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Electron-microscopical observation of 
crystal growth in amorphous Fe75B25 alloy 
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Amorphous ribbons of FeTsB2s alloy were made by melt-spinning and their crystallization 
process was observed in situ under a transmission electron microscope (TEM). Especially, 
the growth rate of bct Fe3B crystals was measured with high precision at various 
temperatures, and the k inetics of the movement of the amorphous-crystalline interface 
was examined. Differing from the amorphous Fes6B14 alloy studied earlier and other 
Fe-B alloys with compositions not close to the 3:1 stoichiometry, crystal growth in the 
FeTsB2s alloy showed a perfect linearity against time, with no relaxation phenomena 
being observed. The linear growth was not disturbed by the small concentration deviations 
or the crystal orientations. When the annealing temperature was changed stepwise up and 
down between 1 90 ~ C to 380 ~ C, the linear growth was maintained at each temperature 
and no temperature hysteresis of the growth rate appeared. The Arrhenius plots of the 
growth rates gave an apparent activation energy of about 2 eV, but the plotted lines were 
not exactly straight but upward concave and/or convex. Theoretical analysis of the 
reaction kinetics of the amorphous-crystalline boundary movement was based on either 
the concept of multiple processes connected in series or in parallel or of the temperature- 
dependent activation energy of the process. Good agreement between the calculated and 
experimental curves was obtained and underlying mechanisms of the growth process were 
considered and discussed. It was concluded that the crystal growth process of amorphous 
FeTsB2s alloy is not controlled by long-range diffusion but presumably by small 
concentration deviations and local fluctuations of concentration and structural order. 

1. In t roduc t ion  
Crystallization behaviour of amorphous alloys has 
been extensively studied, mainly by measuring the 
bulk properties such as the electrical resistivity [1, 
2], heat evolution [3], length change [4-6]  and 
magnetization [7]. However, the reactions at the 
interface between the crystalline and amorphous 
phases, which sometimes play the main role in the 
crystallization process, are not always apparent 
from bulk property measurements. The X-ray dif- 
fraction method [8] is useful for structural 
analysis and measurement of the bulk rate of 
crystallization, and the measurement of the 
diffusion rate in the amorphous structure before 

crystallization using radiation techniques [9-11] 
is also useful for understanding the crystalliza- 
tion behaviour. However, these two are still not 
always sufficient to give an insight into the 
mechanism of crystallization. Other useful tech- 
niques are, for instance, M6ssbauer spectroscopy 
[12-15] and EXAFS [16], which enable us to 
study the structural changes associated with 
crystallization but not the kinetic reactions at the 
amorphous-crystalline boundaries. In this respect, 
in situ electron microscopical observation gives 
more localized and direct examination of the reac- 
tions, since it can measure the growth rate of every 
crystalline particle in the amorphous phase at 
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every moment. Herold and K6ster [17] first 
measured the rate of crystallization in some 
amorphous alloys by electron microscopy, and 
found an apparent activation energy of about 
2 eV, the alloy concentration dependence of the 
growth rate, and the diffusion coefficient of metal- 
loid atoms in the amorphous phase. 

The authors have reported in a previous paper 
[18] that the growth rate of  the body-centred 
tetragonal (bet)  Fe3B crystals in amorphous 
Fe -14  at% B alloy gradually changed with the 
elapsed annealing time due to the change in com- 
position of the amorphous matrix produced by the 
unavoidable long-range diffusion of boron atoms. 
Therefore, although the apparent activation energy 
was found to be about 2 eV in agreement with the 
result of Herold and K6ster [17], the com- 
positional change of the amorphous matrix sur- 
rounding the growing Fe3B crystals made the pro- 
cess complicated and further analysis of the 
reactions at the amorphous-crystalline interface 
was not achieved. 

In the present study, the nucleation and growth 
of Fe3B crystals in the amorphous Fe-25  at% B 
alloy corresponding to 3:1 stoichiometry were 
measured by an in situ annealing technique in 
TEM observation, and the kinetics and mechanism 
of rearrangement of atoms at the amorphous- 
crystalline interface could be discussed in more 
detail than in the previous study. 

