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5.1 Introduction 

Crystallization is a thermally activated process in amorphous solids. The 

crystallization of metallic glasses typically occurs by two independent but inter-

correlated elementary events, i.e., nucleation and growth, each of them being 

controlled by either mechanisms: diffusion of atoms to, through, or out of the 

liquid or glassy matrix crystal interface and surface chemical reaction i.e., 

incorporation of reacting units into and out of the interface. Nucleation is a rapid 

process as compared to growth. Nucleation may be homogeneous or 

heterogeneous, or there may be pre- existing nuclei of various natures. Growth 

may be primary, eutectic or polymorphic [5.1-5.2]. Crystallization studies of 

metallic glasses are of importance in understanding mechanisms of phase 

transformations far from equilibrium, evaluating the glass forming ability (GFA) 

of the melts and producing ultrarefined microstructure [5.3-5.5]. The study of 

crystallization process of metallic glass forming alloys is important in 

understanding amorphization in metallic systems. 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. The kinetics of the solid state phase transformations can be studied 

using thermal analysis techniques such as differential scanning calorimetry 

(DSC). To analyze the data obtained from DSC and hence to determine the kinetic 

parameters of the crystallization processes (say, activation energy, rate constant 

etc.), raise two important issues: (i) the selection of the mode of experiment 

(isothermal or non-isothermal) and, (ii) the choice of a sound method for the 
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analysis of the experimental data. Crystallization process can be investigated 

under isothermal and non-isothermal conditions. Non-isothermal experiments can 

be performed more easily and faster than isothermal experiments. Moreover, they 

provide smaller noise-to-signal ratio for kinetic experiments [5.6]. So to study 

crystallization process under non-isothermal condition various approximation and 

theoretical models have been proposed [5.7-5.11]. For the kinetic analysis of the 

crystallization process under non-isothermal condition, the choice of a reliable 

method is very important.  

The analysis of data procured from DSC experiments can be done in two ways, 

isokinetic and iso conversional. A single value of kinetic parameters such as 

activation energy is obtained by isokinetic methods, since they assume the 

transformation mechanism to be same throughout the temperature or time range. 

On the other hand, an isoconversional method assumes the transformation 

mechanism at a constant degree of conversion as a function of temperature and 

provides kinetic parameters varying with the degree of conversion, α. Generally, 

multi-component metallic glasses crystallize in multiple steps so their 

transformation mechanism cannot be considered to be the same throughout the 

process. Different mechanisms may be involved for different steps. Thus, 

selection of correct method to study crystallization behavior of metallic glasses is 

a major issue. Many researchers [5.12-5.15] have studied crystallization kinetics 

by various isokinetic and isoconversional methods. Recently, Lu and Li [5.16] 

have used various isokinetic and isoconversional methods for studying the 

kinetics of non-isothermal crystallization in Cu-based metallic glasses. Some 
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others researchers, such as Wu et al. [5.17] and Svoboda and Malek [5.18], have 

considered that isoconversional methods are sufficient for the study of 

crystallization kinetics. 

To understand the relative importance of isokinetic methods and isoconversional 

methods in the present work second crystallization event of Zr52Cu18Ni14Al10Ti6 

metallic glass is analyzed by both the methods to obtain value for the activation 

energies of crystallization as well as other kinetic parameters. 

5.2 Theoretical Formulation 

  
5.2.1 Theory of Phase Transformation 

Most of the methods, developed to study the phase transformations involving 

nucleation and growth, are depend on the transformation rate equation given by 

[5.19-5.23], Kolmogorov, Johnson, Mehl and Avrami (KJMA) equation. KJMA 

equation is used to characterize the crystallization kinetics and crystallization 

mechanism in isothermal conditions [5.24]. The KJMA rate equation is given by 


  

   
( 1)(1 )[ ln(1 )] n nd

nk
dt                                              (5.1) 

where,  α is the degree of transformation at a given time t, n is Avrami (growth) 

exponent and k is the rate constant.  

The Arrhenius form of the rate constant is given by  

                  (5.2) 
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where, k0  pre-exponential factor, E → activation energy, and R → universal gas 

constant 

KJMA rate equation is often extended to non-isothermal conditions. However, 

KJMA equation can be used to describe non-isothermal and isothermal 

transformation only if the entire nucleation process takes place very early during 

the crystallization process and thereafter the growth is dependent on temperature 

and does not on the thermal history. KJMA rate equation is based on some 

important assumptions and it has been suggested that the KJMA kinetic equation 

is accurate for reactions with linear growth subject to several conditions [5.25]. 

