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The activation energies of crystallization in 
the amorphous alloy METGLAS | 2826A 

M. V O N  H E I M E N D A H L ,  G. K U G L S T A T T E R *  
Institut for Werkstoffwissenschaften I, Universit~t Erlangen-NOrnberg, Martensstra~e 5, 
D-8520 Erlangen, W. Germany 

Nucleation and growth rates of the MSI metastable phase crystals of the amorphous alloy 
Fe32Ni36Cr14PI2B6 have been studied in detail using quantitative transmission electron 
microscopy. Th ree different types of activation energies are involved in the crystallization: 
En for nucleation, Eg for growth of the crystals, and Ec for the whole process of crystal- 
lization. All three were determined experimentally: En and Eg in the present paper and 
Ec in a former work. A general formula was developed which combines the three and was 
found to be in good agreement with the experimental values. Furthermore, attention has 
been drawn to the experimental value of the Avrami exponent which is in very good 
agreement with a detailed theory developed in 1955 by IIschner, and differing with 
common literature values. Also, the diffusivity of metalloid in this alloy has been reported 
using the growth rate of MSI crystals. 

1. Introduction 
In an earlier paper [1] we emphasized that differ- 
ent activation energies should be distinguished in a 
crystallization process. These are: ( i) that  for 
nucleation of crystals, called En in this paper, 
(ii) that for growth of crystals, Eg, and finally 
(iii) that for the whole process of crystallization, 
E e. The latter combines (i) and (ii) by referring to 
the kinetics of the total volume fraction of all the 
crystals. All three may be determined indepen- 
dently by experiment: ( i )by counting crystal 
numbers in the transmission electron microscope 
(TEM), (ii) by measuring their size in the TEM and 
(iii) either by quantitative TEM or, better, by inte- 
grating methods such as differential thermal ana- 
lysis/differential scanning calorimetry (DTA/DSC), 
dilatometry (length effects), etc. The values given 
in [1] were only preliminary and in the meantime 
more detailed work has been carried out in order 
to answer most of the questions left open in [1]. 

A theoretical connection is expected to exist 
between En, Eg and E e. Recently, formulae to 
correlate these three activation energies have been 
developed by Ranganathan and Heimendahl [2]. 
The application of these formulae to the case of 
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2826A and comparison with the present experi- 
mental data is also reported in this paper. Finally, 
the kinetic data obtained for 2826A are compared 
with the values obtained from a theory given by 
Ilschner a long time ago [3] which he developed 
for the analogous case of diffusion-controlled 
growth of precipitates. Also, the growth rate of 
the metastable phase MSI has been used to 
evaluate the diffusivity of metalloid in this alloy. 

2. Experimental and methodical techniques 
As the question of the reproducibility of the re- 
sults of [1] has been often raised and discussed 
[4] a separate series of experiments were carried out 
on samples produced by the same technique [1]. 
For this purpose, samples were chosen from two 
different batches with a gap of three years, called 
Series I and III, respectively, in this paper. The 
material was Metglas | 2826A as in [1], made by 
Allied Chemical Corp., USA. Furthermore, to 
check possible variations within one ribbon, a 
Sample II was analysed; this was taken from the 
same ribbon as Series I but from a spot a distance 
of 8 m from where Sample I was taken. Concern- 
ing annealing and TEM specimen preparation, the 

�9 1981 Chapman and Hall Ltd. 2405 



. ~____~B,(Cr) 

Figure 1 Schematic drawing illustrating the atomic move- 
ments involved in the crystallization of the MSI phase in 
the alloy 2826A, according to [6]. 

same methods were applied as in [1]. Since the 
kinetics of crystallization is strongly dei~endent 
upon temperature, a careful temperature control 
of + 10 C was maintained in the salt bath. 

It was assumed that each nucleus results in one 
crystal, i.e. in counting the number of nuclei, the 
crystals were counted. To obtain the crystal den- 
sity, n (t, T), (at time t and temperature T) the foil 
thickness of the TEM samples was determined by 
the latex ball method [5]. Of course, there is a 
lower limit of instrumental resolution below which 
a crystal can no longer be seen. In the present case 
this was at a diameter of about 6 nm. (The finite 
foil thickness of 30 to 80nm makes contrast of 
smaller crystals too poor.) For determining En, this 
"cutting effect" in counting n(t, T) is negligible. 