2. Experimental procedure 
Iron-boron alloys with the desired concentrations 
around the stoichiometric composition, FeTsB2s, 
were prepared by melting the weighed amounts of 
electrolytic iron and pure boron over a water- 
cooled copper hearth in an argon atmosphere in an 
arc-melting furnace. Repeated melting and turning 
over were useful for homogenizing. The melt but- 
tons were about 30 g in weight and deviations 
from the intended compositions checked by 
measuring the weight loss after the melting were 
less than 0.1 at %. The weighing method was some- 
times better than the chemical analysis. Remelting 
of the crushed mother alloys before spinning was 
done in a quartz tube with a nozzle in an argon 
atmosphere, and 'ribbons of amorphous F e - B  
alloys containing 24.0, 24.3, 24.7, 25.0 and 
25.5 at % B were made by melt spinning onto a 
copper wheel of 200mm diameter rotating at a 
speed of 4500 r.p.m. The prepared ribbons were 
about 1 mm wide and 15/ira thick, and the surface 

had no trace of  contamination. The ribbons were 
cut into pieces 10ram long. The surface undula- 
tions were removed by mechanical polishing and 
then they were electrolytically thinned to obtain 
the wedge-shaped regions suitable for electron 
microscopical observation. The thinned specimens 
were annealed on a heating stage in a transmission 
electron microscope, JEM-200CX, operated at 
200kV, and the in situ observation of crystal- 
lization from the amorphous phase was performed. 
Special attention was paid to avoid an extraneous 
local temperature rise caused by the electron 
beam. For this purpose, the electron beam was 
sufficiently diverged so as to avoid heating the 
observation area by more than 30 degrees and not 
to produce any significant temperature gradient in 
it. 

The heat treatment and observation of the 
specimens in the electron microscope were per- 
formed as follows. The specimen on a heating 
stage with a universal goniometer was quickly 
heated at a rate of a few degrees per second up to 
about ten degrees below the crystallization tem- 
perature. Then, the heating rate was lowered to a 
few degrees per minute until the crystallization 
temperature was reached and crystallites of Fe3B 
with the Ni3P-type bet  structure, suitable for 
observation, appeared. As soon as a desirable 
crystallite was found, the temperature was reset 
and kept at a level suitable for isothermal anneal- 
ing. The temperature was manually controlled and 
its accuracy was within -+ 0.5 degrees. In order to 
find the temperature dependence and the 
temperature hysteresis of the growing rate of the 
crystallite, the annealing temperature of the speci- 
men was raised and reduced successively and 
alternately, as will be described later. The total 
range of the annealing temperatures was from 190 
to 380 ~ C, and the annealing time at each tempera- 
ture was from about 1 rain to 4 h. The temperature 
range for the observation of one crystallite was as 
wide as 120degrees. Sometimes, the annealing 
temperature was changed stepwise to find the 
activation energy of the growth process, as will be 
shown later. The shapes of the crystallites were 
not always circular but sometimes oval or poly- 
hedral, reflecting the crystal anisotropy. To 
determine the growth rate of a crystallite, a series 
of photographs were taken during an isothermal 
anneal and the length change of the longest axis of 
the crystallite was measured on the enlarged 
photographs by using a ruler with an accuracy of 
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-+0.1 mm, which corresponds to about -+ 10nm in 
real length. Determination of crystal structures 
and examination of the degree of perfection of the 
crystallites were performed using the selected-area 
electron diffraction technique. The amorphous 
structure was checked also by electron diffraction 
and microscopy. 

The electron microscopical observation has the 
advantage that both the overall and local changes 
can be examined and the growth rate of the 
amorphous-crystalline interface can be measured 
over a wide range from 10 -4 to 10/lmmin -1, 
which is not obtainable by other techniques, but, 
on the other hand, the surface effect or the thick- 
ness effect on the crystallization behaviour must 
be taken into consideration. For that purpose, 
bulk specimens of the same origin were prepared, 
heat treated, thinned, and subjected to X-ray and 
electron microscope measurements to see the dif- 
ference from the specimens thinned ab initio. 

3. Experimental result 
3.1. Morphology of the observed 

crystallites 
Upon heating the above-mentioned amorphous 
Fe -B  alloy specimens to above 300 ~ C, crystalliza- 
tion took place in the following different forms 
with different probabilities depending on marginal 
differences in experimental conditions. 

1. At about 320 ~ C, eutectoid agglomeration of 
tetragonal F%B and a-iron crystallites with irregu- 
lar asterisk shapes, which corresponds to the final 
form of phase decomposition of this material, 
appeared as shown in Fig. 1. Crystallization in this 
form was frequently observed with the specimens 
containing 25.5 at % B, which have boron in excess 
of the 3:1 stoichiometry of Fe3B. 

