 

transformation at different temperature and time.  

 

EExxppeerriimmeennttaall  wwoorrkk 

The Differential Scanning Calorimetry (DSC) is used for collecting the data required 

for kinetic analysis. The heat flux type of DSC (DSC-50, Shimadzu, Japan) is utilized. 

The DSC scans were recorded by a thermal analyzer (TA-50 WSI, Shimadzu, Japan) 

interfaced to a computer. The detection sensitivity of the instrument is ~10 W. The 

heat transformations and other essential physical quantities were obtained from the 

thermograms with the help of software, provided with the equipment. In DSC-50, the 

exothermic events are displayed by the upside shift of the baseline. 

 

Specimens of amorphous ZBLAN glass were cut into small pieces and crimped in 

aluminum pans and loaded in the DSC cell with the reference material α – alumina. 

The DSC runs were carried out on these samples at four linear heating rates (5,10,15 

and 20 Kmin
-1

) from room temperature to 673K in air.  

Methods of analysis of the experimental data 

The rate of solid state reaction is generally described by [2]  

( ) ( ) exp ( )
d E

k T f A f
dt RT


 

 
   

 
                        (5.1) 
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wherek(T) is the reaction rate constant, f() is the reaction model,  is the conversion 

fraction,  A is the preexponential factor, E the activation energy and R the gas constant. 

 

 

Isoconversional Methods 

 

Isoconversional methods calculate E values at progressive degrees of conversion 

without modelistic assumptions. These methods can be broadly classified into two 

categories: (1) Linear methods and, (2) Non-linear methods. The linear integral 

methods can further be classified into integral and differential methods. The 

isoconversional methods are based on the basic kinetic equation given by Eq.(5.1). 

The integral form of Eq.(5.1) is  expressed as: 

 

   
0

exp

T
A E AE

g dT p x
RT R


 

  
    

  
            (5.2) 

 

wherex =E/RT and p(x) is the temperature integral which cannot be calculated 

exactly. Hence different researchers used different approximations to calculate the 

temperature integral. 

 

5.3.1.1 Linear Integral Isoconversional Methods 

 

[1]  Ozawa-Flynn-Wall (OFW) method [3, 4]:  

 

In this method, the temperature integral in Eq.(5.2) is approximated to be equal to  (–

E/RT) which further simplifies Eq.(5.2) in the following form.  

 

ln ln 1.052 5.331
( )

AE E

Rg RT




 
   

 
                        (5.3) 
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The factor 1.052 is a correction factor. The value of activation energy can be 

determined from the  plot of ln as a function of (1/T). 

 

At T=Tp(peak temperature), Eq.(5.3) reduces to Ozawa equation. 

 

[2]  Kissinger-Akahira-Sunose (KAS) Method [5]:  

 

According to the Murray and White approximation [6], the temperature integral can be 

approximated to be exp(–y
2
)/y

2
, y being E/RT. Using this approximation in Eq.(5.2) 

results in the KAS equation  

 

 2
ln ln

AR E

T Eg RT





  
        

                   (5.4) 

 

The slope of the plot of ln(/T
2
) Vs. 1/T  leads to the value of the activation energy.  

 

The general equation for the special cases of KAS method when T= TP is written as    

   

ln .
s

p p

E
Z const

T RT

 
    

 

                   (5.5)                                                                                                                                                                                                                                                                                        

 

When (1) s = 2 and  Z = 1  Eq. (5.5) reduces to  Kissinger equation 

          (2) s = 1  and  Z = 1  Eq. (5.5) reduces to  Bosewell equation 

          (3) s = 0  and  Z = 1.052  Eq. (5.5) reduces to  Ozawa equation 

 

Another special case of KAS is suggested by Augis and Bennett [7] as  

 

 
ln ln

pp o

E
A

RTT T

 
    
 
 

                          (5.6)     

 

whereTp and To are the peak  and  onset temperatures  respectively. To estimate the 

value of Avrami exponent, n also, Augis and Bennett have derived an equation as  
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22.5 pT
n

E
T

R





                                       (5.7) 

 

where∆T is the full width at half maximum of the DSC curves. 

 

[3] Li-Tang method [8]:  

 

This method also does not need to make any assumption about the kinetic model and 

involves no approximation to the temperature integral. It is based on the following 

equation. 

