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Transmission Mdssbauer spectra were recorded during isothermal annealing in order to
study kinetic aspects of the amorphous-to-crystalline transformation in amorphous
Feg;B13.58i5.5C, (Metglas® 2605SC). The crystalline products are Fe-Si alloy, Fe,B, and
Fe;C after annealing at 706 K for 6.7210° s. Crystallization proceeds in at least two
steps. In the first step an Fe-Si alloy precipitates at a rate that becomes slower with time.
Simultaneously, paramagnetic and magnetically ordered amorphous phases coexist; the or-
dered phase then increases with time at the expense of the paramagnetic phase. It is con-
cluded that after crystallization starts, the amorphous phase first becomes nonuniform in
atomic composition, and then later, but before the second crystallization step, develops into

a quasistable homogeneous state.

I. INTRODUCTION

The amorphous-to-crystalline transformation of
metallic glasses is a subject of current interest. Re-
cently, this transformation in isochronally annealed
Feg; B3 5Si; sC, ribbons (Metglas® 2605SC) was re-
ported to be a multistep process.! However, since
the transformation to a crystalline material depends
on time as well as temperature, a determination of
the changes during isothermal annealing is desirable.
Such results should provide information on the
dynamics of the processes involved. Consequently, a
series of Mdssbauer spectra have been obtained dur-
ing the isothermal annealing of Feg;B,; 5Si; sC, at
several temperatures ranging between 640 and 706
K. The hyperfine parameters and absorption areas
have been deduced and utilized in the analyses of the
amorphous-to-crystalline transformation.

II. EXPERIMENTAL

Amorphous FegBy; sSi3 sC; (Metglas® 26055C)
in a continuous ribbon form of 25.4-mm width and
30-um nominal thickness was obtained from the Al-
lied Corporation (U.S.A). Samples approximately
18X 18 mm? were cut from the ribbon. Mdssbauer
spectra were recorded with a conventional constant-
acceleration spectrometer. Calibration was made
with a natural a-Fe foil. A conventional vacuum
furnace was used for annealing and in situ
Mossbauer spectra were obtained. The vacuum was
always maintained to better than 10~° Torr during
the heating period. The furnace was heated from
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room temperature to the annealing temperature in
approximately 50 min (3.00x 10% s). Special care
was taken to minimize the overshooting of the tem-
perature upon attaining the annealing temperature.
The maximum overshooting was about 5°C for less
than 3 min. The temperature of the furnace was
kept within +2°C for the remainder of the anneal-
ing time.

The absorption lines of the amorphous and crys-
talline phases were fitted with quasi-Lorentzian? and
Lorentzian line shapes, respectively. For six-line
magnetic spectra, the areas were constrained with
A;=A;_; (i=1,2,3), where A; is the absorption area
of the ith line. For paramagnetic doublets, the areas
of the two lines were constrained to be equal. In or-
der to aid in the fitting, the patterns for the crystal-
line components were constrained to be in the ratio
Aq:A,:A3=3:2:1, which corresponds to random
orientation of the magnetic moments. This assump-
tion was found to be valid for the phases with well-
resolved first, second, fifth, and sixth lines. The
linewidths T'; (i=1,2,3,...,6) were constrained
to be I':IyT3lglNs:Tg=1:0.92:0.89:0.89:0.92:1,
which corresponds to the ratios observed for a 6.4-
pm-thick a-Fe foil. More specific fitting pro-
cedures employed are discussed in the relevant sec-
tion.

III. RESULTS AND DISCUSSION

Five different isothermal annealing temperatures
T, were used, namely, 640, 670, 684, 696, and 706
K. The annealing time t, is defined as the time
elapsed after reaching the chosen annealing tempera-
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FIG. 1. Mossbauer spectra of completely crystallized
FCSlBu.ssilsCz ribbon. The spectrum at the tOp was
recorded at 295 K after annealing at 706 K for 6.72 X 10°
s. The two spectra at the bottom were recorded during
isothermal annealing at 706 K between the initial and fi-
nal times #4; and ¢ 4r, respectively, as indicated.

ture. It should be noted that atomic rearrangements
take place during the heating-up period. Thus the
amorphous state at 7, =0 in the present measure-
ments will have already changed from the as-
quenched state. Therefore, the actual annealing
time is longer than the ¢, values quoted in this
present study. The error from this source will be-
come smaller as t, becomes larger.

