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The transformation from the as-quenched amorphous to the crystalline state of Fe8pB2p was
folio~ed isothermally at relatively low temperatures (580 to 630 K} with Mossbauer-effect spec-
troscopy (MES). Both the Allied Chemical Metglas 2605 FespB2p and twin-roller quenched
(RQ) FespB2p were studied. Before the onset of crystallization the Mossbauer recoil-free frac-
tion of the Fe nuclei was constant but it increased by about 15'/0 during crystallization. This

.implies that on the average the Fe atoms are more firmly bound in the crystalline than in the
amorphous state. From a combination of MES, x-ray diffraction, and optical microscopy it was
found that (a} the MG 2605 ribbons are rather inhomogeneous in the sense that 10'/0 to 15'/0 of
the ribbon cross section is considerably more resistant to crystallization than the remaining part,
(b) no such inhomogeneity is present in the RQ ribbons, (c) the crystallization takes place by
the eutectic type of reaction, the crystallization products are Q.-Fe and the (metastable) tetrago-
nal Fe3B compound, and (d) a quantitative analysis of the kinetics of the transformation sug-

gests that crystallization occurs only by the growth of (crystalline) nuclei which are already
present in the as-quenched amorphous material ~

I. INTRODUCTION

Metallic glasses are usually assumed to be structur-
ally and chemically homogeneous as a result of the
very high rate of quenching from the liquid state.
But it is also known that the structure of the glass
depends on the quenching conditions and on the sub-
sequent thermal history. For example, the mechani-
cal properties and the stability of metallic glasses can
be changed significantly by changing the effective
quenching rate. This was observed by Chen and
Polk' and Chi et al. for Fe-based alloys and by
Lewis and Davies3 for Pd-Si alloys. Also, upon an-

nealing of the as-quenched material at relatively low

temperatures, mechanica14 and magnetic properties
change before crystallization sets in. During this pro-
cess of structural relaxation Egami recently found
small changes in the x-ray structure factor of Metglas
Fe4oNi4oP i4B6

Thus it is well established that the structure of a
metallic glass is not too well defined. The as-
quenched structure depends on the quenching condi-
tions and can be changed by a subsequent anneal at
sufficiently low temperature without the interference
of crystallization.

In the present paper the (micron scale) homogenei-
ty of the as-quenched amorphous state and the kinet-
ics of the transformation to the crystalline state of
the metallic glass FespB2p are studied. We compared
commercially available FeppB2p (Allied Chemical
Metglas 260S), which is quenched by a one-substrate

technique, with Fe8p82p quenched with the twin-
roller, two-substrate technique. ' The amorphous to
crystalline transformation was folio~ed at relatively
low temperatures using the Mossbauer-effect tech-
nique with "Fe as the Mossbauer isotope. The tem-
peratures were chosen in such a way that the time re-
quired for the complete transformation ranged from
about 10 hours to a few weeks. The time needed to
collect a Mossbauer spectrum with fair statistics was
about 2 hours. Therefore during an isothermal run a
few spectra could be taken before the onset of cry-
stallization, i.e., during the structural relaxation pro-
cess, and the crystallization process could be followed
accurately. Also at several stages of the transforma-
tion, samples were cooled down to room temperature
to do x-ray-diffraction and optical-microscopy mea-
surements.

II. PREPARATION AND CHARACTERIZATION
OF THE AMORPHOUS ALLOYS

The roller-quenched (RQ) FeppB2p was prepared
starting from 99.999'/o-pure Fe powder and crystalline
8 powder of 99.7-wt/o purity. The as-quenched rib-
bons had a thickness of 20 + 2 p, m and a width of
about 1 mm. The purity of the Allied Chemical
Metglas (MG 260S) Fepp82p was not specified. These
ribbons were 37 + 1 p, m thick. The B concentration
of both alloys was checked to be 20+1 at. '/o. This
was done by crystallizing samples at high temperature

20 4423 O1979 The American Physical Society



4424 A. S. SCHAAFSMA et al. 20

(—1000 K) into the equilibrium crystalline phases
n-Fe and Fe2B. Then the relative amounts of both
phases in the room-temperature Mossbauer spectra
could be determined which gives directly the mean B
concentration, assuming that no other elements than
Fe and B are present and equal recoil-free fractions
of the two phases.