5.2.2 Iso-conversional methods 

For non iso-thermal crystallization kinetics the reaction rate can be expressed by 

the following kinetic equation [5.26]: 

01
( ) ( ) exp ( )

kd E
k T f f

dT RT


 

 

 
   

       (5.3) 

where, k(T) is rate constant, β is heating rate, α is degree of conversion, and f (α) 

is the reaction model. The determination of kinetic parameters ko, E and f (α) is 

the chief aim of studying kinetics of crystallization.  

Isoconversional methods are independent of reaction model f (α), and hence they 

are also known as model free methods. The isoconversional methods require the 

knowledge of temperatures T() at which an equivalent stage of reaction occurs 

for various heating rates. The equivalent stage is defined as the stage at which a 
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fixed amount is transformed or at which a fixed fraction,  of the total amount is 

transformed [5.27]. Further, model free methods are classified as linear and non-

linear isoconversional methods. The linear methods can be further divided into 

integral and differential methods. The linear integral isoconversional methods 

depend on the approximation of the temperature integral. The differential 

isoconversional methods depend on the rate of transformation at T().  

Vyazovkin [5.28] introduced a non-linear isoconversional method to increase the 

accuracy of evaluating the activation energy.  

Separation of variables and integration of equation (5.3) gives: 

1 0

0 0

( ) [ ( )] exp
T

k E
g f dT

RT



 


  
   

 
 

      (5.4)  

Above integral equation doesn’t have an exact analytical solution, hence various 

approximations of this integral are suggested in literature [5.29-5.33], for 

evaluation of activation energies dependent on the degree of conversion, α. 

Starink [5.31] has analyzed and discussed various iso-conversional methods in 

terms of their applicability and limitations. 

5.2.2.1 Linear Integral Isoconversional Methods 

 

[a] Kissinger-Akahira-Sunose (KAS) method 

To evaluate the temperature integral in eq. (5.4), Kissinger-Akahira-Sunose (KAS) 

[5.7,5.34] used the approximation given by Coats and Redfern [5.35], and hence 

derived the following equation: 
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The activation energy can be evaluated from the slope of plot ln(β/T
2
) vs 1000/T 

for constant conversion, α. The discussion given ahead describes some of the 

methods available in the literature which are basically special cases of the KAS. 

i) Kissinger method: Kissinger equation is based on the assumption that the rate of 

reaction is highest at peak temperature (Tp). It calculates activation energy at a 

constant degree of conversion, α i.e., at Tα= Tp only. The equation used by 

Kissinger is    

0

2
ln ln

p p

k RE

T RT E

   
                            (5.6) 

The slope and intercept of the ln (β/Tp
2
) vs. 1000/Tp plot, gives the values of 

activation energy, E and the pre-exponential factor (k0) respectively. ko is the 

frequency factor i.e. the number of jumps required by an atom to overcome the 

barrier and form stable nuclei. This method is independent of reaction order and 

has very less dependence on the thermal history of the material. 

ii) Augis & Bennett’s method: This method is a modification of Kissinger equation 

in which peak temperature (Tp) along with onset temperature of crystallization (To) 

is used [5.36]. This method is applicable to heterogeneous reactions. 
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where Tp and To are the peak and the onset temperatures of crystallization 

respectively. The values of E is obtained from the plot (ln(β /(Tp-To)) vs 1000/Tp. 

iii) Boswell method: Boswell method [5.37] was formulated to overcome the 

limitations of Augis and Bennett method. As ((Tp-T0)/Tp) ≈ 1, Augis and Bennett 

methods may provide crude results. Boswell method determines the activation 

energy at peak temperature using the following equation  

ln
p p

E
const

T RT


  

                                                    (5.8) 

[b] Ozawa-Flynn-Wall (OFW) method 

In OFW [5.38-5.39] method Doyle’s approximation [5.40-5.42] is used to 

simplify the temperature integral in eq. (5.4) which is approximated to be equal to 

(-E/RT):  

 
 




   ln 1.0516

E
const

RT
                   (5.9) 

The factor 1.0516 is a correction factor.  

The plot of lnβ vs 1000/Tα gives the slope –1.0516 E(α)/R from which the 

activation energy has been evaluated.  At T = Tp (peak temperature), above 

equation reduces to Ozawa method and the value of E is also determined. 
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5.2.2.2 Linear Differential Isoconversional Method 

[a] Friedman method 

Friedman [5.43] derived an expression for estimation of activation energy of 

crystallization based on the differential of the transformed fraction. The 

expression given by Friedman is as follows: 

 0ln ln ln ( )
Ed d

k f
dt dT RT



  

 
 

   
      

        (5.10) 

The values of Eα calculated from the slope of the plot ln (β (dα/dT)α) vs. 1000/Tα 

for constant conversion, α. Since this method does not take any mathematical 

approximation for the temperature integral, it is considered to give accurate 

estimate of E. Thus the method does not require any assumption on f(), i.e. it is a 

so-called model-free method. However, being a differential method, its accuracy 

depends upon signal noise. 