To measure the size of the crystals, the dia- 
meter s of the largest crystal was taken. It is 
assumed that smaller crystals were the result of 
later nucleation, i.e. ones which started to grow 
after the incubation period. Thus, from s(t) the 
apparent diffusion coefficient D can be calculated 
from 

s[2 = A(Dt)  1/2 (1) 

for the case of parabolic growth. In our case, D re- 
fers to the diffusion of the elements Fe and Ni 
into the MSI crystals (Fig. 1) and the metalloids P 
and B outwards, i.e. into the glass. (These compo- 
sitional changes were proven by Heimendahl and 
Oppolzer [6[ .) Since the partial diffusivities of the 
individual elements at present cannot be distin- 
guished by these experiments, Equation 1 deals 
with the apparent diffusion coefficient. 

Strictly, A is not a constant but is slightly tem- 

perature-dependent because it contains the equili- 
brium solubilities at the glass-crystal phase boun- 
daries. However, in our case the crystallization 
occurs in the lower portion of the t ime-  
temperature-transformation (TTT)-diagram (in 
the temperature range below the "nose" of this 
diagram). Therefore, any change in the above- 
mentioned solubilities is negligibly small in the 
present, narrow temperature range of crystalliz- 
ation (350 to 375 ~ C) which lies much below the 
melting temperature according to the relevant 
phase diagram. Thus, A can be approximately 
taken as constant in this case. (See Section 4.4 
also.) 

If the crystal density becomes too large, the 
pictures blur due to crystal overlap. Therefore, only 
the initial part of the crystallization was analysed 
in the following plots (only up to 10% total vol- 
ume fraction, which corresponds approximately to 
30% of the attainable MSI phase). This paper deals 
exclusively with the first crystallization stage, 
called MSI; the other stages are dealt with in [1 ]. 

In the case of clustered crystals, forming an 
image similar to a cauliflower or a blackberry, it 
was attempted to count and to measure the indi- 
vidual crystals, although this was sometimes 
difficult. 

If the nucleation rate n is constant for each 
individual temperature T, n can be written as 

n = constant, exp ( - -En/RT) ,  (2) 

where E n is the apparent activation energy of 
nucleation and R is the gas constant. Equation 2 
is an approximation valid for small volume frac- 
tions of crystals. As mentioned above, for other 
reasons analysis was in any case carried out only 
for small volume fractions of less than 10%. It is 
not the purpose of this paper to discuss generally 
the constituent parts contributing to E n. However, 
it may be mentioned that in the present case of a 
long range diffusion*-controUed, classical homo- 
geneous nucleation, E n = Eg + AGe, (Equation 
49.2 in [7]) where AGc is the thermodynamic 
work barrier for the formation of the critical 
nucleus and Eg is the activation energy of growth. 
Eg is equal to E a the activation energy of (long- 
range) diffusion, if growth is diffusion-controlled 
(parabolic). Again, as explained above for A, the 
slight changes of AGe within the temperature 
range observed in our experiments are negligible. 

Concerning the terms long-range and small-range diffusion; by mistake in our earlier paper the MSI reaction was called 
"small-range diffusion-controlled" instead of long-range. 
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Figure  2 Number of crystals in the amor- 
phous alloy METGLAS| after iso- 
thermal annealings at 4 different tempera- 
tures. 

From the linear plots of  s2(t) for each tem- 
perature T, the diffusion constant D(T) was ob- 
tained from Equation 1 and, of course, 

D = constant,  exp (--Eg/RT) (3) 

in our  case. 

3. Results 
The plots of Figs 2 and 3 show n(t) and s2(t) for 
the four temperatures chosen; 350, 359, 367 and 
375 ~ C. These temperatures were selected because 
at lower temperatures the reaction goes exceed- 
ingly slowly, and at higher temperatures too 
quickly (see also the TTT-diagram of Fig. 11 in 
[8]). One notices that in this temperature range r~ 
is approximately constant, which indicates homo- 
geneous, steady-state nucleation. In a recent re- 
view K6ster and Herold [9] deal with different 
types of nucleation kinetics, e.g. "quenched-in 
nuclei", "transient nucleation" and "steady-state 
nucleation". Obviously, only the latter occurs if 
the presuppositions used for MSI in 2826A de- 

scribed in this paper are valid, i.e. constant 
nucleation rate. 