Another source of error is the finite time required
to obtain a spectrum with reasonable counting
statistics.  Since the amorphous-to-crystalline
transformation is an irreversible process, the crystal-
line fraction will never decrease with an increase in
t,. Hence the crystalline fractions for a certain 4
tend to be underestimates because the data are a
time average between the initial time #,; and the fi-
nal time ¢, (equal to ¢4, as used in the data analy-
ses), where t,; =t4r —t,.c, and t,.. is the accumula-
tion time for one spectrum. A correction for this er-
ror could be made if the time dependence of the
crystalline fraction, which is to be determined with
the data, is known. A correction could possibly be
made by reducing the quoted value of ¢, using the
appropriate crystallization rate. This correction
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FIG. 2. Mossbauer spectra of amorphous

Feg;B 3 5Si; sC, ribbon during isothermal annealing at 706
K. The indicated initial and final annealing times ¢,; and
t4r, respectively, are measured upon reaching T,=706 K
after heating from 295 K.

would be in the opposite direction to the error that
has its origin in the finite heating-up time. Howev-
er, in view of the complexity of these errors, no
corrections have been made to 4 in the present
study.

A. Crystalline products

A sample was completely crystallized after an-
nealing at T,=706 K for z,>2.84X10° s. A
Modssbauer spectrum was recorded at 295 K after
annealing for z,=6.72X10° s at 706 K and is
shown in Fig. 1. Also shown are spectra collected at
706 K in situ between the times t4; and t4, as stat-
ed in the figure; they confirm that the crystallization
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TABLE 1. Magnetic hyperfine fields H ¢, isomer shifts 8, quadrupole shift €, relative areas, and assignments of patterns
of crystalline phases (1—5) after complete crystallization of amorphous Feg;B3 5Si; sC,. The parameters at 295 K were ob-
tained after the sample had been annealed at T, =706 K for 6.72 X 10° s; those at 706 K were recorded during annealing
starting at the initial time of ,,=5.89X 10° s and ending at the final time of ¢,-=6.72X 10° s, both measured from the

time the annealing temperature was reached.

T(K) 1 2 3 4 5
295 Hye (T) 33.07 30.76 27.87 23.50
8 (mm/s) 0.055 0.097 0.12 0.16
Relative area (%) 34.0 19.7 3.6 42.7
assignment Fe-Si (8NN) Fe-Si (7NN) Fe-Si (6NN) Fe,B
706 Hy (T) 28.49 26.13 18.64
8 (mm/s) —0.25 —0.20 —0.15 —0.06
€ (mm/s) 0.67
Relative area (%) 31.1 21.5 40.3 7.0
assignment Fe-Si (8NN) Fe-Si (7NN) Fe,B Fe,C

was complete for t, >2.84X10° s. The hyperfine
parameters and relative areas deduced for each pat-
tern are tabulated in Table 1. The hyperfine fields
and isomer shifts at 295 K after the 706-K anneal
are very similar to those obtained in the isochronal
annealing study’; the same two crystalline products
are identified, namely the alloy Fe-Si and the com-
pound Fe,B.

In Table I it may be noted that for the Fe-Si alloy,
a pattern for Fe with six Fe nearest neighbors (6NN)
was not fitted at 706 K. Apparently, either the Fe-
Si alloy has fewer 6NN sites at 706 K or the relative
area of the 6NN Fe pattern is not large enough to be
successfully fitted, given the statistics of the data.
In view of the relatively small area associated with
the 6NN sites at 295 K, the small number of counts
collected at 706 K is probably the reason. Pattern 5,
which is a paramagnetic doublet at 706 K, is as-
signed to crystalline Fe;C. The quadrupole splitting
of pattern S is consistent with the weighted average
of the values reported in the literature.’ The mag-
netic ordering temperature of crystalline Fe;C is 483
K.* However, a pattern for Fe;C was not identified
at 295 K, partly because the resolution was inade-
quate, and partly because the area was relatively
small. In summary, the crystalline products of
Feg B,3,58i3 5C, are an Fe-Si alloy, Fe,B and Fe;C.

