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Crystallization kinetics of the amorphous alloy 
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The kinetics of isothermal crystallization of the amorphous metal alloy Feso B20 have been 
studied using a Perkin-Elmer thermomagnetic balance. Well-defined and reproducible incu- 
bation periods were observed on the degree of crystallization against time curves, in agree- 
ment with the theory of non-steady state nuclear ions in glasses. Values from 1.4 to 2.4 were 
obtained for the exponent n in the Johnson-MehI-Kolmogorov-Avrami equation. The acti- 
vation energy of viscous flow in the glass was found from the incubation period against tem- 
perature dependences at temperature near the crystallization point. The activation energy of 
crystallization was determined from the temperature dependence of the 50% crystallization 
times. Metallographic observations show unambiguously that two crystallization reactions pro- 
ceed simultaneously: the growth of ready athermal centres located on the more slowly 
quenched surface of the amorphous metal ribbon along two directions, and growth in the bulk 
of the ribbon. 

1. I n t r o d u c t i o n  
The crystallization kinetics of the amorphous alloy 
FesoB20 have been extensively studied [1-10] both by 
direct and indirect methods. The direct methods 
(optical and electron microscopy) take into account 
correctly the changes in the structure, though for 
smaller areas this may be atypical for the entire amor- 
phous ribbon. Moreover, in some cases the sample 
preparation procedure may change the initial con- 
ditions [8]. Resistometry, M6ssbauer spectroscopy, 
differential scanning calometry (DSC), saturation 
magnetization, etc., have been used as indirect 
methods in most cases for studying the mechanism of 
isothermal crystallization kinetics. Our DSC measure- 
ments failed to confirm the two-stage crystallization of 
Fe80 B20 described by Greer et al. [3], suggesting instead 
a process proceeding in a single thermal crystallization 
peak. 

The eutectic amorphous alloy FeB0 B20 was chosen as 
a model because of the following reasons: (i) the 
thermomagnetic method may be used to study the 
crystallization kinetics, and (ii) there are reliable 
literature data on these kinetics. Such data provide a 
possibility of comparing the results obtained and to 
comprise qualitatively new aspects of the crystalliz- 
ation process. 

The literature data on the activation energy of the 
crystallization process of the alloys studied vary from 
200 to 250 kJ mol-' .  This is evidently related to the 
different procedures of measurement, and to the 
method of preparation and thermal history of the 
amorphous metal ribbons. 

Thermomagnetic methods have been used in studies 
on amorphous metal alloys at different constant scan- 
ning rates to track the temperature dependence of the 
relative magnetization, to determine the Curie point 

and the crystallization temperature. The isothermal 
crystallization kinetics of metal glasses have not been 
studied thus far by a thermomagnetic balance. 

The kinetics of phase transformations includ- 
ing nucleation and growth is often described by 
the Johnson-Mehl-Kolmogorov-Avrami (JMKA) 
equation 

x(t)  = 1 - exp ( - k ( t  - ~)") (1) 

where x(t)  is the part having crystallized after time t, 
r is the incubation period related to the so-called 
non-steady time, k is the rate constant (depending on 
the rate of nucleation and growth) and n is a constant 
related to the mechanism of nucleation and growth, 
usually taking values between 1.5 and 4. The acti- 
vation energy E, of the entire crystallization process 
may be obtained from the temperature dependence of 
the constant k where 

k = k0 exp ( -Ea /RT)  (2) 

Here E a comprises both the activation energy of nucle- 
ation EN and that of growth Eo. The determination of 
these activation energies separately is possible only 
when the nucleation kinetics and the growth kinetics 
are separately studied by direct microscopic methods. 

In isothermal experiments, Equation 1 is often 
transformed into 

l n [ l n ( l _ - - ~ ) ]  = ln k + n ln (t - ~) (3) 

2. Experimental procedure 
The crystallization kinetics of the amorphous metal 
alloy Fe80 B20 were studied by tracking the changes in 
the relative magnetization cr = zH as a function of 
the annealing time at different temperatures. The 

0022-2461/86  $03.00 + .12 �9 1986 Chapman and Hall Ltd. 2553 



% 

100- 

60 638 K 

2~ 1'3 
t (rnin) 

Figure 1 TGS-2 output for isothermal crystallization of FesoB20 (ZFW) at 638 and 653 K. 
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sensitivity of the procedure is based on the formation 
and growth of ferromagnetic crystals in the metal 
glass, which is paramagnetic at this temperature. The 
quantity of these crystals is recorded by the appear- 
ance of a force of attraction along the vertical, fz: 

0H 0H 
f z  = m z H  Oz - m e  O----z 

for 

OH OH aH 
- - 0, - -  = constant (4) 

0x 0y 0z 

where m is the weight in mg, o- is the relative mag- 
netization and H is the external magnetic field inten- 
sity (Am-2). 