2. The specimens deficient in boron, i.e. 24.0, 
24.3, and 24.7at% B, mostly produced bc t  Fe3B 
crystallites with clear and smooth boundaries. The 
growth rate measurement was carried out only on 
crystallites of this type. They always appeared as 
single crystals, as the continuous bend contours in 
Figs. 2 and 5 show, and their shapes were circular, 
oval, or polyhedral with round corners, depending 
on the crystal orientations in the specimen film, as 
the diffraction patterns accompanying Fig. 2 
show. The polyhedra were always elongated in the 
<i10> directions, corresponding to the axes of 
easy growth, and the measurement of the growth 
rate was done mainly along the longest direction. 
The growth along the <100> directions as the 

Figure 1 Eutectoid agglomeration of bct F%B and c~-iron 
crystallites as a crystallization form from amorphous 
Fe-25.5 at % B alloy at 320 ~ C. 

secondary preferential axes was also often 
observed. The lattice parameters of the tetragonal 
F%B crystallites appeared as dendritic clusters or 
were a = 0.864 nm and c = 0.430 nm, which did 
not change between specimens with different com- 
positions and different annealing times. Subgrains 
forming small-angle boundaries were commonly 
observed in all the crystallites, but their influence 
on crystal growth was not found at all. 

3. Very small a4ron particles of the order of 
10 nm in diameter, which had appeared prior to 
the Fe3B crystallization in the previous experiment 
on the amorphous F e - 1 4 a t %  B alloy [18], did 
not appear independently of F%B crystallites but 
only in their interior at their crystallization tem- 
perature, about 320~ The emergence of a-iron 
particles was most probably necessitated to com- 
pensate the deviation from the 3:1 stoichiometric 
composition. For instance, when iron particles of 
10 nm in diameter are dispersed at a mean separa- 
tion of say 80nm, the amount of precipitate of 
iron will be about 0.1%, which is of the same order 
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Figure 2 The b ct Fe3B crystallites with different crystal orientations in amorphous 25 at % B alloy film. 

as the excess amount of  iron in the specimens 
under consideration. No lattice parameter change 
during the crystallization process was observed, 
nor were they found to have any clear arresting 
effect on the growth process of  the Fe3B crystals. 

They are seen as small dark spots in Figs. 2, 3a and 
5, and more clearly as bright spots with different 
shapes in the dark-field image of  the interior of  a 
F%B crystal in Fig. 3b. 

4. In F e - 2 5 . 0  at % B specimens, or thorhombic 

Figure 3 (a) A bright and (b) dark field electron image of a F%B crystal containing a-iron particles. Note that c~4ron 
particles do not appear in the amorphous matrix. 
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Figure 40rthorhombic F%B crystal- 
rites growing in parallel in amorphous 
Fe-25.0 at % B alloy. 

F%B crystaUites appeared as dendritic clusters or 
parallel-grown bundles, as shown in Fig. 4, 
especially when the annealing temperature was 
comparatively low and the annealing time long. 

The above variety in morphology of crystalliza- 
tion was almost unavoidable; sometimes, different 
forms appeared together and the forms changed 
from place to place, presumably as a result of  con- 
centration fluctuations. However, comparison with 
crystallites of other types, bct  Fe3B crystallites 
appeared most frequently with the simplest 
shapes, making it easy to measure the movement 
of the phase boundary. Since the boundaries pene- 
trated vertically from the top to the bottom 
surface of the thin film specimens, the accuracy in 
determining the boundary position reached 
+ 1 0 n m  or less in the electron microscopical 
observation. The growth of crystallites observed in 
this way was essentially two-dimensional, and the 
measured growth rate of the crystallites was in one 
dimension as far as crystallites larger than 0.5/Ira 
or so in diameter were measured. 

The process of nucleation of crystallites from 
the amorphous phase is an essential and interesting 
problem as well as that of crystal growth. For that 
purpose, however, a more dynamic and higher 
resolution observation [19], such as by movie 
camera with greatest magnification on a very thin 
specimen, and a theoretical analysis of the image 
formation [20], will be required. Hence, the 
present investigation is concerned only with the 
observation of growth of crystallites and its kinetic 
analysis. 

3.2. G r o w t h  rate of  b c c  Fe3B crys ta l l i tes  
In Fig. 5 is shown a typical in situ observation of 
the growth of a b c t  Fe3B crystallite in the 

F e - 2 5 a t %  B amorphous specimen at 312~ As 
distinct from the previous observation on the 
F e - 1 4 a t %  B specimen [18], the growth was per- 
fectly linear, as plotted in Fig. 6, exhibiting a con- 
stant isothermal growth rate from start to finish of 
the observation, i.e. from less than 1/sm to more 
than 10/.tm in diameter, independent of the foil 
thickness, which varied from zero to ~ 500 nm in 
the wedge-shaped specimen prepared for electron 
microscopy. The linear growth was not influenced 
by the small concentration deviations and con- 
served along any axis of the growing polyhedral 
crystallites. In addition, when two crystallites 
happened to appear together in a short distance, 
they grew linearly without interference until they 
met each other to make a crystal-crystal bound- 
ary. The above observations strongly suggested 
that the growth of the crystallite or the motion of 
the phase boundary was driven not by the long 
range atomic transport but by the short range 
atomic movements or rearrangements very near or 
at the boundary. 