The two sides of the MG 2605 ribbons have a dif-
ferent appearance due to the method of preparation:
the side which has been in contact with the metallic
substrate is dull, the opposite (free) side is shiny.
The two sides of the RQ Fes0820 ribbons are indis-
tinguishable since they were quenched in a symmetric
way. X-ray diffraction (Cu Kcx) shows no differences
between the two kinds of as-quenched ribbons, i.e.,
the widths of the broad x-ray bands are equal and
there are no sharp crystalline peaks. Also the dull
and shiny side of MG 2605 show similar diffraction
patterns. Using differential scanning calorimetry
(Perkin-Elmer, DSC-1B) at a scanning rate of 32
K/min, we determined the temperature for the onset
of crystallization, T„. For MG 2605 T„=696+2 K
and for RQ Fe80820 T„=692 +2 K. Values of T„ for
MG 2605 reported in the literature " range from
663 to 721 K. This large spread arises at least partly
from the different scanning-rates used. For Feg0820
quenched with the twin-roller method Fukamichi
et al. ' reported, without giving the scanning rate, a
value of T„=690 K.

The structure of the Fe3B compound was determined
with x-ray diffraction. It is tetragonal with

0 0
a =8.61 A, c =4.30 A, and eight units of Fe3B per
primitive cell, in agreement with other authors. ' '
As was first pointed out by Herold and Koster" these
values of the lattice parameters are equal to those
given by Rundquist' for the tetragonal structure of
Fe3PI „B„(forx up to 0.95) when extrapolated to
Fe3B. There are three different crystallographic sites
for the Fe atoms in this tetragonal Fe38 structure.
This is in agreement with the Mossbauer spectrum of
n-Fe+Fe3B [Fig. 1(c)], which shows three different
hyperfine fields for the Fe3B phase. It is worthwhile
to remark that we never did find the postulated
orthorhombic (isostructural to cementite) form of
Fe3B,' in contrast with Chien, ' who only found this

X/X

III. RESULTS AND DISCUSSION

The amorphous to crystalline transformation was
followed at four different temperatures for each of
the two Fe8082p alloys. These temperaturers were
601.0, 611.2, 621.2, and 631.5 K for MG 2605 and
581.7, 594.5, 612.2, and 625 K for RQ FexoB2O. This
temperature range is 60—100 K below the crystalliza-
tion temperature T„of the glasses and rather narrow
(30—40 K) because of the time necessary to collect a
Mossbauer spectrum. Below we first give the analysis
of the crystallized alloys. Then we discuss the gen-
eral characteristics of the transformation including
the observed changes in the Mossbauer recoil-free
fraction. Finally we turn to the kinetics of the
transformation and the homogeneity of the alloys
where, in contrast to the other topics just mentioned,
differences between the two kinds of FesoB20 alloys
will appear.
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A. Analysis of the crystallization products

The fully crystallized alloys contain two phases'.
o.-Fe and the nonequilibrium' Fe38 compound. The
B concentration of this compound was 25 +1 at. % as
determined from the area ratio of the a-Fe and Fe3B
parts of the room-temperature Mossbauer spectra.
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FIG. 1. Mossbauer spectra of FesoB20 MG 2605. (a) At
601 K before crystallization occurs. (b) At 601 K after com-
plete crystallization into o.-Fe and Fe3B. The six-line pattern
drawn belongs to a-Fe and was fitted to the outer two lines
only. (c) The same state as (b) but at room temperature.
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orthorhombic form, together with e-Fe, in fully crys-
tallized samples of FespB2p. We think that his result
is rather unlikely because of the following reasons.
The room-temperature Mossbauer spectra of FespB2p
crystallized into e-Fe+Fe3B as measured by Chien, '

by us [Fig. 1(c)], and by others' clearly show (at
least) three distinct hyperfine fields for the Fe3B
phase. This is what we would expect, as explained
before, for the tetragonal structure but not for the
orthorhombic cementite-type of structure. In the
latter there are only two slightly different positions
for the Fe atoms. So we expect only two not very
different hyperfine fields in the Mossbauer spectrum.
Indeed, the Mossbauer spectra of Fe3C (Ref. 21) and
of the borocarbides (also orthorhombic) Fe3B„C~
up to x =0.54, show only one hyperfine field with
somewhat broadened lines for the higher B concen-
trations. It is also of importance to note that Fe2B,
which is the equilibrium compound, ' was never
present in the fully crystallized samples within the
narrow temperature range (S80—630 K) investigated
by us. A transformation of (a- Fe+Fe3B) to (u-
Fe+Fe2B) was observed only when the temperature
was raised considerably above our range of isother-
mal annealing temperatures, e.g. , after a few hours at
900 K. This result is again rather different from that
of Chien, ' who observed complete crystallization at
644 K, after preannealing the sample by recording
Mossbauer spectra at lo~er temperature, into a-Fe
and Fe28 only. Chien also states that Fe3B does not
appear at any stage of the process when the samples
were crystallized in the way described above. When
however crystallization into Fe2B and n-Fe prevails
over crystallization into Fe38 (which is nearer to the
initial composition) and a-Fe, this suggests strongly
that nuclei of the Fe28 phase were already present in
the amorphous matrix.