The samples were measured by a Perkin-Elmer 

computer-controlled thermomagnetic balance TGS-2 
with a constant external magnet, positioned at a dis- 
tance below the sample. Parallel metallographic 
studies were carried out with the purpose of compiling 
additional direct information on the mechanism of 
metal glass crystallization, and obtaining estimates for 
the rate of nucleation and growth by the Herold- 
K6ster [1] method. 

3. Results 
Three types of amorphous metal alloy with a nominal 
composition FesoB20 were examined. The first was 
supplied by Allied Chemical Corporation, Morriston, 
New Jersey, and the other two samples were prepared 
by planar flow casting in the Central Research 
Institute Academy of Science (zFW), GDR and in the 
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Figure 2 Johnson-Mehl-Avrami plots for 
FesQBz0 ribbons at various temperatures in 
logarithmic coordinates. (t and T in sec.) 
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Figure 3 Plot of In (%,~) against lIT for FesoB20 (ZFW). (r in sec.) 

Institute of  Metal Science and Technology of the 
Bulgarian Academy of Sciences. The samples crystal- 
lized under isothermal conditions in the therrno- 
balance under additional charging created by a con- 
stant external magnet. The magnetic field intensity 
between the magnet  poles was 0.01 T and its vertical 
gradient was 0.003 to 0 .004Tcm -1. The crystalliz- 
ation temperatures were considerably higher than the 
Curie temperature of  the glass. 

Fig. 1 shows the curves of  two isothermal crystal- 
lization experiments carried out at 365 and 380 ~ 
respectively. As seen, after a certain incubation period 
T, the initial signal f rom the thermal balance starts to 
rise and attains some constant value. Part  of  the data 
at several temperatures,  plotted in coordinates 
In {ln [1/(1 - x)]}, In (t - T), are shown in Fig. 2. 
Data-fitting to the J M K A  equation shows that this 
equation describes relatively well the process of  iso- 
thermal crystallization. The n values determined f rom 
Fig. 2 are in the range 1.4 to 2.0 with a mean value of 
1.7. The deviation from the linear dependence in coor- 
dinates In {ln [1/(1 - x)]}, In (t - T) for large crys- 
tallization times probably  indicates a change in mech- 
anism at the end of  the crystallization process. The 
time for 50% crystallization was also calculated 
(q/2 = (ln 2/k)l/"). 

Fig. 3 shows the dependence of in T m on 1000/T, 
f rom which E = 211 _ 15kJmol  ~ is found for the 
activation energy of total crystallization. 
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Figure 4 Arrhenius plot of  effective time lag z (min) as a function of 
temperature T for isothermal crystallization of  FesoB20. 

It is clearly seen from the experimental curves for 
isothermal crystallization, which are similar to those 
presented in Fig. 1, that there exist incubation periods 
of  the Avrami kinetics during which no crystallization 
occurs. F rom the temperature dependence of r, shown 
in Arrhenius coordinates in Fig. 4, E = 217 +_ 
8 kJ mol i was obtained for the activation energy of 
the non-steady state time, a value close to that of  total 
crystallization. 

Similar studies were carried out with the metal glass 
FesoB20 supplied by Allied Chemical Corporation*.  
The results shown in Table I display a larger scattering 
of the n values about  a higher mean value (n = 2) as 
compared with the values obtained for the self-made 
metal glasses FesoB20. This is probably due to the 
different methods of preparat ion and to the different 
width and thermal history of  the three amorphous  
metal alloys studied here. 

To obtain a more accurate quantitative description 
of  the kinetics of  the total isothermal crystallization of  
the studied amorphous  alloys we fitted the exper- 
imental data by a non-linear regression procedure to 
the J M K A  equation. Moreover,  we minimized the 
expression 

F(k,n, z) = ~ (x i -  1 + e k(t~-~),)2 
i = 1  

and found the k, n and T parameters  that fit the 

T A B L E  I Results of  the isothermal crystallization kinetics for the FesoB20 amorphous alloy (Allied Chemical Co.) 