In order to obtain the temperature dependence 
of the growth rate, the temperature of the heating 
stage in the electron microscope was changed step- 
wise and observations were made at each tempera- 
ture, as shown in Fig. 7. The growth rates at 
various temperatures thus obtained are plotted on 
a logarithmic scale against reciprocal temperature, 
as shown in Fig. 8. Note that the temperature was 
not a monotonic rising or falling but an alternate 
up and down, as indicated by the temperatures 
entered in Fig. 7 and the numerals denoting the 
order of observation in Fig. 8. By performing an 
alternate back-and-forth isothermal observations 
on all the specimens, it was confirmed that no 
temperature hysteresis existed in the growth rate 
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Figure 6 Growth curve of a bct F%B crystaUite in amor- 
phous Fe-25 at % B alloy at 312 ~ C. 

and, therefore, the rate was determined uniquely 
at each temperature. The activation energy of the 
process determined from the inclination of the 
Arrhenius plot in Fig. 8 was about 2.0 eV, which 
was the same as in the 14 at % B alloy. By extend- 
ing the experiment, however, to wider temperature 
ranges and different specimens, some more compli- 
cated situations appeared. For instance, a consider- 
able part of the growth rate observations, summar- 
ized in Fig. 9, show that the rates differ from 
specimen to specimen by one or two orders of 
magnitude almost independently of the alloy com- 
positions. The Arrhenius plots are not always 
straight lines but sometimes show upward and 
sometimes downward curvature. The apparent 
activation energies are accordingly different even 
along one growth rate line; for instance, growth of 
a specimen of 25.0 at% B denoted by (b) shows 
the activation energy of 1.7 eV at around 320 ~ C, 

2.0 eV at 280 ~ C, and 2.26 eV at 240 ~ C, as written 
in the figure. It must be further noted that three 
specimens with the same alloy composition, 
25.0at% B, behaved differently; specimen (a) 
showed an upward concave growth rate curve and 
an extremely low activation energy of 1.0 eV at 
low temperatures, the above-mentioned specimen 
(b) showed an upward convex curve with the high- 
est activation energy of 2.3 eV at the lowest tem- 
peratures, and specimen (c) a nearly straight line 
with 1.7 eV. Inflection of curves also appeared as 
on the specimens of 24.0 and 24.4 at % B in the 
figure. These differences in the growth behaviour 
observed in specimens which were more or less 
identical in composition and production 
conditions, are quite suggestive and will be taken 
into consideration when the elementary processes 
in the crystal growth from the amorphous phase 
are discussed in the following section. 

4. Discussion 
4.1. Effect of boron excess or deficit on 

the growth of Fe3B crystallites 
Herold and K6ster [17] previously reported that 
the growth speeds of bct  Fe3C crystallites in the 
amorphous F e - 2 0 a t %  B, F e - 2 5 a t %  B, and 
Fe-26  at % B alloys were in the ratio of 1/3: 1: 
1/5. Since the nucleation and growth of a com- 
pound crystal must be the easiest When the 
stoichiometric condition is maintained in both the 
amorphous matrix and newly born crystals, the 
highest growth speed in the 25 at % B alloy is quite 
understandable. It has been reported by Shingu et 
al. [21] that the first precipitating a4ron particles 
from the amorphous F e - 1 2 a t %  B alloy were 
supersaturated with boron and they continuously 
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Figure 7 Growth of a bc t  F%B crystallite in 
an amorphous Fe-25 .0  at % B specimen at 
various temperatures. Note that the tem- 
perature is changed in irregular order. 
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Figure 8 An example of Arrhenius plot 
of the growth rates at various tempera- 
tures. Numerals in the figure show the 
order of observations. The inclination of 
the lines give the activation energy of 
about 2.0 eV. 

discharged the boron 'during subsequent anneals. 
The boron intake into a-iron particles and its later 
release and consequently accumulation in the 
amorphous matrix has also been observed by 
Ruckman et aL [22] In accordance with the above 
experimental results, it was observed in the 
previous study on the F e - 1 4 a t %  B amorphous 
alloy [18] that the growth rate of  bc t  Fe3B 
crystallittes was sometime accelerated and some- 
times retarded during the time of  precipitation, 
most probably being influenced by the change of  
boron concentration in the amorphous matrix. 
Actually, from the temperature dependence o f  the 

relaxation time of  the growth-rate deceleration, an 
activation energy of  4.8 eV, which differed from 
that of  the growth rate itself, 2.0eV, was 
obtained, and, by assuming a diffusion process 
controlling the growth rate change, the diffusivity 
o f  boron in the amorphous phase was estimated, 
giving good agreement with the direct measure- 
ment value o f  Calm et al. [23]. 

