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ABSTRACT: Differential Scanning Calorimetry (DSC) experimental data under non-isothermal conditions for metglas
2605S3A (Fe;7B16SisCr,) metallic glass ribbons are reported and discussed. The DSC thermograms at 2, 4, 6, 8 and 10
K/min heating rates showed two step crystallization processes and are interpreted in terms of different models
(Kissinger, Ozawa, Bosewell, Augis & Bennett, Gao & Wang and Matusita & Sakka) developed for non-isothermal
conditions. From the heating rate dependence of the on-set temperature (T,) and the crystallization peak temperature
(T,), the Kinetic triplet (activation energy of crystallization (E.), Avrami exponent (n) and the frequency factor (A) were
determined. The evaluated values of the Avrami exponent, n (for peak | is 3.8 and for peak Il is 4.2) which indicate
three dimensional growths, which is responsible for the amorphous-crystalline transformation. The determined E_ for
peak 1is 425 * 1.7 kJ/mol and for peak Il is 384 * 1.9 kJ/mol, respectively.

KEYWORDS: Crystallization kinetics, Activation energy of crystallization, Non isothermal methods, Metallic glasses.

I. INTRODUCTION

Bulk metallic glasses have several scientific and technological uses. One of these uses is connected with the production
of amorphous alloys with soft magnetic properties, by which the chemical composition of the alloys has thoroughly
been modified and investigated. They have emerged as a new technological materials and a great variety of alloys with
different elemental compositions and magnetic properties. The technological applications of these amorphous alloys
have been restricted to low-working temperatures because of their mechanical properties, which become brittle in the
crystalline state. Thus, the brittleness problem of these Fe-based amorphous alloys greatly depends on the elemental
nature of the alloy and the presence of crystalline phases [1-4]. Study of crystallization kinetics using DSC is easy and
widely applied and discussed in the literature [5-9]. Thermally stimulated solid state processes can be analyzed in two
methods, namely, isothermal and non-isothermal [10-14]. In isothermal method the sample is brought quickly to a glass
transition temperature (Ty) and the heat liberated during the crystallization process is recorded as a function of
temperature, whereas in the non-isothermal method the sample is heated at a constant heating rate and the heat evolved
is measured as a function of time or temperature.

The disadvantage in isothermal method is reaching the required temperature instantaneously and taking the readings at
that point. This drawback is eliminated in the non-isothermal method [15]. We have employed non isothermal
calorimetric studies at different heating rates for evaluating the kinetic parameters. DSC, Positron annihilation lifetime
spectroscopy, X-ray diffraction and Vickers micro-hardness were studied by Lopez-Morales et al [1,2], whereas non-
isothermal crystallization kinetics studies were not reported in the literature.
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Il. EXPERIMENTAL METHODS

Specimens of amorphous (2605S3A) Fe;;B1sSisCr, ribbons were procured from Metglas, USA. DSC measurements
were performed for the as-quenched samples using Mettler Toledo instrument (Temp Precision: £ 0.02 °C, energy
sensitivity: better than 0.1uW). Non-isothermal DSC curves were obtained with selected heating rates 2, 4, 6, 8 and 10
Kmin™ from room temperature to beyond second crystallization exotherm in air. The fraction of crystallized material,
at any temperature T is given by o = (S+/S) where S is the total area of the exotherm between the temperature T, where
crystallization just begins and the temperature T, where the crystallization is completed; St is the area between T; and
T as shown by the hatched portion in Fig.1.But the ‘o’ is given by the software attached with the DSC set up. .

I1l.RESULTS

The DSC thermograms of Fe;7B16SisCr, bulk amorphous alloy at 6K/min heating rate is shown in Fig.1. All the DSC
traces have double exothermic peaks in the temperature scanned, and an extended supercooled liquid region before
the onset of the crystallization. The onset and peak temperatures (T, and T,) for crystallization, are given in the
Tablel.lt is noticed that the T, shifted to high temperatures with increasing heating rate. This indicates that the
crystallization behaves in a marked kinetic feature. This shift in the peak forms the basis for determination of the
activation energy. Due to increase in the sensitivity, the peak height also increases with increasing heating rate. The
non-isothermal crystallization data of DSC have been analyzed using different methods of kinetic analyses as
discussed below. The plots of o versus T for different heating rates for both the peaks are shown in fig.2 & 3.Their
shapes are quite typical sigmoidal. The sigmoidal plot exhibits the bulk crystallization and excludes the chance of
surface crystallization.

Table I: Transition temperatures of Fe;;B1sSisCr, metallic glass as a function of heating rates.

