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A study is reported on the devitrification behaviour of the amorphous alloy

Fe73.5Si13.5B9Nb3Cu1. Samples of the studied glass underwent isothermal and non-isothermal

heat treatments in a thermal analysis apparatus. In addition some samples were very rapidly

heated to very high temperatures by means of a laser beam. In this way a large temperature

range was explored and information was obtained on the overall thermal evolution of the

studied amorphous alloy. The experimental results suggest that, as recently proposed in the

literature, nanocrystallization can be linked to a rate limiting Nb diffusion stage in the crystal

growth process. However topological short range ordering (TSRO) and chemical short range

ordering (CSRO) also affect the devitrification behaviour. In the case of the studied alloy,

three temperature ranges can be defined. At low temperature only TSRO occurs. Above

a temperature that lies approximately in the range 450—500 °C, glass in glass phase

separation occurs up to a temperature that lies approximately in the range 700—750 °C, above

which it appears to be very limited. The occurrence of glass in glass phase separation

appears to be necessary to obtain a fine microstructure, because Nb concentrates in the

boron depleted, iron rich glassy phase. The occurrence of TSRO prior to demixing should be

avoided if nanocrystallization is desired. All this appears to be satisfied by isothermally

treating the sample at a temperature of 555 °C.
1. Introduction
Amorphous alloys between transition metals and the
metalloid elements B, P and Si, are relatively easy to
quench from the melt and have mechanical and
magnetic properties sufficiently remarkable to war-
rant commercial exploitation. Among the most prom-
inent examples are the iron based FeSiBNbCu alloys
whose crystallization can give nanocrystalline struc-
tures which offer a new opportunity for ‘‘tailoring’’
soft magnetic properties [1]. Many studies of their
magnetic [1—5], magnetoelastic [6—8] and electrical
properties [9] have been reported.

In this paper a study of the devitrification behaviour
of an amorphous alloy with the composition
Fe

73.5
Si

13.5
B
9
Nb

3
Cu

1
is reported. Samples of the

studied glass were submitted to isothermal and non-
isothermal heat treatment in a thermal analysis (TA)
apparatus. In addition some samples were very rapidly
heated to very high temperatures by means of a laser
beam. In this manner a large temperature range was
explored and information on the overall thermal evolu-
tion of the studied amorphous alloy was obtained.

2. Experimental procedures
The &16 lm thick amorphous ribbons used in this
investigation were prepared by rapid quenching from
0022—2461 ( 1997 Chapman & Hall
the melt (single roller technique, average velocity of
35 m s~1), at the Italian national electrotechnical insti-
tute ‘‘G. Ferraris’’ and kindly supplied to us for these
experiments. The samples for the different heat treat-
ments were all cut from the same ribbon.

Thermal analysis (TA) was performed using a
Netzsch differential scanning calorimeter (DSC) heat
flux model 404M on about 5 mg samples at various
heating rates (5—80 °Cmin~1) in an inert atmosphere.
Powdered Al

2
O

3
was used as a reference material.

Isothermal heating was carried out in a furnace with
a close control of the temperature; when the planned
temperature was reached and stabilized, a small cell,
containing the sample, was inserted into the furnace.
A static helium atmosphere was maintained in the cell
during the heat treatment. When the allowed time had
elapsed, the cell was taken out from the furnace and
the sample was cooled, in about 2 min, to room tem-
perature in a stream of helium.

Laser annealing was performed by means of a well
established technique [10, 11]. The samples were irra-
diated with a CO

2
laser beam defocused to a spot

diameter of 40 mm, in order to obtain uniform heat-
ing. A helium jet was used to rapidly cool the sample
to room temperature after the irradiation. The sam-
ples were passed orthogonal to the laser beam, whose
power was maintained constant, at a constant velocity
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of 2.8 cm s~1. Six samples were laser annealed at dif-
ferent laser powers in the range of 20—50 W. The
heating curves for the six laser beam powers selected
are shown in Fig. 1. They were obtained using a well
characterized model [12, 13].

X-ray diffraction (XRD) patterns were recorded us-
ing Co-Ka radiation on a INEL diffractometer equip-
ped with a PSD 120 counter. The crystallite size was
calculated from the full width at half maximum of the
X-ray peaks, taking into account both the instrumen-
tal broadening and internal strain effects [14, 15]. In
the case of partially devitrified samples, the decon-
volution of XRD reflections allowed the evaluation of
the devitrified volume fraction.