 

 
0 0

1
ln

d E
d G d

dt R T

 


  
   

    
  

                          (5.8) 

 

where     
0

ln lnG A f d



       

5.3.1.2  Linear Differential Isoconversional Methods 

[1]  Friedman method [9]:  

The method suggested by Friedman, utilizes the differential of the transformed fraction 

and hence it is called differential isoconversional method. According to this method, 

taking logarithm on both sides of Eq.(5.1), we obtain   

 

 ln ln ln ( )
d d E

Af
dt dT RT

 
 

   
     

   
           (5.9) 

 

The activation energy can be easily determined from the slope of the plot of ln(dα/dt) 

Vs. (1/T). This method, does not take any mathematical approximation for the 

temperature integral. 

[2]  Gao and Wang Method [10] 

The special case of Friedman method is suggested by Gao and Wang, at T= Tp, and is 

expressed as 



Chapter 5 CRYSTALLIZATION KINETICS OF METALLIC 

GLASSES   AND ZBLAN GLASS 
 

 

94 
 

 

ln
pp

d E
const

dT RT



  

    
   

                       (5.10) 

 

 

The frequency factor and the Avrami exponent, from this method, can be determined 

using the following expressions 

 

2p

p

E
K

RT


                (5.11) 

 

 

where  expp

p

E
K A

RT

 
   

 

 

 

 

0.37

p

p

d

dt
n

K

 
 
 

 (5.12) 

 

5.3.1.3 Non-linear isoconversional method:  

 

For non-isothermal experiments, a non-linear method developed by Vyazovkin [11], 

avoids inaccuracies associated with analytical approximations of the temperature 

integral. For a set of m experiments carried out at different heating rates, the activation 

energy can be determined at any particular value of α by finding the value of E(α) for 

which the function 

 

 

 

,
min imum

,

m m
i j

i j j i

I E T

I E T

 

 





   
 
 

                        (5.13) 
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The minimization procedure can be repeated for each value of α and hence the   

dependence of E on α can be studied.  

 

5.3.2 Isokinetic Methods 

 

The isokinetic methods of kinetic analysis depend on the reaction model and hence 

are also called as model fitting methods. These methods rely on the isokinetic 

hypotheses to separate the kinetics of the transformation from its dependence on 

temperature. Different isokinetic methods are described below; 

 

Matusita and Sakka method 

Matusita and Sakkka [12] suggested the following equation specifically for the non-

isothermal data 

 

  ln[ ln(1 )] ln cmE
n Const

RT
                 (5.14) 

wherem is an integer depends on the dimensionality of the crystal and the Avarami 

exponent n depends on the nucleation process. For a constant temperature, the plot of 

ln[-ln(1-α)] Vs. lnβ gives a straight line and the slope gives the value of n. The value 

of activation energy E can be obtained from the plot of ln[-ln(1-α)] Vs. 1/T at 

constant heating rate. 

 

5.3.2.1 Modified Kissinger method 

 

The modified Kissinger equation [13] given below can be utilized to derive the 

activation energy.  

 

  
2

ln
n

p p

mE
Const

T RT

 
    

 

      (5.15)  
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In order to derive E from this equation, one must know the value of n. The n value can 

be obtained from the slope of the plot of  ln[-ln(1-)] Vs. ln at constant temperature. 

The plots of  2ln
n

pT
 
 
 

 Vs.1/Tp, for different n values obtained, give the values of 

activation energy E. 

Coats &Redfern method 

 

One of the most popular model-fitting methods is the Coats and Redfern method [14]. 

This method is based on the equation 

 

 
 

2

2
ln ln 1 ln

j j j j j

j j j

g A R E A R ERT

T E E RT E RT



 

  
       

   

         (5.16) 

 

whereEjand Ajare the Arrhenius kinetic parameters corresponding to a particular 

reaction model gj(α). The graph of 
 

2ln ig

T

 
 
 

Vs. 1/T gives a straight line whose 

slope and intercept allow us to calculate E and A for a particular reaction model. 