Of course there is inevitably a certain amount 
of scatter for each measured point. The indicated 
error bar is the mean value of all the standard error 
bars of the individual measured points. The latter 
are the results of  three to five TEM enlargements 
magnified typically 180000 times for analysis, 
each giving one value. Fig. 4 is a typical TEM 
bright-field image. (For details of the relevant 
microstructures in this alloy, see [1, 10].) One 
cannot expect a precise value with this sort of 
statistical measurement, but it turns out, that for 
the present purpose, i.e. determining activation 
energies; the procedure is satisfactory. The 
Arrhenius plots in Figs 5 and 6 show that fairly 
good straight lines can be drawn through the 
points, each representing the slope of one of the 
lines in Figs 2 and 3. The prefactor A in Equation 
1 was taken as unity in this case. (For determin- 
ation of Eg from Equation 3 the value of A is 
immaterial if it is constant over the temperature 
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Figure 3 Maximum diameters of crystals (squared) after 
the same thermal treatments as given in Fig. 2. 

Figure  4 Typical transmission electron micrograph of the 
MSl-phase crystals, 4 h, 350 ~ C. 
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Figure 5 Arrhenius plot obtained from the data of Fig. 2 
for determination of the activation energy of nucleation, 
E n, after Equation 2. 
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Figure 6 Arrenhius plot for the diffusion coefficient 
D(T), which was obtained from Fig. 3. From the slope of 
this figure, the activation energy Eg follows. D in cm 2 
s e e  -1 . 

range.) From the slope of  Figs 5 and 6 again, by 
means of  Equations 2 and 3, we obtain the acti- 
vation energies fisted in Table IA and B. Consider- 
ing the different error sources involved, we esti- 
mate the average accuracy to be + 10% of  the 
given values. 

4. Discussion 
4.1. Reproducibility from batch to b a t c h  
The results for the apparent activation energies 
show that  the reproducibil i ty is fairly good from 
batch to batch (Series I compared with Series III) 
and within one batch (Sample I compared with 
Sample II) as well. In Series I a second analysis was 
performed from the same samples. Scatter o f  the 
results seems to be less for En than for Eg, but  this 
may be due to the inherent inaccuracy involved in 
the measurement of  s. This result may not  be 
generally true, of  course. In other metallic glass 
materials or with other production techniques, 
there may occur certain variations in crystallization 

behaviour and kinetics from batch to batch, but  
at least in the present case, of  2826A, the results 

T A B L E  IA Activation energies in Metglas| 
MSI - crystallization 

E n (nucleation) Eg (growth) 
(kJ mol -l ) (kJ mo1-1 ) 

Series I 359 272 
Series I 
(2nd analysis) - 236 
Series II 345 229 
Series Ill 358 271 

Mean value 354 252 

were consistent within the limits of  accuracy as 

described. 

4.2. Comparison of E n and Eg with Ee 
from the formula and experiments 

The following formula, recently developed [2], 
combines the quantities described and defined in 
the int roduct ion 

Ee = a E n + bp Eg,  (4) 
a + b p  

where p = 1 for linear growth, p = 1/2 for para- 
boric growth, b = 1, 2 or 3 for one- two- or three- 
dimensional growth, a = 0 for no nucleation (i.e. 
zero nucleation rate, all nuclei being frozen in at 
the beginning), a = 1 for a constant nucleation 
rate, 0 < a < 1 for a decreasing nucleation rate and 
a > 1 for an increasing nucleation rate. (a also may 
be expressed as in the form n = no ta, n is the 
number of  nuclei and no is a constant [14]). 

Thus, Equation 4 gives E c as a weighted mean 
of  En and Eg including the coefficients cited. The 
basis for the derivation o f  Equation 4 in [2] is the 
classical J o h n s o n - M e h l - A v r a m i  kinetic approach, 
refined by putt ing in the activation energies for 
nucleation, growth and the whole process. Al- 
though much work has been done in terms of  the 

T A B L E  IB 

E c (total process) 

By experiment [ 1 ] 270 
By experiment [ 11 ] 286 
By formula, 293 
with E n and Eg 
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theory of related reaction kinetics, by Christian 
[7], to our knowledge no formula such as 
Equation4, combining all the different cases 
which are possible, has been published before. 
Taking mean values from Table I o f E n  = 354k j  
mol -I,  Eg = 252k j  mo1-1 and p = 1/2, b = 3 and 
a = 1 (the constant nucleation rate is proved by 
Fig. 1), it follows that E e = 293 kJ mo1-1 . This is 
not far from the experimentally observed value of 
E e = 270 kJ tool -1 obtained by quantitative metal- 
lography (TEM volume fraction) in [10] (see also 
Table I in [1]) and agrees very well with the 
value E e = 286k j  mo1-1 reported by Antonione 
etaL [11], using differential thermal analysis, 
which is also an integrating technique. Thus, we 
may conclude that at least in the present case 
Equation4 is in good agreement with two 

different experimental results. Another case of 
successful application of Equation 4 is reported by 
Ranganathan et al. [8] and Tiwari et al. [12] con- 
cerning Fe4oNi4oP14B6 (Metglas 2826A). More 
work needs to be done to check Equation 4 with 
other alloys and this is in progress. Relatively few 
studies have been published so far regarding the 
experimental determination of nucleation and 
growth, e.g. [13], measuring them separately. 