3. Results
In Fig. 2 a TA curve is reported, recorded at a heating
rate b"20 °C min~1, relative to an as quenched
sample. As can be seen two exothermic-peaks are
clearly visible. When the heating rate is varied be-
tween 5 to 80 °C min~1, the temperature of the first
peak changes in the range 525—570 °C, while the sec-
ond one occurs in the range 660—710 °C. The ratio of
the areas of the second to first peak appears to be
dependent on the heating rate. In Fig. 3 the ratio, R, of
the areas is reported as a function of the heating rate,
b. Taking into account that the peak area is propor-
tional to the heat evolved [16], as long as the ratio of
the molar heat of crystallization can be considered
constant, the ratio R can be interpreted as the ratio of
crystallized amounts. It is remarkable that the curve of
R as a function of b shows a maximum. Some samples
were heated at a constant heating rate, b, of 2 °C
min~1, up to 410, 450 and 490 °C, that is in the
temperature range where the TA curve does not show
any exothermic effect, and afterwards were submitted
to a TA run at b"20 °C min~1. The TA curves are
very similar to the one reported in Fig. 2. No influence
of the pretreatment was observed on the peak temper-
atures; however, as is shown in Fig. 3, the ratio of the
second to first peaks progressively lowers as the end
temperature of the pretreatment is raised.

Figure 1 Laser annealing heating curves relative to different inci-
dent laser powers: (1) 24 W; (2) 32 W; (3) 38 W; (4) 42 W; (5) 45 W
and (6) 50 W.
6016
Figure 2 A typical TA run.

Figure 3 Ratio, R, of the areas of the II to I TA exothermic-peaks as
a function of the heating rate for as quenched samples (d) and
samples previously submitted to a slow TA run at 2 °C min~1 up to
410 °C (n), 450 °C (s), and 490 °C (j). The dimensions of the iron
based solid solution crystals formed during the TA run are also
reported (m).

Devitrified samples were submitted to XRD analy-
sis, and some of the collected patterns are shown in
Fig. 4. Some samples were isothermally heat treated
for 5 min at 555 and 695 °C, that is in the temperature
range of the first and second DTA exothermic-peaks;
and at a temperature a little above, 750 °C. Diffraction
pattern (d) in Fig. 4 is of a sample submitted to a TA
run stopped at the peak temperature of the second
exothermic effect, which is qualitatively representative
of all the samples devitrified during a TA run. As can
be seen reflections of aFe, in which silicon dissolves,
and of iron boride occur in the XRD patterns of
the samples treated at 550 and 690 °C. However in the



Figure 4 XRD patterns after 5 min at 555 °C (a), 695 °C (b) and
750 °C (c), and after a TA run recorded at 20 °C min~1 stopped at
the peak temperature of the II exo-effect (d). (m) Fe based solid
solution; (d) Fe

3
B; (n) Fe

23
B

6
; (s) Fe

2
B.

case of the isothermal treatment at 750 °C only the
aFe reflections appear. Therefore the first exothermic
peak of the DTA curves can be associated with the
formation of the iron based solid solution that forms
in a greater amount than the iron boride. However the
outline of the XRD reflections changes from sample to
sample, because of differences in the crystal dimen-
sions. In Fig. 3 the mean dimensions of the crystals of
the iron based solid solution formed during the TA
run are reported as a function of the heating rate, b.
The curve displays a minimum. The dimensions are
comparable with those reported by van Bouwelen
et al. [17] for samples of the very close composition,
Fe

75.5
Si

12.5
B
8
Nb

3
Cu

1
, isothermally treated at 550 °C.

In Fig. 5 the mean dimensions of the crystals formed
during the isothermal heat treatments are reported as
a function of the temperature.

Some samples were submitted to laser annealing.
When a laser beam is used, it is possible to heat at very
high heating rate making the sample reach very high
temperatures without crystallizing. Six samples were
submitted to the laser annealing cycles indicated in
Fig. 1. Devitrification always occurred to some extent,
except for the case of heating cycle 1, in which the
sample remained amorphous. The XRD patterns rela-
tive to devitrified samples are all similar to the one
reported in pattern (c) of Fig. 4, that is only the iron
based solid solution was detected. In Fig. 6 the degree
of crystallinity and the mean dimension of the crystals
formed, evaluated from the XRD patterns, are re-
ported as a function of the maximum temperature
reached during the laser annealing cycle. Some sam-
ples were successively submitted to a TA run at a
heating rate of b"20 °C min~1. The thus devitrified
samples were submitted to XRD analysis; the re-
corded patterns are similar to the one reported as
pattern (d) in Fig. 4, that is both the iron based solid
solution and the iron boride were present after the TA
run. Moreover the TA curves are similar to the one
reported in Fig. 2, showing the presence of two
exothermic-peaks. However the ratio of the second to
first peak areas changes, with the laser annealing cycle.
This ratio has been corrected to take into account the
point that the laser annealed samples were already
somewhat devitrified. Therefore the area of the first

Figure 5 Dimension of the crystals formed after 5 min of isothermal
heat treatment, as a function of the temperature.