 

5.3.2.4 The invariant kinetic parameter (IKP) method 

 

It has been observed that the same experimental curve  = (T) can be described by 

different function of conversion (f ()). Further, the values of the activation energy 

obtained for various f () for single non-isothermal curve are correlated through the 

compensation effect [15]. These observations form the basis of the IKP method. In 

order to apply this method,  = (T) curves are obtained at different heating rates for 

each heating rate the pairs (Aj, Ej),where j corresponds to a particular degree of 

conversion, are determined using the following equation: 

 

 
2

( )
ln ln

g AR E

T E RT




                                               (5.17)

  



Chapter 5 CRYSTALLIZATION KINETICS OF METALLIC 

GLASSES   AND ZBLAN GLASS 
 

 

97 
 

For constant , a plot of  2

( )
ln

g
T


 Vs. 1/T is a straight line whose slope allows the 

evaluation of activation energy E and intercept, pre-exponential factor, A 

for different reaction models g(). The same procedure is repeated to obtain the pairs 

(E, A) for different heating rates. Now, the calculation of invariant activation 

parameters is done using the compensation relation 

 

  ln A E                  (5.18) 

The Eq.(5.18) represents a linear relationship between lnA and E; any increase in the 

magnitude of one parameter is offset, or compensated, by appropriate increase of the 

other. Plotting lnA Vs. E for different heating rates, the compensation effect 

parameters *
 and *

 are obtained. These parameters follow an equation [16] 

  
*ln A E                                 (5.19)  

 

The plot of *
 and *

 gives the true values of E and A.  
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RReessuullttss  aanndd  DDiissccuussssiioonnss  

 

5.4.1 ZBLAN glass 

 

 

 

fig. 5.1: Kissinger plot for ZBLAN glass 
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Fig. 5.2: KAS plots for ZBLAN glass 
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Fig. 5.3: OFW plots for ZBLAN glass 
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Fig. 5.4:Fractional crystallization as a function of temperature 

    at various heating rates for ZBLAN glass  
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Crystallization Kinetics of Co65Si15B14Fe4Ni2(2714A) Metallic Glass 

 

[The cobalt based metallic glass Co65Si15B14Fe4Ni2has good soft magnetic properties. 

Metallic glass 2714A with compositionCo65Si15B14Fe4Ni2, is used in high 

frequencyelectromagnetic devices, shows very good soft magneticproperties [10]. 

.]Ref-1)[ such as low coercivity and low hysteresis loss and high permeability and 

high saturation magnetization. So, they are widely used in antitheft security system, 

magneticrecording heads, magnetic sensors, large transformers and electronic devices 

[4.48- 4.52]. The nano-crystalline state has also been obtained fromCo-based 

amorphous precursors  [4.53, 4.54]. From recent reports, it is clear that Co 

basedmetallic glass is suitable for its use in magnetic sensors [4.55].]A)[Many 

researchers [11-14] have reported the annealingeffects on magnetic properties of this 

alloy. Inthis study, we will report the crystallization behavior ofCo65Si15B14Fe4Ni2in 

more detail.Ref-1) 

The DSC thermograms at four different heating rates are shown in Fig. 5.1. The 

thermograms show single step crystallization. The crystallization peaks for heating 

rates 5, 10, 15 and 20 
0
C/min are found to be at 822.31, 830.08, 834.16 and 835.69 K 

respectively.  
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Fig.5.1DSC thermograms of the metallic glass Co66Si12B16Fe4Mo2 at different two heating rates 
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         Fig. 5.2: Fractional crystallization as a function of temperature at various heating rates for 
                                                         Co65Si15B14Fe4Ni2metallic glass 

 

Figure 5.2 shows the graphical representation of the volume fraction transformed (α) 

as a function of temperature (T) for different heating rates. The sigmoid plot exhibits 

the bulk crystallization and excludes the chance of surface crystallization. During the 

stage “a” nucleation occurs at various points in the bulk of the sample. In the stage 

“b” the growth of nuclei with increased rate of reaction as the surface area of 

nucleation increases. The slowing down stage “c” shows the decrease in surface area 

as a result of nuclei coalescing.]H) 

Linear Integral Isoconversional Methods 

Using the linear integral isoconversional methods given by OFW and KAS 

theactivation energy at different extent of conversion (fractional crystallization) have 

been evaluated (Table 5.3). Figures 5.3 & 5.4 show the plots for OFW [Eq. (5.5)] and 

KAS [Eq. (5.6)] methods for a = 0.2, 0.4, 0.6 and 0.8. The E values obtained fromboth 

the methods decreases initially then increases andafterwards again decreases.The shift 

in the crystallization peak with increasing heating rate is used to obtain theactivation 

energy from Kissinger and Ozawa methods. Figs 5.17 and 5.18 show theKissinger 

and Ozawa plots The Kissinger method assumes that the reaction rate is maximum at 
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the peaktemperature (Tp) (Table 5.1). This assumption implies a constant degree 

ofconversion (αp) at Tp. This method is grouped as a special case of 

KASisoconversional method. Referring to Eq. (5.7) a plot of ln(β/Tp2) Vs. 