I

$. Mossbauer measurements during the amorphous
to crystalline transformation

From the sequence of Mossbauer spectra recorded
during an isothermal run some characteristic features
appear. During the first period of each isothermal
run no sharp peaks corresponding to crystalline
phases can be detected in the Mossbauer spectra, i.e.,
the alloy remains amorphous. These spectra, one of
which is shown in Fig. 1(a), show the broad six-line
pattern, characteristic for the amorphous state. The
positions, the widths and the relative intensities of
the lines do not change during this first part of the
transformation. The presence of the crystalline o,-Fe
and Fe38 phases can first be detected when their
volume fraction is about 0.02 for the lowest, and 0.05
for the highest annealing temperature. The final
spectrum at temperature of a-Fe +Fe3B is shown in
Fig. 1(b), The two outer lines of a-Fe were fitted,

the other four a-Fe lines were calculated and are
shown for convenience. From a comparison of Fig.
l(a) with Fig. 1(b) it is clear that the outer two lines
of the e-Fe six-line pattern are well separated from
the amorphous and the Fe3B spectrum. This makes
it possible to follow the kinetics of the transforma-
tion.

C. Change of the recoil-free fraction

We have determined the relative values of the
Mossbauer recoil-free fraction (rff) as a function of
time during the amorphous to crystalline transforma-
tion. The rff or f-factor can be expressed as23
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FIG. 2. Relative recoil-free fraction change during the
isothermal amorphous to crystalline transformation. The
data points are connected by straight lines. Representative
experimental errors are shown with the 601-K data points.
The arrows indicate the onset of the crystallization process.

f =exp( —4n (x') /Z'),

where X is the y-ray wavelength and (x2) is the com-
ponent of the mean-square vibrational amplitude of
the nucleus ("Fe in our case) in the direction of the

y ray. Both the value and the temperature depen-
dence of the rff reflect the state of the lattice.
Indeed, for amorphous compared with crystalline
Snt, Cu„(x =0.10—0.18) alloys, a large difference
in rff of the " Sn nuclei was found, due to a lower
Debye temperature of the amorphous phase. It may
be noted that the rff of the " Sn nuclei is more sen-
sitive to lattice changes than that of the ' Fe nuclei. '
However no similar measurements on rff changes in
liquid-quenched metallic glasses have been done to
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our knowledge. For the isothermal transformation of
MG 2605 Fesp82p, the area of the spectra, arbitrarily
normalized to the final value for the fully crystallized
alloy is plotted in Fig. 2 as a function of time. The
same behavior was found for the RQ Feso82O. This
area is proportional to the rff though the relationship
is not linear (due to saturation effects) if the ab-
sorber is thick as in the present case." The arrows in

Fig. 2 correspond to a crystallized fraction of 0.05, so
they indicate roughly the onset of crystallization. The
area remains constant during the structural relaxation
process, before the onset of crystallization, and in-
creases by about 15'/o during crystallization. Satura-
tion effects are more important in the crystalline than
in the amorphous phase because of the higher rela-
tive absorption in the former case. Thus the rff of
the crystalline phase is at least 15% higher than that
of the amorphous phase. This implies that on the
average the Fe atoms are more firmly bound in the
crystalline than in the amorphous state.
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D. Kinetics of the transformation
and homogeneity of the alloys

The amount of crystallized o.-Fe can be obtained
by fitting the two outer Mossbauer lines (1 and 6) of
the n Fe sextet.-xF,(t) will denote the intensity of
these lines at time t divided by the final value, corre-
sponding to the fully crystalline state. %e will as-
sume that this normalized a-Fe fraction xF, (t) is
equal to the total volume fraction x(t) of the two
crystalline phases, i.e., that the o,-Fe to Fe3B ratio is
constant during the transformation. This assumption
will be justified later. The fraction x(t) can be
analyzed in terms of the Johnson-Mehl-Avrarni equa-
tion'