[b] Gao and Wang method  

A special case of Friedman method, which involves the determination of E only at 

Tp was suggested by Gao & Wang [5.44]. This model is based on the assumption 

of random nucleation and site saturation. The expression used by Gao & Wang is 

as follows: 

 ln
p p

d E
const

dT RT


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         (5.11) 
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The values of E can be calculated from the slope of the plot ln (β (dα/dTp)) vs. 

1000/Tp.  

5.2.3 Isokinetic methods 

These methods are model fitting methods that depend upon the consideration of 

various kind of models for the determination of kinetic parameters E and k0. 

Isokinetic methods are, in general, employed to study the kinetics of phase 

transformations occurring in isothermal conditions. These methods rely on the 

isokinetic hypotheses to separate the kinetics of the transformation from its 

dependence on temperature.  

The isokinetic methods are mainly based on the Kolmogorov-Johnson-Mehl-

Avrami (KJMA) rate equation [5.45-5.49] which is described by eq. (5.1) & 

eq.(5.2).  

From equations (5.1) & (5.2) transformed fraction can be expressed as 

0

01 exp exp

n
T

T

k E
dT

RT




  
     

   


      (5.12) 

The integral in eq. (5.12) does not have an exact solution and hence one has to 

switch to approximations. Various approximations have been used in literature to 

obtain an accurate solution of the integral [5.50-5.52].  

On employing Gorbachev approximation [5.52] i.e., eq. (5.13) in eq. (5.12) we 

obtain eq. (5.14). 
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The values of E, n and k0 can be determined by fitting the experimental data of α 

to eq. (5.14) with the help of method of least square. Different isokinetic methods 

are described below: 

[a] Matusita and Sakka method 

Matusita and Sakka [5.53] gave the following expression for studying the non 

isothermal crystallization kinetics of metallic glasses. 

ln[ ln(1 )] ln
mE

n Const
RT

            (5.15) 

where the integer m defines the dimensionality of the crystal and the Avrami 

exponent n gives information about the nucleation process. The value of n can be 

obtained from the slope of the plot of ln[-ln(1-α)] versus lnβ, at a constant 

temperature. Further, the slope of the plot ln[-ln(1-α)] versus 1000/T at a constant 

heating rate gives the value of m. 

Further, for the nonisothermal crystallization, the local Avrami exponent can be 

calculated from the following equation [5.54]: 
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[b] Modified Kissinger method 

The modified Kissinger [5.55] equation is expressed as: 

2
ln

n

p p

mE
Const

T RT

 
    

 
       (5.17) 

where E is the activation energy for crystallization, Tp is the peak temperature, R 

is the universal gas constant and m is known as the dimensionality of growth. The 

slope of ln(β
n
/Tp

2
) versus 1000/Tp gives the value of activation energy of 

crystallization. In this approach, the determination of the parameters m and n 

becomes important for determination of E. 

5.2.4 Testing techniques 

For testing the applicability of the KJMA model under non-isothermal conditions, 

different pre-examined tests have been suggested by Henderson [5.56] and Malek 

[5.57-5.58]. The first method is an investigation of a straight line in the plot of 

ln[-ln(1-α)] vs. 1/T. Linearity of this graph was the most popular testing method 

for the validity of KJMA kinetics. However it has been proved to be unreliable.  

5.2.4.1 Malek Test 

A simple and practical test has been given by Malek [5.57] for checking the 

validity of KJMA model in non-isothermal conditions in which two functions y(α) 
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and z(α) are calculated. The dependence of y(α) and z(α) on α can be expressed as 

below: 

( ) exp( )y E RT         (5.18)  

2( )z T 
         (5.19) 

Where φ is the heat flow evaluated during the crystal growth, represented by the 

following equation 

0 exp( ) ( )cH k E RT f   
      (5.20) 

and   
( 1)

( ) (1 ) ln(1 )
n n

f n  


          (5.21) 

where, ∆Hc is the enthalpy difference associated with crystallization process. The 

maximum of y(α) and z(α) are represented by αM and αp. 