4.3. Kinetics and especially the Avrami 
exponent 

Figs 2 and 3 show that, owing to scatter of ex- 
perimental points, an incubation time in 2826A 
cannot reliably be detected in the temperature 
range used. At first sight, this could seem contra- 
dictory to Fig. 7 in [10], where the plot of volume 
fraction of MSI at 350~ starts only after 2h. 
However, in Fig. 7 of [10] no values smaller than 
1% could be plotted owing to graphical limitations. 
On the other hand, one can calculate that the 
volume fraction from the data of Figs 2 and 3 for 
3500C below 2h  is less than 1%, e.g. after 1 h 
only about 0.05%. In this context, the difficulty 
of determining the incubation times in general 
should be stressed; our example shows how it 
depends on sensitivity of detecting or plotting 
the real beginning of crystallization. 

Another important aspect of  kinetics is the 
Avrami exponent, m, in the equation for trans- 
formed volume fraction, x (t), 

x( t)  = 1 -- exp (-- t / r )m,  (5) 

where r is the time constant, m was reported to 
be 1.7 in our earlier work [1] and was obtained 
by TEM quantitative analysis. This value is in ex- 
cellent agreement with the theoretical value of 
m =  5 / 3 ~  1.7 predicted many years ago by 
Ilschner [3]. His theory deals with the com- 
pletely analogous case of precipitation from 
crystalline solid solutions, governed by nucleation 
and long-range diffusionr growth (para- 
bolic growth).* It modifies the Avrami kinetic by 
careful mathematical treatment of the diffusion 
equations. The theory also distinguishes the cases 
a = 0 (no nucleation) and a = 1 (constant nucle- 
ation rate) for which m is 1 < m < 1.2 and m = 
1.7, respectively. We would like to point out that 
Ilschner [3] seems somehow to be overlooked in 
the literature. Rather, even comprehensive mono- 
graphs such as by Christian [7] printed many 
years later, still report m values following m = 
a + pb (the same notation as above), e .g .p.  542 
in Christian's book [7]. For our case m would be 
1 + 3/2 = 2.5, which is not in accordance with 
either the theoretical [3] value or our own experi- 
mental work above (m = 1.7). (Also, the formula 
m = 5/2 + a, used by Boswell [14] and taken 
from Burke [15], seems to be doubtful in this 
light.) The more precise m-values from [3] should 
generally be used. 

4.4.  A b s o l u t e  d i f fus ion  values 
Recently, K6ster and Herold [16] reported the ab- 
solute diffusion data for F e - N i - B  metallic glasses 
based on the same method as here, i.e. size mea- 
surement and application of Equation 1. For 
primary reaction types and in the vicinity of 
360 ~ C their Fig. 1 yields values between 10 -is 
and 10 -19 m 2 sec -1. To determine D from Equa- 
tion 1, the value of A is needed. A closely con- 
sideration, using thermodynamic and alloy data 
for our case [17], yieldedA = 1.1. Using this, the 
diffusion coefficient D comes out 15 times smaller 
than that reported by K6ster and Herold [16]. We 
think that this may be due to the fact that the 
phosphorus contained in 2826A may slow down 
the diffusion. However, further systematic in- 
vestigations are recommended in this direction. 

It was shown earlier [6] that MSI is a "primary" crystnllization and therefore the same physical conditions are in- 
volved as in a diffusion-controlled, homogeneous precipitation from crystalline solid solutions. Concerning the term 
"primary", see [4, 9]. 
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4.5. Non-uniformity of specimens 
Leake and Greer [ 18 ] also report on investigations 
about the "non-uniformity of specimens" with 
regard to the determination of Ec (in Fe8oB2o ). 
In addition, they consider critically some other 
interesting potential influences on Ec. These con- 

cern: temperature lag between sample and sample 
holder or furnace in the DSC/DTA, changes in the 

homogeneous amorphous structure prior to or 

during crystallization, and the validity of the 

Arrhenius approximation. (Is there only one Ee, 

and is it constant? It is only one, if Te, the tem- 
perature of crystallization, is far below the nose of 

the relevant TTT-diagram, which is the case for the 

measurements on 2826A reported in this paper.) 
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