The present study on the F e - B  amorphous 
alloys with almost 25 at % boron concentrations 
found a completely different behaviour in the 
growth process of  Fe3B crystals. For instance, as 
mentioned before and shown in Fig. 6, the iso- 
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Figure 9 A summary of Arrhenius plots of the growth rates of various crystallites in various amorphous specimens. 
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thermal growth curves were always straight, irres- 
pective of small concentration deviations from the 
3:1 stoichiometry, no temperature hysteresis of 
the growth speed appeared, as shown in Fig. 8 and 
9, and no trace of change of boron concentration 
in a-iron particles and in the amorphous matrix 
was found. This means that the growth process of 
F%B crystallites in 25 at % B amorphous alloy is 
not influenced by the long-range diffusion of 
boron but presumably by the reactions at the 
amorphous-crystalline interface. In this respect, 
the first objective of the present study seems to be 
fulfilled. On the other hand, unexpected compli- 
cations in the crystallization behaviour, which 
would have already existed in the past experiments 
but probably have been masked by the effect of 
boron diffusion, appeared. The morphology of 
crystallization was complicated, exhibiting various 
types of  precipitates, the growth rates of b ct Fe3B 
crystals were different from specimen to specimen 
almost independently of small deviations in boron 
concentration, and the Arrhenius plots of  the 
growth rates did not always give straight lines but 
very slightly convex, concave, and sigmoidal 
curves, giving rise to the dispersed values of  activa- 
tion energy around 2.0 eV. 

The above new findings in the crystallization 
behaviour of Fe -B  amorphous alloys with exact 
or nearly 3:l-stoichiometric composition are 
analysed in the following section, taking account 
of local kinetic reactions at the amorphous-  
crystalline boundaries, and not of  long range 
diffusion of boron. 

4.2. Analysis of growth curves and models 
of reaction kinetics 

The result of  the present investigation tells us that 
the reactions of crystal growth process at the inter- 
face are not so simple as to be represented by a 
single rate equation even if the long range 
diffusion of boron is not included. 

As a basis of  the reaction kinetics, consider a 
crystal growth rate induced by a single rate process 
which may be represented by the equation, 

v = a t3vexp( - -E/kT)  (1) 

where a is the distance travelled by the boundary 
when one atom at the boundary is rearranged as a 
unit process from the disordered to the ordered 
site, /3 is a geometrical factor containing the ratio 
of the effective directions of motion and all 
possible directions in the atomic vibration, frac- 

tion of the number of available sites along the 
boundary, and the multiplicity factor of neces- 
sary motions for the rearrangement, v is the fre- 
quency of atomic vibration, E is the activation 
energy of atomic rearrangement, k is the Boltz- 
mann constant, and T is the absolute temperature. 
The reactions for the backward motion of the 
boundary can be neglected when the chemical 
potential difference between the amorphous and 
crystalline state is large enough, say ~ 1 eV. The 
vibrational entropy difference can be included in 
/3, and the value of the latter is roughly estimated 
as 10 -2~3. a and v are estimated to be of  the order 
of 0.2 nm and 1013sec -1, respectively. Therefore, 
the theoretical consideration gives the value of the 
pre-exponential factor, a/3v, as ~1012nmsec -1. 
However, the actual values of the pre-exponential 
factor determined from the growth rate curves 
such as in Figs. 8 and 9 are 101s~Xgnmsec -~. This 
large discrepancy between the measured and esti- 
mated values will be reexamined and discussed 
later. On the other hand, the value of the activa- 
tion energy has been determined experimentally 
by the present and former investigations to be 
about 2.0eV, but no theoretical calculation has 
been given for that. 

When a relaxation in the growth rate appears, as 
in the previous experiment on 14 at % B alloy and 
other ones on the other nonstoichiometric com- 
position alloys, Equation 1 must be modified as 

v = a / 3 v ( - E / k T ) R ( t )  (2) 

where R (t) is a function to take account of the 
changes in the interior and environment of  the 
growing crystal during the time elapsed, t, mainly 
induced by the necessary long range diffusion of 
boron. Its simplest form will be 

R ( O  = e x p ( - - ( ~  (3) 

where r is the temperature-dependent relaxation 
time and its activation energy was determined to 
be 4.8 eV in the previous experiment. It is un- 
necessary to employ the term,R(t) ,  in the present 
experiment, since no relaxation phenomenon 
existed, as mentioned before. Instead of that, the 
equation must be modified in a different way to 
take the temperature dependence of the apparent 
activation energy, or slight bending of the 
Arrhenius plot of the growth rate, and the above- 
mentioned extraordinarily large value of the pre- 
exponential term into consideration. 
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In general, when the temperature dependence 
of  the activation energy appears, one could assume 
the underlying mechanism for that in two differ- 
ent ways; one is that the process is not single but 
composed of several distinct processes connected 
in parallel or in series, and the other is that the 
temperature-dependent structural change 
reversibly induces the activation energy change. 
The result obtained in the present investigation 
can be analysed in two ways, accordingly, as 
follows: 