If 0 < αM < αP, and αP is not equal to zero, then the equation for f(α) given by 

Sestak-Berggren can be used for evaluating the kinetic parameters. Sestak-

Berggren (S-B) [5.59] equation is given as: 

( ) (1 )M Nf             (5.22) 

Where, M and N are kinetic parameters, their ratio can be calculated as:  

(1 )

M

M

M

N







        (5.23) 

Considering S-B equation, the reaction rate can be given as: 
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Another way of representing S-B equation is: 

ln exp ln ln (1 )
M

N
Ed

Z N
dt RT


 

                  
    (5.25) 

The value of N can be obtained from the slope of the plot ln[(dα/dt) exp(Eα/RT)] 

versus ln [α
M/N

(1-α)]. Then, the parameter M can be calculated from equation 

(5.23). After calculating value of M and N, S-B equation is obtained. Then the so 

obtained f(α) is used to plot the master curve.  

5.2.4.2 Master plot method 

In order to check the established reaction model i.e. JMA and SB model “Master 

plot” method is employed.  In master plot method [5.60], the f(α) is calculated at 

α=0.5, then theoretically calculated values of f(α) is reduced by dividing it by 

f(0.5): 

 
 
 0.50.5

exp( )

(0.5) exp

E RTf d dt

f d dt E RT





 


       (5.26) 

The left hand side of eq. (5.26) represents the theoretical value of reaction model 

which is characteristic of each kinetic function. Whereas right hand side 

represents the experimental values obtained from DSC data if the apparent 

activation energy is known, and remains constant throughout the entire reaction. 

Comparison of both sides of eq. (5.26) determines which kinetic model describes 

the experimental reaction process.   
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5.2.4.3 Normalized heat flow curve 

In order to check the match between the experimental and the theoretically 

derived normalized heat flow curves, the theoretical normalized heat flow curves 

are obtained from eq.(5.20) & (5.21), using calculated kinetic parameters E and n, 

to check the applicability of KJMA model. 

5.3 Results and discussion 

 
5.3.1 Crystallization kinetics of Zr based metallic glass 

Since the discovery of Zr based metallic glasses, various efforts have been made 

to understand their GFA and thermal stability against crystallization. Many 

studies regarding the crystallization kinetics under isothermal and non-isothermal 

conditions, for Zr based metallic alloys are available in literature [5.61-5.67].  

Qiao et al [5.68] have studied crystallization kinetics of Zr55Cu30Ni5Al10 metallic 

glass by isochronal and isothermal routes. Prashanth et al [5.69] investigated 

kinetics of Zr65Ag5Cu12.5Ni10Al7.5 and showed that crystallization process is 

diffusion-controlled with three dimensional growth. Lu et al [5.70] studied the 

crystallization process of three clearly separated crystallization peaks of 

(Zr46Cu42Al7Y5)95Be5 by isoconversional, isokinetic and master plots methods. 

More recently, Kasyap et al have carried out crystallization kinetics of 

Ti20Cu60Zr20 metallic glass using isoconversional methods by modulated DSC 

[5.71]. The aim of this study is to analyze the second crystallization event of Zr 

based metallic glass and to obtain accurate values for the activation energies of 

crystallization as well as other kinetic parameters. It is important to study 
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variation of activation energy, E with degree of crystallization as it provides 

useful information about the different mechanism involved in the transformation 

process.  

In order to confirm the elemental composition of Zr52Cu18Ni14Al10Ti6 amorphous 

ribbons, Energy Dispersive X-ray analysis (EDX) was performed. EDX scan of 

whole surface of the specimen gives an average composition of this alloy as 

shown in inset of fig 5.1. This value is close to the nominal composition 

Zr52Cu18Ni14Al10Ti6. 

 

 

 

 

 

 

 

 

 

Fig. 5.1: Energy Dispersive X-ray analysis (EDX) of Zr52Cu18Ni14Al10Ti6 

amorphous ribbons 

 

 

 

Element Weight% Atomic% 

Al  3.63 9.80 

Ti  4.09 6.21 

Ni  10.90 13.52 

Cu  15.91 18.22 

Zr  65.48 52.25 
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Fig. 5.2 DSC Thermogram for Zr52Cu18Ni14Al10Ti6 

Figure-5.2 shows the DSC thermograms for Zr52Cu18Ni14Al10Ti6 at four different 

heating rates (5, 10, 15, 20 deg/min). It can be observed that crystallization occurs 

in two steps. The first and second peaks of crystallization correspond to low 

temperature and high temperature respectively. As heating rate increases the peak 

shifts towards higher temperature, which implies that crystallization depends upon 

the heating rate during the continuous heating process. The second crystallization 

event is more sensitive towards heating rate as compared to first peak. Earlier 

Patel et al [5.72] have carried out the analysis of crystallization kinetics of 

Zr52Cu18Ni14Al10Ti6 for the first peak by isokinetic and isoconversional methods. 

