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Abstract Crystallization and embrittlement of Fes By Sis amorphous alloy was investigated by differen-
tial scanning calorimetry, X —ray diffraction and transmission electron microscopy. The crystallization
comprizes two exothermic processes. In the first crystallization stage, a— (Fe, Si) dendrites are formed

from the amorphous state, and in the second crystallization, Fe,B compounds are formed. An abrupt de-

crease of the fracture strain of the ribbon started from amorphous state annealed at about 340°C

1. Introduction

Fe—B—Si amorphous alloys have been de-
veloped for a potential core material for distri-
bution and power transformer applications at
high frequencies (f>50KHz)". The good prop-
erties in these alloys have been shown to the
result of introduction of a small amount of
crystallity by suitable annealing'’. To further
the understanding of these observed features,
a detailed knowledge of the crystallization be-
havior and kinetics in this alloy is necessary.
Many studies have been made about crystalli-
zation behavior of this alloy and it is well
known that the crystallization of FexB,Si,
amorphous alloy results in the formation of
two principal lattice phases. However, differ-
ent crystallization phase for each process has
been reported®~”, that is, (a)b.c.c. a—Fe (b)b.

c.c. a—(Fe, S1) (c¢) b.c.t. Fe.BB (d)a nonequih-
brium, transient Fe,B phase and there are few
investigations on the kinetics of nucleation and
embrittlement on annealing of this alloy.
Therefore, in this study, attempts have been
made (A) to identify the phase and morpholo-
gies, (B) to study the nucleation kinetics of
each phase, and (C) to investigate specimen

embrittlement on annealing of this alloy.
2. Experimental Methods

The starting material used in this study was
25mm wide and 30um thick Metglas 26055 —2
amorphous alloy ribbons obtained from Allied
Chemical Co. (U.S.A) which has composition
of FexB;Siy. Crystallization characteristics of
90mg samples were determined, using differen-
tial scanning calorimetry under a dry argon

atmosphere with various scanning heating
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Fig. 1. Transmission electron micrograph (1A), its
diffraction pattern (1B) and X—ray dif-
fraction pattern (1C) of Fe;sB3Sis amor-
phaous alloy. (as—received state)

rates (2°C/min.~20C/min.), X—ray diffrac-
tion with FeKa radiation and selected area
electron diffraction in transmission electron
microscopy. The activation energy of crystalli-
zation process was determined by the
Kissingers peak shift method”. and Avrami's

exponent n was calculated by the Ozawa plot™.
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Fig. 2 DSC curve of FeuBisSiy amorphous alloy
(heating rate ;5°C/min.)

The fraction transformed at a temperature in
the continuous heating DSC records was de-
rived from the ratio A(T)/A(Total) under the
exatherm as detailed previously®. Fracture
strain on bending was measured by bending
ribbon sample to a decreasing radius-of curva-
ture between the platens of a micrometer
drive. Value of the frature strain was calculat-
ed using the platen separation at sample frac-

ture and ribbon thickness”.
3. Results

Microstructure of the as—cast ribbon was
featureless and typical of amorphous materials
(Fig. 1A). The diffraction patterns- consisted
of only the expected amorphous diffuse ring
pattern (Fig. 1B}, and the amorphous state
was conformed with halo pattern by X—ray
diffraction (Fig. 1C). Crystallization process is
shown in the DSC curve of Fig. 2. The crystal-
lization consists of two exothermic processes,
and the exothermic peaks are centered at 512
°‘C and 543°C at the heating rate of 5C/min.
The transmission electron micrograph and dif-
fraction pattern of the sample undergone con-
tinuous heating up to 512°C and 543°C with
heating rate 5°C/min are shown in Fig. 3. In
the first crystallization stage, a— (Fe, Si) den-
drite (b.c.c) is formed from the amorphous
matrix (Fig. 3A, 3B) and in the second crys-
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Fig. 4. The profile change in X —ray diffraction of
FerB):Sis amorphous alloy after continuous
heating with 5°C /min. (Fe—Kua radiation)
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Fig. 5. Augis—Bennett plot of exothermic peak
temperatures for determining activation
energies of exothermic processes.(@:
heating rate)

tallization stage, Fe;B compound (b.c.t) of cy-
lindrical morphology are formed from the re-
maining amorphous matrix (Fig. 3C). These
crystal phases were also confirmed by X—ray
diffraction (Fig. 4.). Augis—Bennett plot of

0.2 exothermic peak temperature for determining

activation energy of the exothermic process is

Fig. 3. Transmission electron micrograph (3A), its shown in Fig. 5. The activation energies for
diffraction pattern (3B) of a—(Fe, Si) the crystallization are about 80Kcal/mole for

and micrograph (3C) of Fe;B formed dur- the formation of a— (Fe, Si) and about 83Kcal

ing continuous heating with 5'C/min. /mole for the formation of Fe,B. Ozawa plot
for determining the Avrami exponent n of first

and second exothermic processes is shown in
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Fig. 6. Ozawa plot for determining the Avrami ex-
poneat of first and second exothermic pro-
cesses. (@ heating rate)
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Fig. 7. Fracture strain on bending for Fe;B.:Sis
amorphous alloy ribbon heated continuous-
ly with 5C/min.