(a) Analysis by the assumption of 
composite process 

When n different reactions take place in parallel at 
the boundary in the crystal growth process, the 
growth rate will be expressed by 

v = ~. CnapJ3 n exp (--En/kT) (4) 
n 

where Cn is the fraction of the nth reaction, which 
needs the activation energy, En, and satisfies the 
relation, EnCn = 1. The parameters vn and/3 n are 
the vibrational frequency and the geometrical fac- 
tor of the nth process, respectively. Which sub- 
process becomes predominant depends upon the 
value of the pre-exponential term and the tempera- 
ture. The apparent activation energy of the overall 
process is found by the differential. 

a (ln v) 
E = - - k  

a(1/T) 

where 

~ CnAnEnexp(--En/kr) 
n 

An 

~, CnA n exp (-- En/kT ) 
" ( s )  

= a~nP n 

Each frequency factor, Cna[JnPn, will be small, 
since C n is smaller than 1. The temperature 
dependence of the activation energy is found by 
the further differentiation, 

parallel connection, however, the upward convex 
curves are not reproduced and extrapolation of the 
calculated curve cannot give the large value of the 
frequency factor which appears at high tempera- 
tures. 

When the composite process is connected in 
series, the subprocesses with higher activation 
energies will be controlling at low temperatures 
and, as the temperature is raised, the processes 
occupying the large fraction in the total number of 
necessary jumps will become more influential. Let 
us consider the nth process, which has the migra- 
tion speed, 

vn = a[3nVn exp (--En/kT) (7) 

and occupies a fraction, Cn, in the total length of 
the process. Since the time required to pass the 
distance C,D is 

tn=CnD/Vn CnD (E-s = a(3nVn exp (8) 

the average velocity in the whole composite 
process will be 

1 

v = ~ t " =  n~a_~_~ex p c n  ( E )  (9) 

Like Equation 5, the apparent activation energy of 
the overall process can be obtained as 

C_ 
Z - ~ E n  exp (En/kT) 

E = (lO) 
Cn ~- exp(En/kr) 

the value of which will be close to that of the most 

- " * " '  " < 0  ( 6 )  

This equation shows that the apparent activation 
energy will increase at high temperatures and the 
Arrhenius plot of the growth rate will be upward 
concave, as the curve (a) in Fig. 9 shows. By the 

3384 

influential subprocess and have a slight tempera- 
ture dependence. Similar to Equation 6, the tem- 
perature dependence of the apparent activation 
energy is given by 



~E 

r 

CnC,'AnA n' exp ~ En 2 E n' \ kT ] --n~n' n--/= 

k ~CnAnexp ~-~ 

EnEn') > 0 
(11) 

This means that the apparent activation energy 
becomes smaller with increasing temperature and 
its Arrhenius plot will be upward convex. It is 
noteworthy that, at low temperatures where the 
subprocess with a high activation energy, Ei, and 
small fraction, Ci, is controlling the process, the 
pre-exponential factor, a[3ipi/C i, will also be 
dominant, giving rise to an extraordinarily large 
value o f  the observed pre-exponential term, as 
mentioned before, because of the small value of 
C i. The upward convex curves like (b) and (c) in 
Fig. 9 can be reproduced by the series connection 
of the composite process accordingly. 

The above discussion suggests that the tempera- 
ture dependence of the Arrhenius plot and the 
apparent activation energy as shown in Fig. 9 will 
be readily reproduced by the combination of 
parallel and series connections of the subprocesses. 
As a model to account for the afore-mentioned 
variety of  the growth rate curves, a composite pro- 
cess with three elements may be sufficient. There 
are two possible modes of connection; one is to 
connect a subprocess in series with two parallel 

I 

a,8, ~s Parallel 

\-NC, Series \ 
N 

a "  , \ Total 
P2 'vz \ 

- - ~ .  ~ . . ~ - ~ .  -.. 