FIG. 3. Crystallized fraction (x) of Fesp82p MG 2605
plotted as ln(1 —x) vs time on log-log scale tsee Eq. (2)]
at, from the left to the right, 632.5, 621.2, 611.2, and 601 K.
The lines drawn are a fit to Eq. (2) for x ~0.8. Values of
the exponent n in this equation are indicated.
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x(t) =1 —exp[ —(kt)"] . (2) 50 0/

In this equation k is a temperature-dependent con-
stant and the value of the exponent n is determined
by the characteristics of the nucleation-and-growth
process. From Eq. (2) it follows that a log-log plot of
in[1/(1 —x)1 versus time gives a straight line with
slope n Such plots .for MG 2605 (Fig. 3) and RQ
Feso82o (Fig. 4) show two sets of straight lines with
different slopes: n =2.4+0.2 (0.10 «x «0.80) and
n =1.3+0.1 (0.05 «x «0.90), respectively. We
note that for MG 2605 (Fig. 3) the last part of the
plot (x & 0.8) has a lower slope (-1).We will dis-
cuss these features of the time dependence of the

-transformation in more detail together with the
results obtained by optical microscopy.

The activation energy for the crystallization process
E~, was determined from the time t„, corresponding
to a crystalline fraction x, using the Arrhenius equa-
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FIG. 4. Crystallized fraction (x) of RQ FespB2p, plotted
like Fig. 3, at, from the left to the right, 625.0, 612.2, 594.5,
and 581.7 K. The lines drawn are a fit to Eq. (2). The
slopes are equal: n =1.3 +0.1.
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tion for a thermally activated process '

t„ko ' exp (3)

where ko is a frequency factor and kq is the
Boltzmann constant. In Fig. 5 the Arrhenius plots
(for tp5) are shown. For MG 2605 E„=2.5+0.2
eV/atom and for RQ FespB2p E„=2.2 +0.2 eV/atom
independent of x(0.1 & x &0.8). For MG 2605 we
found the same activation energy (2.5 +0.1

eV/atom) in the 690—740 range from differential
scanning calorimetry (DSC) measurements (peak-
shift method28). This indicates that there is no
change in the crystallization mechanism between 600
and 740 K. The kinetic parameters n [Eq. (2)], and
E„[Eq. (3)] are collected in Table 1 together with
some reported values. All the activation energies are
in reasonable agreement with each other.

Complementary information about the crystalliza-
tion process was obtained from optical microscopy
(OM) and x-ray-diffraction measurements carried out
at room temperature on samples with different crys-
talline fractions x. With x-ray diffraction (Cu Ka, re-
flection geometry) we observed a large difference in
the crystallization behavior of the two sides of the
MG 2605 ribbons. For as-quenched ribbons both
sides are similar [Fig. 6(a)]. However, after anneal-
ing to a crystalline fraction of about 0.8, the substrate
side of the ribbons is still mainly amorphous [Fig.
6(b)] whereas the free side is almost fully crystallized

620
T(K}

580

1.701.65

10 T (K }

FIG. 5. Arrhenius plot for (a) Fe8oB2p RQ (twin-roller),
E„2.2 t 0.2 eV/atom and (b) FesoB2p MG 2605,

Ez 2.5 2 0.2 eV/atom.

TABLE I. Kinetic parameters n tEq. (2)j and Eq [Eq. (3)] for the crystallization of FesoB2o.

Ez (eV/atom) Temp. range Ref.

2.5 ~0 2b

2.5 + 0.1'
2 5'+ 005c
2.66d

2.02e

2.1&

2.2 + 0.2b

FesoB2o MG 2605 2.6 Z 0.2~ 600-630 K
690-740 K

present study

present study
10
8

30
14
11

present study

2.2 + 0.2'
660-705 K
560-670 K
570-720 K
590-680 K
580-625 K

2.45 t01" -680-740 K

FespB2p RQ 1.3 20.1

(twin-roller
quenched)

FesoB2o 35
(spinning-wheel

quenched)

'Value obtained from the homogeneous part A (see Fig. 7) of the ribbon cross section.
bIndependent of the crystalline fraction x (0.1 (x & 0.9).
'From dynamic calorimetric measurement.

Applying to x =0.5, obtained from isothermal calorimetric measurements.
'Applying to the growth process, obtained from transmission-electron microscopy (TEM).
Applying to the nucleation process, obtained from TEM.