Fig. 6. The experimental points can be fitted to
a straight line and, value of exponent n and
correlation coefficient b being determined by
the linear regression analysis. The exponent n
is about 2.4 for the ¢— (Fe, Si) formation and
about 3.2 for the Fe,B formation. The correla-
tion coefficient of the linear fit is higher than

0.99 in all cases.

Fracture strain results of the specimens an-
nealed with heating rate 5°C /min are shown in
Fig. 7. An abrupt decrease of fracture strain
occurs above 340°C. Such a precipitous drop in
the fracture strain has been documented for

some armorphous alloy systems? * 'V,

4. Discussion

Diffraction angle of the primary crystalliza-
tion phase in the X—ray diffraction (Fig. 4) is
slightly higher than that of a—Fe, and dis-
tance of spots from origin in the electron dif-
fraction pattern (Fig. 3) is longer than that of
a—Fe. These results indicate that the lattice
parameter of the primary crystallization phase
becomes shorter with increasing dissolution of
Si into a—Fe. Thus the primary crystallization
phase can be evaluated as a—(Fe, Si) and the
secondary crystallization phase Fe,B could de-
termined from the patterns of X —ray diffrac-
tion and electron diffraction. These results
agree with 'hoese reported by Y. Ogino® and
A. Adams®, but are different from the results
of HH Leibermann® and C.F. Chang® who re-
ported that first crystallized phase is a—Fe
and second crystallized phase is Fe;B instead
of Fe,B in this alloy. Crystallization consists of
two steps. The first step is nucleation and the
second step is grain growth. The growth of a—
(Fe, Si) and Fe;B in this alloy was reported as
the diffusion controlled process. And the sol-
ubility of B and Si in ¢—Fe at about 700°K is
below 0.01 and 10 at % respectively'®. Thus,
the growth of a—(Fe, Si) and Fe;B involves
local rearrangement of Fe, Si and long range
diffusion of B. The activation energy for the
diffusion of the Si is 50Kcal/mole'® and for
the diffusion of the B is 37Kcal/mole' in this
alloy. The activation energies (80Kcal/mole,
83Kcal/mole) for the crystallization are appre-
ciably higher than activation energy for the
grain growth. Therefore, the process of crys-
tallization is mainly controlled by nucleation.
The exponent n of 2.4 for the formation of a—
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(Fe, Si) in the Johnson —Mehl— Avrami
equation is consistent with a three demensional
controlled growth and nearly constant nuclea-
tion rate regardless of time. On the other hand,
for the formation of Fe,B formation the value
of n=3.2 su‘ggests that nucleation rate of Fe,B
is increased with time. By the T.E.M observa-
tion, ¢— (Fe, S1) dendrite is formed in compar-
atively uniform way, and Fe,B compounds are
formed preferentially near the interface be-
tween a— (Fe, Si) dendrites and the remaining
amorphous matrix.

The fracture strain on bending is abruptly
decreased at about 340°C, and is nearly 0
above 400C. It can be explained as follows.
Amorphous state heated between 340°C and
350°C is brittle because the structure relaxa-
tion consisting of topological short range order
" and chemical short range order® * cause
the residual stress in the matrix. And crystalli-
zation of amorphous phase is very brittle be-
cause preferentially crystallized surface causes
the residual stress between surface and interi-
or, and Si segregation toward grain boundary
'*) has an additional effect on the brittleness of

the sample.
5. Conclusion

FeB3Sis
results in the formation of two principal lattice

Crystallization of amorphous
phases, that is, a solid solution of a— (Fe, Si)
and second phase Fe,B precipitate in sequence.
The‘activation energy and the exponent n in
the Johnson—Mehl—Avrami equation of a—
(Fe, Si1) is about 80Kcal/mole and 2.4
respectivly. The a— (Fe, Si) has a dendrite
shape and is formed uniformly. The activation
energy and exponent n of Fe;B is about
83Kcal/mole and 3.2 respectively. Fe,B has a
cylindrical shape and is formed preferentially
near the interface between «— (Fe, Si) den-
drite and the remaining amorphous matrix.
The embrittlement of ribbon is started from
amorphous state annealed at about 340°C and

ribbon becomes very brittle after crystalliza-

tion.
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