\ 
\ 

\ 
\ 

\ 

I /T > 
Figure 10 Growth rate curve calculated by the Equation 
12 (full line) and those calculated for its component pro- 
cesses (dashed and dashed-and-dotted lines). 

ones and the other a subprocess in parallel with 
two others in series. Since the extraordinarily large 
pre-exponential factor of the growth rate curve 
with higher activation energy at higher tempera- 
tures, like curve (a) in Fig. 9, cannot be explained 
by the former, we employ the latter. Then, the 
growth rate of  the process will be given by 

1 
V () C1 E1 C----L exp 

a~lvl exp ~ + af32v2 

+ C3a~3v3exp -- ~ (12) 

where subscript 1 and 2 represents the subproces- 
ses connected in series and 3 the third one con- 
nected in parallel with the two. A general ten- 
dency exhibited by this model is readily under- 
stood by the schematic drawing of the growth rate 
curve in Fig. 10, in which the subprocesses 2, 1, 
and 3 are dominant in the high, medium, and low 
temperature range, respectively, and a sigmoidal 
growth rate curve, like those at 24.0 at % B and 
24.4at % B alloy in Fig. 9, is reproduced. The 
observed upward concave curve of 25.0 at % B (a) 
is supposed to correspond to the medium and low 
temperature region of the calculated curve of Fig. 
10, where the subprocesses 1 and 3 are controlling, 
and actually the curve (a) can be reproduced by 
using the values, C1 ~ 10 -3, E1 ~ 1.3 eV, C3 ~ 1, 
and E3 ~ 1.0 eV. On the other hand, the convex 
curves, (b), (c), and of 24.7 at % B are regarded as 
the high and medium temperature region of the 
calculated one, and for curve (b), for instance, a 
good fit is obtained by using Ca ~ 10 -12, E I ~  
2.4 eV, C ~  10 -s, and E2 ~ 1.8 eV. 

When a barrier process to slow down the 
boundary motion exists in the amorphous phase, it 
is considered in general to be connected in series 
with the process without barrier. For instance, 
when structural short- or medium-range order, 
such as chemical order clusters, already exists 
[24-26],  resolution and reorientation of the 
ordered regions will be necessary before they are 
admitted into the crystalline phase, and thereby a 
subprocess with a high activation energy and a 
certain pre-exponential factor connected in series 
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with the ordinary atomic rearrangement process at 
the boundary must be considered. Another 
example of series connection is that, when a devi- 
ation from the 3 : 1-stoichiometric composition or 
concentration fluctuations exist in the amorphous 
matrix, diffusion of one constituent, most likely 
boron, will be required preceding the formation of 
the stoichiometric compound, Fe3B, at the 
boundary, inevitably leading to the composite pro- 
cess model of  series connection. 

Parallel c o n n c e c t i o n  is also conceivable in the 
F%B crystallization process. Even when some bar- 
riers are formed at the phase boundary and the 
boundary motion is locally arrested, they could be 
passed and enveloped by the curved motion of the 
boundary. The model of series connection is no 
longer valid in such a case but at least partially has 
to contain the parallel connection.J Another 
possible mechanism of parallel connection is that, 
to a site of  crystal formation by atomic rearrange- 
ment on the phase boundary, there might be two 
mechanisms for atomic movement with different 
reaction parameters, one perpendicular to the 
boundary plane and the other along it, for 
instance, and these two are regarded as connected 
in parallel. 

In Fig. 1 1 are schematically shown the struc- 
ture in the vicinity of the growing crystalline- 
amorphous boundary and three kinds of sub- 
processes conceivable in the process of crystal 
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Figure 11 h sketch of the structure in the vicinity of the 
boundary of a growing F%B crystallite. Three possible 
subprocesses of the growth are shown by arrows. 

3 3 8 6  

growth. The process denoted by 1 is of  the atomic 
rearrangement from the perfectly disordered 
region to the crystal, and that with subscript 3 is 
considered for the atomic movement along the 
boundary. In the centre of  the figure is shown a 
small a-iron crystallite, which has been mentioned 
in the preceding paragraphs. Diffusion processes 
necessary for its formation must also participate 
in the whole growth process, and at least two 
mechanisms of that, i.e. volume diffusion and 
boundary diffusion as  usually found in metals, 
must be taken into consideration. The necessary 
diffusion of one excess or deficit constituent, most 
probably of boron, will give rise to another com- 
posite character of  the growth process when com- 
bined with the short-range atomic rearrangement 
at the boundary, as mentioned before. Neverthe- 
less, if long-range diffusion appreciably and neces- 
sarily took place during the crystal growth, 
irreversible changes in the process would result 
when the temperature was alternately changed up 
and down, and difficulty in amending the dis- 
crepany with the experimental result would be 
encountered. But, it must be noted that, if the 
boron diffusion is allowed only along the 
boundary, there will be no conflict between the 
composite process model and the experimental 
fact that there is no temperature hysteresis. 