~Applying to the onset of crystallization, obtained from coercive-force changes and isothermal
calorimetric measurements.
"Applying both to the onset of and subsequent crystallization, obtained from dynamic calorimetric
measurements.
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E. Crystallization process
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FIG. 8. Normalized O.-Fe fraction xp, , obtained from
Mossbauer-effect spectroscopy, versus total crystalline frac-
tion x, obtained from optical microscopy for MG 2605

FegpBgp (open circles) and RQ FespB~p (full circles). The
straight line corresponds to a linear relationship. Also .

shown are data taken from Ref. 10 for Fe83B~7 (triangles)
where the values for the total fraction x (horizontal axis)
were obtained from calorimetric measurements.

The linear relation observed between the crystalline
e-Fe fraction and the total crystalline fraction sup-
ports the description of the crystallization process of
amorphous Fe8p82p as a eutectic reaction. This was
also concluded from electron microscopy' ' results.
A different type of crystallization process, namely a
two-step process, has frequently been ob-
served' ' ' ' for amorphous Fe-8 alloys with a 8
concentration of less than about 17o/o and was also
proposed for higher (up to 25 at. %) B concentra-
tions. 'p The first step is precipitation of O.-Fe togeth-
er with a shift of the 8 concentratioin of the matrix
which remains amorphous until 25-at. 'lo 8 content,
and the second step is the polymorphous crystalliza-
tion of this matrix into Fe38. Kemeny et al. ' did
determine both the normalized O.-Fe fraction xF,
(with MES) and the total crystalline fraction x (with
differential scanning calorimetry) for Fep38~7, like we
did for FegpBpp. Their data (see Fig. 8) show the sat-
uration of xF, expected for the two-step process, and
they propose that this two-step process will also occur
for Fe-8 alloys with 8 concentrations up to 25 at. %.
This is clearly contradicted by the linear relation
found by us for FegpBpp (Fig. 8).

We can now say something more about the in-

terpretation of the measured kinetic exponent n of
Eq. (2). Experimentally we found for MG 2605
n =2.4+0.2, which increases slight1y to n =2.6+0.2
when we correct properly to describe orily the homo-

geneous part A (see Fig. 7) of the ribbon, and for
RQ FeppBgp n = 1.3 + 0.1. According to the theory,
for the eutectic reaction the conditions for a linear
growth law are fulfilled, essentially because there is
no change in mean composition across the
amorphous-crystalline interface, so there is no need
for long-range diffusion (which would give a parabol-
ic growth law) in the amorphous phase. A detailed
discussion of the possible processes and the corre-
sponding kinetic exponents n can be found else-
where. ~6 Linear growth in each dimension was actu-
ally found with transmission-electron microscopy
(TEM) for MG 2605 (Ref. 30) and leads to an ex-
ponent n =3 for three dimensional growth, apart
from the additional contribution of the nucleation.
This nucleation contribution is zero only when there
is no nucleation, i.e., grow'th of a fixed number of
pre-existing nuclei (then n =3), and, e.g. , equal to 1

for a constant nucleation rate (then n =4). The ex-
perimental values n =2.6(MG 2605) and n =1.3
(RQ) are closest to the theoretical value n =3, but
they are rather low. The agreement between theory
and experiment is only satisfactory for MG 2605.
We think that these low-experimental values indicate
strongly that nucleation is very difficult at relatively
low temperatures and that the crystallization takes
place only by growth of nuclei already present in the
amorphous matrix. These nuclei were formed during
the quench from the liquid. We will give some more
arguments supporting this point of view.

First, it has been shown" that the critical quench-
ing rate necessary to prevent nucleation, is consider-
ably higher (several orders of magnitude) than the
critical quenching rate necessary to prevent crystalli-
zation. Since FespBqp is not an easy glass former it is
likely that during the quench nuclei are formed. Fur-
ther there is some experimental evidence that the
quenching rate is higher for twin-roller quenching
compared with quenching on the outer surface of a
rotating wheel (i.e., the way the MG 2605 ribbons
are produced), because of a better heat transfer
between liquid and substrate in the former case. This
is qualitatively in agreement with our OM result that
the number of crystalline spherulites per unit volume
is a factor of 10 to 100 greater for MG 2605 than for
RQ FeppBgp (after annealing to equal crystalline frac-
tions at equal temperatures), if there is only growth
of a fixed number of pre-existing nuclei. Finally,
from activation-energy determinations, there is no in-
dication for a separate nucleation stage. In fact, we
observed that the activation energy (for
0.1 &x & 0.8) does not depend on the crystalline
fraction x. Also with TEM'" and DSC the activa-
tion energy for the very onset of crystallization was
found to be equal to that of the subsequent crystalli-
zation process (see also the data in Table I). This is
of course what we expect, though it is no proof of it,
when there is no nucleation.
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