1000/Tp(Fig.5.5) gives an approximate straight line with the slope (E/R) and the 

interceptln(AR/E). A single value of E is obtained at T = Tpfrom the Ozawa plot [Eq. 

(4.5)] oflnβ Vs. 1000/Tpas in Fig. 4.6. The so obtained activation energy from both 

Kissingerand Ozawa methods are 553kJ/mol and 546 kJ/mol respectively (Table 5.2). 

Table5.1 Peak temperature, Tpand onset temperature, Tofor four different heating rates          

forCo65Si15B14Fe4Ni2 

Heating rates 

 (K/min) 
To (K) Tp(K)   

5 818.31 822.31   

10 826.27 830.08   

15 830.41 834.16   

20 833.14 835.69   

 

Using Eq. (5.10) for Boswell method, from the slope of the graph ln(β/Tp) Vs. 

1000/Tp(Fig. 5.7) the value of E is determined as 443 kJ/mol. The Augis and Bennett 

method [Eq.(5.8)] uses the peak crystallization temperature and onset crystallization 

temperature (Table 5.1) to evaluate E and A. The plot of ln(β/Tp- To) Vs. 1000/Tp 

(Fig. 5.8) gives the values of E as 532 kJ/mol. 

Table 5.2 Activation energy (E) derived using various methods for 

Co65Si15B14Fe4Ni2 

 

 

 

 

 

 

 

 

Methods E ( kJ/mol )  

Kissinger 550.464.95  

Ozawa 537.675  

Augis& Bennett 693.6317.11  

Bosewell 558.455.2  
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Table 5.3 Local Activation energy (E) at different conversion for different methods 

α Eα(kJ mol
-1

) 

KAS OFW  

0.1 624.9610.17 607.3510.18  

0.2 624.967.28 607.747.16  

0.3 619.383.9 602.383.81  

0.4 618.893.9 602.383.81  

0.5 609.93.23 593.763.04  

0.6 609.460.7 592.810.78  

0.7 595.915.5 580.095.4  

0.8 597.772.8 582.072.79  

0.9 597.262.5 550.2352.34  

 

 

 

                                               Fig. 5.3: OFW plots for Co65Si15B14Fe4Ni2 
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                                                     Fig. 5.4: KAS plots forCo65Si15B14Fe4Ni2 
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                                      Fig. 5.5: Kissinger plot forCo65Si15B14Fe4Ni2 

 

 

                                        Fig. 5.6 Ozawa plot forCo65Si15B14Fe4Ni2 
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                                       Fig. 5.7 Boswell plot forCo65Si15B14Fe4Ni2 

 

                            Fig. 5.8 Augis& Bennett plot forCo65Si15B14Fe4Ni2 

 

Crystallization Kinetics of ZBLAN Glass 
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In the present work, the kinetics of the crystallization of the ZBLAN glass has been 

studied. 

Fluorozirconate glasses are potential candidates for opticaltelecommunication devices 

because of their low phonon energy andwide optical transmission window, ranging 

from the UV to the midinfrared. They are desirable materials forup-conversion lasers, 

optical amplifiers, and display devices [1–5].The fluorozirconate system, notably the 

ZrF4-BaF2-LaF3-AlF3-NaF(ZBLAN) glass composition, is one of the most stable 

against 

devitrification among the fluoride glasses [6].]ref.2) 

The DSC thermograms at four different heating rates (5, 10 deg/min) are shown in 

Fig. 5.13. The thermograms show two and three-stage crystallization process. 