In the model calculation shown in Fig. 10, it is 
assumed that processes 1 and 2 are in series, pro- 
cess 3 is in parallel with that series, and E1 > E2 > 
E3. These conditions will be satisfied when the 
three processes are assigned as described before. 
However, the assignments are only tentative and 
the final identification of the subprocesses and 
connection modes are still difficult because of a 
large variety in the possible mechanisms. There- 
fore, we will not further discuss the analysis of the 
growth rate curves based on the composite process 
models. But, instead, let us examine a fairly differ- 
ent way of analysis in the following paragraph. 

( b )  A n a l y s i s  b a s e d  o n  t h e a s s u m p t i o n  o f  

r e v e r s i b l e  c h a n g e  o f  a c t i v a t i o n  e n e r g y  

Microscopically, the amorphous structure is not 
uniform but all constituent atoms are in different 
environments and static fluctuations of density 
and concentration may exist. Therefore, when the 
temperature is raised, uniform thermal expansion 
of the disordered lattice will not take place but 
non-uniform relative displacements of atoms will 
occur as a reversible structural relaxation. This 
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Figure 12 Schematic diagram to determine the tempera- 
ture-dependent activation energy for a growth rate curve 
with the assumption of a single activation process with a 
constant pre-exponential factor. 

reversible local change of structure will be especi- 
ally remarkable in the relatively open region where 
the atomic jumps and rearrangements predomin- 
antly take place [27]. It is probably not unreason- 
able to consider such a reversible structural change 
at the boundary of the growing crystal and thereby 
a reversible change of activation energy for the 
crystal growth. This means that in the analysis of 
the growth rate curves, the assumption of a 
temperature-dependent activation energy could be 
employed and the observed anomalies in the 
growth rate curves could be accounted for. 

First, we assume that the growth process simply 
follows Equation 1, where the value of E is a 
temperature-dependent variable, E(T). Then, 

I i i i 

am Fe-25at%B 1.2 
A>o~ x *~  ~ " - . ~  - al3jj= 1010nrnsec-' 

,,, " - - - . . ._~.  
g 
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20O 

e_ . . _o - - - - - r  O - ~ 1  ~ . . .  

I I I 
300 

Temperature ( ~ ) 

instead of the extraordinarily large pre-exponential 
factor a(Jv, which is obtained by extrapolating the 
tangent of the growth rate curve at any desired 
temperature as Fig. 12 shows, one can set up a 
reasonable value of the pre-exponential factor on 
the coordinate axis, from which a straight line can 
be drawn to any point on the growth rate curve 
and the temperature-dependent activation energy 
is determined from the inclination of the line, as 
the drawing in Fig. 12 shows. For example, when 
101~ -1 is assumed for a[Jv as mentioned 
before and the diagram like Fig. 12 is constructed, 
the activation energies of the specimens, F e -  
25.0 at % B (a), (b), and (c) in Fig. 9 will exhibit 
the temperature dependence shown in Fig. 13. The 
values at various temperatures are not always in 
accord with those calculated from the tangents of 
the growth rate curves in Fig. 9 and entered in that 
figure. A general tendency read from the curves in 
Fig. 13 is that the activation energy becomes lower 
as the temperature increases. This is in good agree- 
ment with the presumption that non-uniform ther- 
mal expansion will take place especially in the less 
dense regions, where atomic jumps and rearrange- 
ments preferentially occur and the activation energy 
will become lower accordingly. A computer calcu- 
lation on the diffusion process in an amorphous 
structure having density fluctuations of a certain 
extent actually showed a decrease of the activation 
energy with the increasing temperature [27]. 

Differences in the values of activation energy 
and probably of frequency factor and diversity in 
their temperature dependences between different 
specimens could be understood in the following 
way: density and concentration fluctuations, 
including the amount and degree of short range 
and medium range structural order, may be differ- 
ent from one to another among the specimens and 

I 
400 

Figure 13 The temperature-dependent 
activation energies of the specimens, 
Fe-25.0at% B (a), (b), and (c) deter- 
mined by the diagrammatic analysis 
shown in Fig. 12, puttinga/3u = 10 ~~ nm 
s e e -  1. 
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from place to place even in one specimen. These 
small differences could control the crystal growth 
process, giving rise to the differences in the values 
of the activation parameters. A similar considera- 
tion could also be taken when the composite- 
process model is employed. 

The above two different interpretations based 
on the composite-process model and the tempera- 
ture dependent activation energy model, respec- 
tively, seem to be equally effective and compatible 
in the analysis of the crystal growth process in the 
Fe -25a t%B amorphous alloy. Although no 
attempt to combine the two ideas or to select one 
of them has been made in the present study, this 
seems to require further investigation to find 
which gives the larger contribution and how to 
connect the two effects in the analysis of the pro- 
cess. A new experiment with very well controlled 
specimens such as of the 3:1 stoichiometric 
concentration and with known different degrees of 
order, which are extremely difficult to obtain 
though, could be the key to the solution of the 
above problem. 
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