The analysis of the first peak revealed that the activation energy (E) initially 

increases slowly in the range α (=0.3-0.6) followed by a quick increase in E with 

α. This indicates that second crystallization step starts even before the first step is 

completed. This inspires us for the analysis of next crystallization event. Also in 



Chapter-5 Crystallization Kinetics of Metallic glass  
 

113 | P a g e  
 

order to understand the overall crystallization process, analysis of second peak is 

important. The second peak or crystallization event may have originated due to 

following reasons: (a) the nature of crystal produced during first crystallization is 

metastable. With increase in temperature these metastable material transform into 

another structure. (b) A multicomponent metallic glass does not crystallize in a 

single step. The crystal which persists within the melt is of different composition 

which crystallizes with a much slower kinetics to another phase at high 

temperature. (c) Some of the crystals formed during first crystallization are small 

and they grow to form larger grains. The calorimetric data of glasses cannot 

determine which of these occurrences are more favourable [5.73]. A sharp peak is 

observed for first crystallization event due to formation of nuclei at higher rate 

whereas for the second peak it is found to be broad as growth take place slowly. 

Also, a small peak is observed around 730K, at all heating rates. The intensity of 

this peak is very small as compared to the other two peaks. This less prominent 

peak may have occurred due to the overlapping of first and second peaks. This 

does not indicate any significant process. Hence we have analyzed only the 

prominent peaks. The crystallized fraction, α is calculated from DSC thermogram 

at different temperatures. The so obtained DSC data can be analysed by both 

methods i.e isokinetic and isoconversional. 

5.3.2 Testing techniques to check the validation of different 

methods  

Now to understand which method is more appropriate to study the second step 

crystallization process various testing techniques are carried out to fit 
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experimental data. Firstly to check the validation of JMA model experimental 

data of fractional crystallization is fitted by iterative least square fitting method 

using eq. (5.14). Initial estimate of E and k0 are calculated from Kissinger 

equation. 

 

 

 

 

 

 

 

 

Fig.5.3 Variation of Crystallized fraction with temperature at different heating 

rate: symbols represent experimental points and solid lines show the least square 

fitted curve by eq. (5.14). 

The sigmoidal shape of crystallized fraction with temperature represents the bulk 

crystallization and excludes the chance of surface crystallization [5.74]. The 

above sigmoidal curve represents three different stages of crystallization. In the 

intial stage only nucleation occurs and with further increase in reaction rates both 

nucleation and growth of nuclei takes place. Finally due to decrease in surface 

area nuclei start coalescing and hence reaction rate decreases. The perfect fitting 

of experimental data to eq. (5.14) confirms the validity of JMA model. Table 5.1 
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reports the value of n, ko and E at different heating rate calculated by least square 

fitting method. 

Table 5.1 Values of Avrami (growth) exponent (n), pre-exponential factor (k0) 

and activation energy (E) obtained by least square fitting of fractional 

crystallization data for second crystallization peak 

Heating 

Rates 

(
o
Cmin

-1
) 

KJMA 

N k0 (s
-1

) E (kJmol
-1

) 

5 1.09 3.66 х 10
15 

264 

10 1.13 2.8 x 10
15 

260 

15 1.22 2.08 x 10
15 

258 

20 1.26 2.28 x 10
15 

258 

 

 

Fig.5.4 Normalized y(α) and z(α) with crystallized fraction α for different heating 

rates 
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According to Malek test, functions y(α) and z(α) are plotted as a function of α as 

shown in fig.5.4. In the present case we have calculated both y(α) and z(α) as 

expressed in eq.(5.18) and (5.19) respectively. The maximum of y(α) and z(α) are 

represented by αM and αp . According to Malek, KJMA model is valid if the 

maximum value of z(α) function i.e. αP is confined to the interval 0.61< αP <0.65. 

The present analysis shows that the peak of the plots of z(α) vs. α at different 

heating rates lie within the range 0.57 - 0.66. Thus, αP fall in the proposed interval 

and hence KJMA model can be used to study the kinetic process.  

Further the theoretical master plots are drawn by assuming the different kinetic 

models and compared with the experimental master plots which allow us to select 

the appropriate kinetic model that describes kinetics of crystallization.  

 

 

 

 

 

 

 

 

 

Fig. 5.5 Master plot at different heating rates; (   )experimental, (      ) JMA, (     ) 

S-B: @5
0
C/min 
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Fig. 5.6 Master plot at different heating rates; (     )experimental, (      ) JMA, (     ) 

S-B: @10
0
C/min. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7 Master plot at different heating rates; (    ) experimental, (      ) JMA, (    ) 

S-B: @15
0
C/min. 
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Fig. 5.8. Master plot at different heating rates; (     )experimental, (      ) JMA, (    ) 

S-B: @20
0
C/min. 