Heating Peak | Peak Il
Rates (B)
K/min T, (K) To(K) T, (K) To(K)
2 765.3 774.1 783.9 793.2
4 772.4 782.0 791.1 801.9
6 777.0 786.8 795.9 807.5
8 781.1 790.2 800.6 811.5
10 781.5 792.4 803.2 813.6
04 o
0.3 Tp
g
£
; 0.2
§ 04 Ty T2

T (K)

Fig. 1 DSC Thermogram of the Fe;7B16SisCr; at the heating rate 6 K/min.
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Fig. 2 Sigmoidal plot for Fe;7B1sSisCr at different heating rates. Fig. 3 Sigmoidal plot for Fe;7B16SisCr, at different heating rates.

The activation energy of crystallization E., frequency factor, A and Avrami exponent, n for the investigated
Fe;7B16SisCr, metallic glass has been estimated using the following methods.

A. KISSINGER METHOD:
Using Kissinger’s Equation [16]

In (B/T,%) =-EJRT, + In (AR/E,) (1)
Where (3 is the heating rate and R is is the universal gas constant, the value of E can be obtained from the heating rate
dependence of the peak temperature of crystallization. Fig. 4 shows In(B/sz) vs 1000/T,, relationship. The value of E,
for crystallization and the frequency factor (A) are obtained from the slope and intercept of the plot and are given with
the correlation coefficient in the Table 11 & 111 respectively.

B. OZAWA METHOD:
According to Ozawa [17], the change of In (1/Tp2) with B is negligibly small compared to the change of In(p) and
therefore, the Kissinger’s equation can be written as
Inp=-1.0516 E./RT, + const 2
Plotting Inp vs 1000/T, (Fig.5), E is calculated (Tables Il & 111.)

m  peak Il

® peak | -24 m  Peak Il

N’\V
s‘%lsu « -2 ® peak |
£ 162 T 24

-16.4] -3.0f

3.9) Ozawa plot
16. Kissinger plot
16.8] 3.4
1 55 T 50 12275 12520 T.2635 T U T 5 T.29. =
1 % T 0 1.247 T 40 1.26 T 0 1728 120
1000/T, (K1) 1000, (k")
Fig. 4 In (B /T,?) versus 1000/Ts plot for Fes;B1SisCr, Fig. 5 Inp versus 1000/T, plot for Fe;7B16SisCr,
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C. BOSEWELL METHOD [18]:

In order to determine the activation energy, Bosewell uses the following equation

The slopes of the graph (Fig.6) give the activation energy and are given in Tables Il & III.

In (B/T,) = -E./RT, + const

D. AUGIS AND BENNETT METHOD [19] :
The equation given by Augis and Bennett is

vs 1000/T, and gives the E; and A values for crystallization and are given in Tables Il & Il

In(B/(Ty—To)=-EJRT, +InA

Bosewell plot

1000T, (k)

55 1.2350  1.2445  1.2540  I1.2635  I1.2730  1.2825

T

T

Fig. 6 In (B /T,) versus 1000/T, plot for Fe;7B16SisCr,

E. GAO AND WANG METHOD [9] :
This method uses the following expressions to determine E. and A and Avrami exponent n. Fig. 8 gives the plot of
In[B(da/dT),] versus 1000/T, . The slope gives E. and are given in the Table Il & 111 for peaks | & 1.

K, = BEc/RT?

= (‘;—f)p/o.371<p

Copyright to JIRSET
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Where T, and T, are the peak and the onset crystallization temperature respectively. Fig.7 shows the plot In(B/(T,-Ty))
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F. MATUSITA AND SAKKA METHOD [20] :
Matusita and Sakka suggested the following equation specifically for non-isothermal data

In[-In(1-a)] = -nInB - 1.052 mE/RT + const (8)
Where m is an integer depends on the dimensionality of the crystallization and n the Avrami exponent depends on the
nucleation process. When the nuclei formed during the heating n = m+1 and when nuclei formed during any previous
heat treatment prior to thermal analysis then n = m[21-23]. Fig.9 and Fig. 10 shows the variation of In(-In(1-c)) with
Inp at six constant temperatures for peaks | and Il , whose slope gives the value of n. The average value of n for the
peak | is found to be 3.9 and for peak Il is 4.2 and given in the Table Il & I11.The n value,which indicates a three
dimensional surface crystallization. According to Eq. 8, the plot of In(-In(1-o)) versus 1000/T at a constant heating rate
should give a straight line.Figs.11 and 12 shows such plots at different heating rates for the peaks | and Il and the
average value of mE, for peak I and Il are 1502.2 and 1701.5 kJ/mol respectively. Taking m=3.7 for peak | and 4.1 for
peak Il,the E. values 406 and 415 kJ/mol are obtained(Table I & I1).The plots are almost linear over most of the
temperature range. At high temperature region where large crystallization occurs, deviation is more pronounced from
linearity. This is attributed to the saturation of nucleation sites in the final stage of crystal growth due to small particle
size [24]

Matusita plot for Peak Il

In(In(1-a))