B. Amorphous-to-crystalline transformation

In the time scale of the present isothermal anneal-
ing experiments, the onset of bulk crystallization
was observed for T4, > 640 K and complete crystalli-
zation was only attained for T,=706 K.
Mossbauer spectra at 706 K, successively recorded
between the times t,; and t4r indicated, are shown

in Fig. 2. The spectra are very complex because the
amorphous and crystalline patterns overlap. In or-
der to get convergence in the fitting procedure, the
quasi-Lorentzian line shapes of the magnetically or-
dered amorphous pattern were constrained to be the
same for all six lines. The absorption areas
(3%_,4;) of the amorphous and crystalline patterns
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FIG. 3. Absorption areas of the patterns for the (a)
amorphous and (b) crystalline phases during the iso-
thermal annealing of amorphous FegB;5Si;sC, at
T,=706 K. The quadrupole splittings € together with er-
ror bars of the paramagnetic amorphous phase are also
shown.
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FIG. 4. Absorption areas of the patterns for the (a) amorphous and (b) crystalline phases during isothermal annealing of
amorphous Feg;B3 5Si3 sC;, ribbon at T, =684 K. In addition, € for the paramagnetic amorphous phase is plotted.

are plotted as a function of the annealing time #4
(equal to t4r) for T, =706 and 684 K in Figs. 3 and
4, respectively. The plots for the other annealing
temperatures are similar. The lower the annealing
temperature is below 706 K, the longer the time re-
quired for the start of crystallization becomes.

It should be noted that the recoilless fraction fx
of a pattern may not remain the same during the
isothermal annealing. In particular, fz of the amor-
phous component might change during the
amorphous-to-crystalline transformation inasmuch
as an increase of ~8% was observed at 295 K after
isochronal annealing.! Indeed, the variation of the
total amorphous area with ¢, (Figs. 3 and 4) does
indicate that fr increases at the early stages of
crystallization. Any change of fz for the crystalline
components is expected to be smaller since the crys-
talline structure is well defined after the transforma-
tion; however, no experimental data are available to
support this assumption.

The onset of crystallization is heralded by the pre-

cipitation of an Fe-Si alloy. Thereafter, the crystal-
lization of Fe,B occurs, and then finally Fe;C be-
comes detectable. Because the area of the Fe;C
component is relatively small, resolution of this pat-
tern is difficult, especially in the early stages.

In order to study the kinetics of the amorphous-
to-crystalline transformation, the dependence of the
crystalline fractions on annealing time have been
analyzed employing the Johnson-Mehr-Avrami
equation,’

(1)

where k, is a temperature-dependent constant and n
characterizes the crystallization process. A log-log
plot of In1/(1 —x), where x is x (z,) in Eq. (1) versus
the annealing time #, gives a straight line with slope
n.

The crystalline fractions x(z,) are given by the
absorption areas,® providing that the crystalline
recoilless fractions do not change during the iso-
thermal annealing. Johnson-Mehr-Avrami plots for

x(tg)=1—exp(—k,t}),
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FIG. 5. Johnson-Mehr-Avrami plot for Fe-Si, Fe,B,
and Fe;C.

Fe-Si, Fe,B, and Fe;C at T, =706 K are shown in
Fig. 5. For the Fe-Si alloy, n=1.7 during the early
stages of crystallization, and then decreases to
n=0.1, indicating that the crystallization is slowing
down. Then, beginning with the start of crystalliza-
tion of Fe,B, n for Fe-Si increases and becomes 1.3.
For Fe,B, n is determined to be equal to 2.2. For
Fe;C, n is found to be 1.8, although now the error is
much larger because the area of this pattern is rather
small.

The amorphous-to-crystalline transformation
mechanism depends on the value of n.” However, n
itself is a sum of more than one term, so that for
any given value of n several different models are
possible. Although the values of n for Fe-Si, Fe,B,
and Fe;C during the second stage of crystallization
(t4>10° s in Fig. 5) could be used to indicate the
amounts of the these three crystalline components,
the lack of accuracy in n requires that caution be ex-
ercised.