In non-isothermal conditions, the knowledge of both α as a function of 

temperature and activation energy is required for calculating the master plot 

curves from the experimental data. The Master plots represented by fig. 5.5 to 

fig.5.8 show the comparison between theoretical and experimental values of 

reduced f(α) with respect to f(0.5). The trend followed by the theoretical models 

for all heating rate is same as the experimental results. The theoretical curves 

deviate from experimental curve at α=0.1. This deviation increases till α=0.2 and 

then it decreases. The deviation of theoretical S-B curves from experimental curve 

decreases with increase in heating rate while for JMA the deviation increases. At 

α=0.5 both curves match well with experimental curve till the end of the peak. 

Master plots confirm the validity of S-B model and JMA model for metallic glass. 
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Fig. 5.9 Normalized heat flow curves at different heating rates @5
0
C/min. 

 

 

 

 

 

 

 

 

Fig. 5.10 Normalized heat flow curves at different heating rates @10
0
C/min. 
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Fig. 5.11 Normalized heat flow curves at different heating rates @15
0
C/min. 

 

 

 

 

 

 

 

Fig. 5.12 Normalized heat flow curves at different heating rates @20
0
C/min. 
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Fig. 5.9-5.12 shows the match between the theoretical and experimental heat flow 

curve. From fig. 5.9-5.12 it can be observed that at initial stage the theoretical 

heat flow curve matches with experimental data. Both the reaction models 

superimpose the experimental heat flow curve at peak temperature for all the 

heating rates. After peak, the theoretical model provides a fairly good agreement 

with experimental data. Therefore, a good match between the theoretical heat 

flow curves with experimental data indicate that the crystallization kinetics for Zr 

based system can be studied by both reaction models i.e KJMA and SB. As 

heating rate increases, the normalized heat flow curve obtained by SB reaction 

model exactly matches with the experimental data. Hence to study the 

crystallization process iso-kinetic methods are necessary. But, they provide single 

values of kinetic parameters, which is insufficient to understand entire 

crystallization process. So, iso-conversional method which gives E depending on 

α is important. Hence in the present case the crystallization kinetics is studied by 

both isokinetic and iso-conversional method. 

5.3.3 Isoconversional methods 

5.3.3.1 Linear integral iso-conversional methods 

 

The activation energy at different extent of conversion (fractional crystallization) 

has been evaluated as shown in table 5.2 using the linear integral isoconversional 

methods given by KAS and OFW. It can be observed from table 5.2 that the E 

values obtained from both the methods increases with increase in α. Fig. 5.13 

shows the plot for KAS method (eq.5.5) at α=0.7 and fig. 5.14-5.16 show the 
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plots for special cases of KAS method. Also fig. 5.17 shows the plot for OFW 

(eq. 5.9) method α=0.7.  

Table 5.2 Local activation energies (Eα) at different degrees of conversions, α for 

different methods 

α Eα (kJ mol
-1

) 

KAS OFW Friedman 

0.1 265 ± 5 290 ± 5 328 ± 6 

0.2 310 ± 6 307± 5 355 ± 6 

0.3 322 ± 5 320 ± 5 356 ± 6 

0.4 329 ± 6 327 ± 6 376 ± 6 

0.5 346 ± 7 344 ± 7 394 ± 7 

0.6 364 ± 7 360 ± 7 413 ± 7 

0.7 381 ± 7 376 ± 6 439 ± 6 

0.8 403 ±  8 398 ±  8 484 ± 7 

0.9 448 ± 6 441 ± 7 531 ± 6 

 

 

 

 

 

 

 

 

 

Fig. 5.13 KAS plot for α =0.7 
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Fig. 5.14 Kissinger plot 

 

 

 

 

 

 

 

 

 

 

Fig.5.15 Augis & Bennett’s plot 
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Fig. 5.16 Boswell plot 

 

 

 

 

 

 

 

Fig. 5.17 OFW plot for α =0.7 
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Fig. 5.18 Ozawa plot 

Table 5.3 Activation energy (E) and pre-exponential factor (k0) for different 

methods 

Methods E (kJmol
-1

) k0 (sec
-1

) 

Kissinger 308 ± 8 4.77 x 10
15

 

Augis & Bennett 324 ± 10 2.56 x 10
19 

Boswell 314 ± 8 - 

Ozawa 311 ± 8 - 

Gao & Wang 357 ± 9 - 

 