Thepeak height of these steps varies with the heating rate. At lower heating rates, both 

peaks are much distinct and diminishes as we go for higher heating rates. In the 

present paper, the first peak is taken 

into consideration for the kinetic analysis. Glass transition temperature is very evident 

in both thermograms. The analysis of DSC data to evaluate the kineticparameters can 

be obtained from non-isothermal rate laws by  isoconversional (model independent) 

methods. 

The plots of α Vs. T for different heating rates are shown in Fig. 5.14. The graphical 

representation of the volume fraction transformed (α) as a function of temperature (T) 

show the typical sigmoidal curves, which exhibit the bulk crystallization and exclude 

the chance of surface crystallization.  
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Fig.5.9 DSC thermograms of the ZBLAN glass  at different heating rates 

 

   Fig. 5.10: Fractional crystallization as a function of temperature at various heating rates for 
ZBLAN glass 
 

 

Linear Integral Isoconversional Methods 

The values of local activation energy at particular α value are calculated using 

theOFW [Eq.(4.5)]and KAS [Eq.(4.6)] methods. The plots are shown in Figs. 5.15 

and 5.16 and the values of E are listed in Table 4.7. It is observed that the 

activationenergy continuously increases as α changes from 0.1 to 0.9, in case of both 

themethods. 

 

 

                                    Fig. 5.11: OFW plots for ZBLAN glass 
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                                      Fig. 5.12: KAS plots for ZBLAN glass 

Table 5.4 Local Activation energy (E) at different conversion for different methods 

α            Eα(kJ mol
-1

) 

KAS OFW  

0.1 196.71 200.02  

0.2 196.71 105.21  

0.3 114.73 120.17  

0.4 114.73 120.17  

0.5 114.73 120.17  

0.6 113.07 120.17  

0.7 94.20 100.09  

0.8 94.20 100.09  

0.9 94.20 100.09  

 

 

5.6 Conclusions 

The crystallization behavior of Co65Si15B14Fe4Ni2 metallic glass and ZBLAN glass 

is studied under non-isothermal heating conditions using DSC. The kinetic parameters 

are evaluated using the isoconversional methods for both glasses.  

The values of activation energy determined at different conversion,  using the linear 

integral isoconversional methods (OFW, KAS and Li & Tang) are found to be 

consistent.  Integral isoconversional methods use intergrals which describe the history 

of the system in the range  equal to 0.1 to 0.9.  

Also it can be seen from Figures 5.12 and 5.31, that the values of local activation 

energy,E calculated using linear integral isoconversional methods show a decreasing 

trend as  changes from 0.1 to 0.9. This may be due to the fact that the crystallization 
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is a single step process in case of both the systems. So initially at small  values the 

nucleation rate is high and the activation energy here is due to both nucleation and 

growth. Hence high value of E is observed at lower  values. While towards the end 

of the process growth rate is more and the activation energy is mainly due to growth 

resulting in lower values of E. Model free isoconversional methods have beenutilized 

to study the crystallization kinetics of the crystallizationprocess involved in the 

presently taken systems namely Co65Si15B14Fe4Ni2 and ZBLAN glasse. 

Isoconversionaltechniques,provide quite accurate valuesof Eα as a function of α as 

these analytical methods are supposed to be model free.Itis also noteworthy that the 

activation energy values using various isoconversionalmethods and the special cases 

of isoconversional techniques namely Kissinger,Ozawa, Augis&Benett, Boswell and 

Gao& Wang are quite consistent, whereasmodified Kissinger method overestimates 

it.For Co-based metallic glass, the activation energy obtained through KAS and 

OFWmethods, decreases.The special cases ofisoconversional methods namely 

Kissinger, Ozawa, Augis& Bennett & Boswellgives quite consistent results and 

modified Kissinger methods also incorporates withthem. Isoconversional methods 

provide activation energy values, E as a function ofconversion, α.For metallicglasses, 

the thermally activated phase transformations are more physical thanchemical. In fact, 

crystallization is a complex process involving nucleation andgrowth and on rigorous 

grounds, it cannot be considered to be a single-step process.The isokinetic analysis 

always leads to a single activation energy (rather say, apparentactivation energy) 

giving an overall picture of the crystallization process. However, 

the difficulty (and hence uncertainty) in choosing the proper reaction model persistsin 

isokinetic analysis. Therefore, the isoconversional methods are definitely superiorto 

the isokinetic methods as far as the determination of E is concerned [5.56]. 
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