Additional information during the amorphous-
to-crystalline transformation can be obtained by
considering MG0ssbauer parameters of the amor-
phous phase. The hyperfine field and the total
linewidths (37_, T;) of the amorphous component
together with the total absorption area of crystalline
Fe-Si component are shown as a function of ¢, for
T,=640 K in Fig. 6. The rapid increase in Hy
correlates with the growth of the crystalline phase.
Now, after precipitation of the iron-rich crystalline
Fe-Si alloy begins, the atomic composition of the
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FIG. 6. Hyperfine fields and total linewidths of the
amorphous component together with the total absorption
area of the crystalline Fe-Si phase as a function of ¢4 dur-
ing isothermal annealing at T, =640 K.

amorphous component will become metalloid rich in
comparison to the as-quenched amorphous ribbon.
Hence, in the amorphous component, the magnetic
moment of the iron atoms will decrease and the
magnetic ordering temperature Ty will increase.?
Since the hyperfine field is generally proportional to
the magnetic moment,’ the increase of Hys in Fig. 6
establishes that Tr of the amorphous phase in-
creases after the onset of crystallization.

In addition, the total linewidth of the pattern for
the amorphous component increases after crystalli-
zation begins; this observation indicates that the dis-
tribution in Hy¢ becomes larger, at least during the
early stages of the amorphous-to-crystallization pro-
cess. However, at about ¢, =5X 10’ s, the slight de-
crease in the total linewidth may indicate that the
Hy¢ distribution then becomes smaller.

In a thermal scan using a heating rate of 5
K/min, the Curie temperature of as-quenched amor-
phous Feg B3 5Si; sC, was determined to be
Tr=668+2 K.1° In the present isothermal anneal-
ing experiment, a paramagnetic doublet for the still
totally amorphous ribbon was observed initially
when the annealing temperature 7, was equal to or
higher than 670 K. After crystallization begins, an
extra pattern with broad quasi-Lorentzian line
shapes, and hence corresponding to another amor-
phous component, is required to fit the data. This
extra pattern is first a singlet, but changes to a doub-
let and finally to a sextet with an increase in the an-
nealing time t,. Then as t, increases further, the
area of this extra pattern grows, whereas the area of
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FIG. 7. Relative absorption areas of the patterns for
the (a) amorphous and (b) crystalline components during
isothermal annealing at T, =670 K. Also shown is € vs
t4 for the paramagnetic amorphous phase.

the initial paramagnetic doublet decreases. The
spectral areas of the paramagnetic and the magneti-
cally split phases of the amorphous component, to-
gether with the various crystalline phases, are plot-
ted as a function of the annealing time ¢, for
T,=670, 684, 696, and 706 K in Figs. 7, 4, 8, and 3,
respectively.

The following model is proposed. The initial
paramagnetic doublet for T, =670 K, which is very
close to Tr=668+t2 K, persists for a lengthy time
(until ¢4 ~2X10* s). Further, the doublet’s hyper-
fine parameters change but little with annealing
time for any of the annealing temperatures used.
Therefore, it seems probable that the atomic compo-
sition of this amorphous component remains the
same, or almost the same, as that of the as-quenched
ribbon.

Just after crystallization commences, localized
crystalline nuclei form that have been identified by
electron microscopy.!! The growth of the Fe-Si
crystallites is suggested to continue by the consump-
tion of nearby iron atoms. As a consequence, the
atomic composition of the surrounding amorphous
phase becomes metalloid rich. The result is that an
additional amorphous pattern is observed. It be-
comes magnetically split since the Curie tempera-
ture increases with increasing metalloid content.
Then with further increases in the annealing time,
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FIG. 8. Similar to Fig. 7 except that the isothermal an-
nealing temperature now is 696 K.

the number and volume of the crystallites increase,
the amount of the original amorphous phase be-
comes smaller, and the new amorphous component
develops that gradually becomes more uniform in
composition.

After some time, the growth of the crystalline
Fe-Si alloy slows down, and corresponds roughly to
the disappearance of the original paramagnetic
doublet. The remaining amorphous phase, which is
magnetically split, then seems to be fairly uniform
in composition and quasistable. A similar quasi-
stable amorphous state was observed at room tem-
perature in the earlier isochronal annealing experi-
ments.! Once the amorphous phase becomes
quasistable, further crystallization becomes more
difficult.

During the slowing-down period, atomic rear-
rangements within the quasistable amorphous phase
may be required before the onset of the second
crystallization stage. Then, during this second
stage, crystallization of Fe,B commences and fur-
ther crystallization of the Fe-Si alloy continues. The
process by which Fe;C crystallizes is unclear be-
cause the amount of this component present is so
small.
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