Table 5.3 reports the activation energy and pre-exponential factor by different 

isoconversional methods. The Kissinger method assumes that the reaction rate is 

maximum at the peak temperature (Tp) (table 5.3).  This assumption implies a 

constant degree of conversion (αp) at Tp. The values of activation energy listed in 

table 5.3 by different methods are the special cases of different method and most 

of them are calculated at peak temperature to know the maximum reaction rate. 
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5.3.3.2 Linear differential iso-conversional methods 

 

The non-isothermal data obtained from thermograms recorded at several heating 

rates  5, 10, 15 and 20 deg/min
-1

for Zr based metallic glass, the values of Eα is 

calculated as suggested by Friedmann from the slope of the plot ln (β (dα/dT)α) 

vs. 1000/Tα for constant conversion, α (Fig. 5.19), are given in table 5.2. The 

values of E calculated from the slope of these plots increases with the increase in 

crystallized fraction, .  

The activation energy obtained from the Gao and Wang plot of ln (β (dα/dTp)) vs. 

1000/Tp  (Fig. 5.20) is given in table 5.3. This method gives a single value of E at 

the peak crystallization temperature. The deduced value of E = 357 kJ/mol., 

which is similar to other obtained values 

 

 

 

 

 

 

 

Fig. 5.19 Friedman plot for α =0.7 
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Fig.5.20 Gao & Wang plot 

It is observed that E values for second step of crystallization are greater than that 

of first step, by all the models. This indicates that secondary crystallization 

requires more energy for overcoming the barrier and forming stable nuclei. In 

general it is observed that activation energy for first peak is higher compared to 

second peak [5.75-5.76], indicating that the primary phase transition has modified 

the matrix and secondary crystallization has become easier. But for the present 

case it is observed that activation energy for first peak [5.72] is lower than second 

peak. For Co69Fe3Si18B10 metallic glass [5.75], the values of E for first and second 

step are 370 and 327 kJmol
-1

 respectively by Kissinger method. But for the 

present case, E values are found to be 259 and 308 kJmol
-1

 for first and second 

peaks respectively. Also the activation energy increases rapidly for second peak.  
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For first peak it was found to increase from 264 to 303 kJmol
-1

, whereas for 

second peak it increases from 265 to 448 kJmol
-1

 by KAS method.  

 

 

 

 

 

 

 

Fig. 5.21 Local activation energies (Eα) at different α from different methods 

In the fig.5.21 variation of local activation energies (Eα) with crystallized fraction 

(α) for peak-2 is shown by three different methods i.e. KAS, OFW and Friedman. 

The value of activation energies are reported in the table- 5.2. It can be observed 

that values of Eα obtained by KAS and OFW methods lie close to each other. As 

observed from the fig. 5.21, the values of local activation energy of crystallization 

constantly increase with the crystallized fraction α. This increase in Eα may be 

understood in terms of decrease in free volume of crystal due to the presence of 

primary crystallites. The formation of secondary crystallite takes place on primary 

crystallites. For the growth of secondary crystallites the atoms are required to 

move through the melt which faces a barrier due to presence of primary 
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crystallites and decreasing free volume. As a result of which the activation energy 

Eα for secondary crystallization increases with increase in α, at a higher rate as 

compared to primary crystallization. 

5.3.4 Isokinetic Methods 

The Matusita and Sakka plot for a constant temperature, the plot of ln[-ln(1-α)] 

versus lnβ gives a straight line [Fig. 5.22] and the slope gives the value of n. Here 

we have taken seven different constant temperatures and the average value of n 

comes out to be 2.32. The plot of ln[-ln(1-α)] versus 1/T at constant heating rate 

should be a straight line and the value of m is obtained from the slope  [Fig.5.23]. 

The value of m for second crystallization peak is 1.32. This implies that secondary 

crystallization proceed through one dimensional growth of nuclei. Table 5.4 

represents the values of Avrami exponent (n) and dimensionality (m) calculated 

by Matusita and Sakka method. It can be noticed that the value of n increases with 

increasing heating rates, indicating a higher particle density at higher heating 

rates. 

Table 5.4 Values of  Avrami exponent (n) and dimensionality (m) by Matusita 

and Sakka method 

Heating 

Rates 

(
o
Cmin

-1
) 

Value of Avrami 

exponent (n) 

Dimensionality  (m) 

5 2.22 1.22 

10 2.27 1.27 

15 2.37 1.37 

20 2.43 1.43 
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Fig.5.22 Plot of ln[-ln(1 - α)] vs. ln β 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.23 Plot of ln[-ln(1 - α)] vs. 1000/T for different heating rates 
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Fig.5.24 variation of local Avrami exponent with crystallized fraction 

Fig. 5.24 represents the variation of local Avrami exponent with crystallized 

fraction at constant heating rate of 5
0
C min

-1
. It can be observed from this figure 

that the value of n (α) decreases with an increase in α, indicating that the 

transformation rate of crystalline particles decrease throughout the crystallization 

process. Similar behaviour is observed at all heating rates. 