T (K) Parameters determined by linear regression 

n In k 

Parameters determined by non-linear regression 

Correlation coefficient n k/3600" z (min) 

613 1.57 - 11.134 0.999 
618 1.50 - 9.99 0.998 
623 2.00 -13.39 0.999 
628 2.22 - 14.16 0.999 
633 1.72 - 10.24 0.999 
638 1.72 - 9.72 0.999 
643 2.29 - 13.21 0.999 
648 2.12 - 11.67 0.999 
653 2.57 - 13.62 0.998 

1.68 7.36 42.2 
1.75 12.61 29.6 
1.75 20.38 18.1 
2.21 88.42 11.2 
1.77 51.35 9.2 

2.38 481.36 3.3 
2.23 387.68 2.9 
2.18 732.83 1.8 

*The authors are grateful to Dr H. H. Liebermann for the samples, kindly supplied by him. 
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experimental results with a minimum square devi- 
ation. This minimization in primitive coordinates 
(not in the logarithmic coordinates) was performed 
with a computer using two different numerical 
methods (the Newton-Raphson  method and the 
Nelder -Mi t t  method). The differences in the par- 
ameter values were not significant. The k, n and 
values are listed in Table I. 

4. Discussion of the results 
The results obtained show that the thermomagnetic 
method is convenient and sensitive for studies on the 
kinetics of  isothermal crystallization of amorphous 
metal alloys in which ferromagnetic or paramagnetic 
crystalline phases are formed. Well-expressed non- 
steady state times were observed in the kinetics of total 
crystallization of the metal glass FeB0 B20, in agreement 
with the non-steady state nucleation theory developed 
by Zeldovich [11], Kashchiev and Gutszov [12] and 
with the experimental results of  Gutszov et al. [13]. 
According to the theory [13] the incubation periods in 
the Avrami kinetics are related to the non-steady state 
times 30 through the expression ~ ~ 30 + ~, in which Tt3 
is the time required to attain an experimentally 
observable degree of  crystallization/~. According to 
Zeldovich [11], the temperature dependence of  the 
non-steady state times 30 ~ q should be the same as 
that of  the melt's viscosity near the crystallization 
point. 

As is known, the formalism of  the JMKA kinetics 
procedure gives the following values for the exponent 
n in the equation 

x = 1 - exp [ - k ( t  - ~)"]: 

(a) n = 1: growth of  ready (athermal) centres of  
crystallization along one direction; 

(b) n = 2: growth of ready crystallization centres 
along two directions, or nucleation at a constant rate 
and growth along one direction; 

(c) n = 3: growth of  ready nuclei along three direc- 
tions, or nucleation at a constant rate and subsequent 
growth along two directions at a constant rate. 

The experimental data yield n values between 1.4 
and 2.4. Direct metallographic observations by 
Herold and K6ster [1] provide evidence for the simul- 
taneous proceeding of two reactions: the growth of  
ready athermal centres over the more slowly quenched 
side of  the amorphous metal ribbon along two direc- 
tions, and creation and growth in the bulk of the 
ribbon. 

It is difficult to decide on the basis of the results 
obtained which mechanism leads to n values corn- 

prised within 1.4 and 2.4. Our results are in good 
agreement with Greer's results [3]; Greer has also 
obtained higher exponents for the isothermal crystal- 
lization of  industrial amorphous alloys Fes0B20 as 
compared with alloys prepared by fast quenching of 
the melt in a laboratory melt-spinning device. 

Greer's rate constant values k = 3.4 • 10-4min -28 
at 400~ is three orders of magnitudes higher than 
our k value at a similar temperature (T = 395~ 
k = 2.0 • 10-7min-=6). The difference between the 
exponents is also considerable. Using K6ster's linear 
growth rates at different temperatures [2] we have 
estimated the density of  the frozen-in subnuclei at 
T = 395 ~ C. The density thus obtained is consider- 
ably lower than those of  Greer and of  K6ster. 

Evidently, the kinetics and the mechanism of  nucle- 
ation and of  linear crystallization can be elucidated on 
the one hand by directly tracking the course of  these 
processes, and on the other hand by precise math- 
ematical modelling of  the total crystallization kinetics. 
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