T=814.8K
e T=8133K
2 A T=814K

v T=812.4K

Matusita plot forPeak |

Fig.9 In(-In(1-a)) versus Inf for Fe;7B16SisCr . Fig. 10 In(-In(1-a)) versus Inp for Fes7B1sSisCr,.
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1 12065 1.2160 1.2255 1.2350 1.2445 12540 1.2635 1.2730
1000/T (K .
ooorT (k1) 1000/ (KY)
Fig. 11 In(-In(1-c)) versus 1000/T Fig. 12 In(-In(1-a)) versus 1000/T
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Activation Frequency Avrami

Method energy(kJ/mol) || factor(A) exponent

(sec™) (n)

Kissinger 430.7+0.7 0.99974 3.4x10%

Ozawa 422.0£0.7 0.99975

Bosewell 437.3£0.7 0.99975

Augis & Bennett 406.6+2.8 0.99671  9.7x10* 3.9

Gao & Wang 445.6%3.2 0.99655  3.2x10% 3.7

Matusita & Sakka 406.0+2.4 0.99560 3.7

Table Ill: E., A and n for Peak Il from various methods

Activation Frequency Avrami

Method energy [r] factor(A) exponent
(kJ/mol) (sec™h) (n)

Kissinger 401.6+1.1 0.9992 6.72 x10 %

Ozawa 394.4+1.1 0.99923

Bosewell 408.2+1.1 0.99925

Augis & Bennett 379.1+#3.5 0.99148 3.4x10% 4.3

Gao & Wang 304.3+2.8 0.99424 2.4x 10"

Matusita & Sakka 415.0£1.8 0.99781 4.1

V. DISCUSSION

The differences in the value of E. determined by different methods may be attributed to the different approximations
that have been adopted while arriving at the final equation of the various methods. It may be mentioned that the E
determined from Matusita et al model for this Fe;;B1sSisCr, metallic glass system is more accurate than those
determined from other methods. This is due to the fact that the E.in this method has been derived from the variation of
the temperature that scans the whole curve starting from the beginning of the crystallization process till approximately
its end. Besides, it allows the determination of the dimensionality of the growth and the crystallization mechanism
involved in amorphous metallic glasses. Tables Il and IIl for both the peaks show the values of the effective E.,
frequency factor (A) and Avrami exponent (n) calculated by different methods.

The activation energies for the crystallization process are the combination of the activation energy for nucleation(E,)
and the activation energy for growth(Eg) and that for the whole process of crystallization, called the activation energy
for crystallization denoted by E. [25].1t has been pointed out[26] that in non-isothermal measurements, due to rapid
temperature rise and large differences in the latent’s of nucleation and growth, the crystallization thermogram
characterizes the growth of the crystalline phase from the amorphous matrix ; nucleation is more or less calorimetrically
unobservable at temperatures below the crystallization. Hence the determined values of E, (listed in Tables 11 & 111) can
be taken to represent the activation energy for growth, Eg of this metallic glass. Inspection of Tables 2 & 3 shows that
the values of E; for peak | are found to be in the range 406-445.6 kJ/mol with average value of nearly 425 kJ/mol and
for peak Il in the range 304.3-415 kJ/mol with average value of nearly 384 kJ/mol .Our reported E. values are in
agreement with the values obtained by isoconversional and model fitting methods[27]. It is seen that the E; of peak I is
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greater than peak Il, which has been already observed in Fe-Si-B metallic glasses [28,29]. Avrami exponent, n , an
important parameter, can reflect the crystallization mode directly. The evaluated values of the Avrami exponent (n) for
peak | (3.8) and for peak Il (4.2), indicate three dimensional growth, which is responsible for the amorphous-crystalline
transformation.

The frequency factor explains the atomic collision probability and gives the measure of the probability that an atom
having energy E. will participate in a crystallization process. Thus the frequency factor up to certain extent, expresses
the mobility of the atom and stability of the amorphous phase. It is observed that the value of A, for peak I is greater
than peak I1 .

V. CONCLUSION

The crystallization kinetics of amorphous 2605S3A (Fe;7B16SisCr,) metallic glass is studied using DSC in non-
isothermal conditions. The DSC results indicate that the onset of crystallization occur from 765.3-781.5K for the peak |
and 783.9-803.2K for the peak Il and the temperature at maximum crystallization is 774.1-792.4K for peak | and 793.2-
813.6K for the peak Il for the different heating rates. Several kinetic methods are used in this investigation to estimate
the values of E. for the Fe;;B1SisCr, metallic glass and its average values are nearly 425+1.7 kdJ/mol and 384+1.9
kJ/mol for peak | & Il respectively. The Avrami exponent, n for peak | is found as 3.8 and for peak Il is 4.2. The
frequency factor, A for peak | & I1 are also evaluated.
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