The modified Kissinger equation eq. (5.17) is utilized to derive the activation 

energy at peak temperature. In this equation, m is known as the dimensionality of 

growth. In this approach, the determination of the parameters m and n becomes 

important for determination of E.  In order to derive E from this equation, one 

must know the value of n. Here m=n-1, and the value of n is obtained from 
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Matusita and Sakka method. Then plots of 
2

ln
n

pT

 
 
 
 

Vs.
1

pT
(Fig. 5.25) gives the 

values of activation energy E, and the average E obtained is 269 kJ mol
-1

. 

 

Fig.5.25 Modified Kissinger plot 

 

5.3.5 Effect of heating rate on primary and secondary 

crystallization processes 

Primary crystallization process for Zr52Cu18Ni14Al10Ti6 metallic glass was 

analyzed by Patel et al. [5.72]. The value of Avrami growth exponent (n) was 

found to be 2.66, which indicates that surface crystallization occurs in primary 

step of crystallization process.  In the second step of crystallization the value of 

Avrami exponent indicates diffusion controlled crystallization process.  
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Fig 5.26 Relationship between temperature and ln β for Tx1, Tx2, Tp1 and Tp2 

Fig 5.26 shows the variation of characteristic temperatures i.e., onset and peak 

crystallization (Tx and Tp respectively) for peak 1 and peak 2, with heating rate. 

 Lasocka’s relation [5.77] was used to study the relationship between temperature 

and heating rate. 

lnT A B          (5.27) 

where A and B are constants.  

Table 5.5 Values of A &B for Zr52Cu18Ni14Al10Ti6 metallic glass 

Constants Tx1 Tp1 Tx2 Tp2 

A 700 ± 4 712 ± 2 767 ± 4 804 ± 3 

B 15 ± 2 13 ± 1 16 ± 2 14 ± 2 
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Least square method was used to obtain the values of A and B. The value of B 

indicates sensitivity towards heating rate. The values of constants A & B are 

reported in table-5.5. From the table it can be observed that the value of slope for 

peak-2 i.e secondary crystallization is greater than primary crystallization. The 

value of B for Tx2 is largest, whereas it is smallest for Tp1. Hence secondary 

crystallization is more sensitive towards heating treatment. 

5.4 Conclusion 

The second peak in thermogram which represents secondary crystallization was 

investigated to understand complete crystallization process. A reaction model 

independently proposed by Kolmogorov -John-Mehl-Avrami (KJMA) is found to 

be the most suitable for describing the nucleation and growth process during the 

non-isothermal crystallization of metallic glasses. This model does help to 

determine the kinetic parameters, like the dimensionality of growth (apart from E 

and A). A criterion given by Malek and master plot method suggests that JMA 

model is applicable for kinetic studies. Further, normalized heat flow curve were 

examined to check the validity of JMA & SB models for studying kinetic process. 

The results indicate that both models lie in close agreement with experimental 

data at higher heating rates. Since, to understand the entire crystallization process 

the information of value of E at different α is necessary, both routes for studying 

non-isothermal crystallization were followed.  

The non isothermal crystallization kinetics for Zr52Cu18Ni14Al10Ti6 metallic glass 

was studied by both isokinetic and iso-conversional methods. Isokinetic methods 
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provide the single value of activation energy E with Avrami exponent that gives 

the dimensionality of crystal growth. Isoconversional methods provide the 

activation energy Eα depending on different values of α. Hence crystallization 

which is complex process can be well understood by both methods. Different 

kinetic parameters obtained by both methods for studying crystallization kinetics 

provide good result in the entire range. All the methods satisfactorily explains the 

the variation of Eα with α. The activation energies obtained by KAS, OFW and 

Friedman shows an increasing trend with α. The increase of Eα with α may be due 

to decrease in free volume, which provides hindrance in diffusion of atoms 

towards stable configuration. The value of Avrami exponent decreases with α, 

indicating decrease in nucleation rate. The sensitivity of the characteristic 

temperatures towards heating rate is more for secondary crystallization event as 

compared to the primary crystallization event. 

Hence it can be concluded that the kinetic process is complex mechanism in these 

systems and may not follow a single kinetic function. So to evaluate a single and 

invariant E throughout the process different isokinetic methods and 

isoconversional methods are needed to be applied. 
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