Figure 6 Crystallization degree (h) and dimensions of crystals of
the iron based solid solution (j) formed during laser annealing as
a function of the maximum temperature reached. (m) Crystal dimen-
sions of the same phase when the laser annealed samples are
submitted to a TA run at 20 °C min~1.
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Figure 7 Corrected ratio, R
#
, (as defined in the text), of the areas of

the II to I TA exothermic-peaks relative to laser annealed samples.

peak was increased on the basis of the results reported
in Fig. 6, to take into account the amount of the iron
based solid solution formed during laser annealing.
This corrected ratio, R

#
, has the meaning of the ratio

of the overall devitrified amounts of the two phases
and has been plotted against the crystallization degree
obtained during the laser annealing. Fig. 7 shows that
this corrected ratio, R

#
, decreases as the crystallinity

degree, obtained at the higher temperature produced
by laser annealing, increases.

4. Discussion
When an amorphous alloy is annealed, there may be
several kinds of topological short range ordering
(TSRO) in the structure and chemical short range
ordering (CSRO) [18—20]. The CSRO can give rise,
in off-stoichiometric amorphous alloys, to a demixing
effect. When metastable immiscibility occurs a con-
solute temperature is defined above which no demix-
ing occurs. Below this temperature the composition
and relative amounts of the glass in glass separated
phases depends on the temperature and on the nom-
inal composition of the alloy [21]. The results of Fig. 2
can be easily explained if it is admitted that CSRO
occurs in the studied system giving rise to a boron rich
phase and a boron depleted one. In the comments to
Fig. 3, in the previous section, the changes in R have
been interpreted as changes in the crystallized
amounts of the two phases. These could be the conse-
quence of a variation of the amounts of the boron rich
separated phase.

It is known, that the effect of increasing the TA
heating rate is to shift all the transformations towards
higher temperatures. Taking into account that kinet-
ics increase as the temperature is raised, the trend of
the curve in Fig. 3 can be justified if one, also, admits
that the immiscibility dome and the composition
studied are such that the amount of the separated
boron rich phase decreases as the temperature in-
creases. The presence of a maximum in the curve of
Fig. 3 may, thus, be the result of a compromise be-
tween thermodynamic and kinetic factors. The latter
could be expected to have a particularly severe effect if
we consider that TSRO, that involves very limited
movements, is active at all temperatures. In particular,
6018
the occurence of TSRO in a sample heat treated at low
temperature where no long range diffusion easily oc-
curs (and, therefore, glass in glass phase separation
and devitrification are kinetically hindered) should
kinetically hinder the glass in glass phase separation at
a higher temperature.

In this connection there are several other clues;
firstly, as shown by Fig. 4, iron boride does not form
during isothermal heat treatments at 750 °C. This re-
sult confirms the existence of a consolute temperature
which should be lower than 750 °C. Secondly, it is
useful to consider the progressive fall, observed in
Fig. 3, of the ratio of the second to first peak areas
when the TA is performed at 20 °C min~1 on samples
previously heat treated at a lower heating rate
(2 °C min~1) up to 410, 450 or 490 °C. One can specu-
late that the extensive annealing at lower temper-
atures, where only TSRO would occur, limits the glass
in glass phase separation, that would occur preva-
lently at higher temperatures in the subsequent TA
run.

Moreover the results involving the laser annealing
can be easily explained. It can be estimated, from
Fig. 1, that, when the laser power is changed, the mean
values of the heating rate change from &50 000 to
&100 000 °C min~1. Therefore all the transforma-
tions are forced to occur in a temperature range higher
than in a TA cycle. In particular in the case of the laser
annealing treatments 3—6 of Fig. 1, where the max-
imum temperature reached varies between 680 to
900 °C, the transformations occur at temperatures
that bear little relation to these explored during the
TA experiments. It’s useful to observe that, as is shown
in Fig. 4, during the laser annealing only the iron
based solid solution is formed; in particular, when the
highest temperature is reached (treatment 6 of Fig. 1),
a 90% crystallization degree is detected, as shown in
Fig. 6. Since the boron content is 9 wt% it is probable
that in this case almost all the Fe and Si form the iron
based solid solution and thus glass in glass phase
separation would not occur at all. In the other cases,
however, when the laser annealed samples are submit-
ted to TA, Fig. 7 shows that the ‘‘corrected ratio’’, R

#
,

of the second to first peak area progressively lowers as
the cristallinity percentage obtained during the laser
annealing is increased. All this suggests that the laser
annealing treatments 3—6 rapidly expose the samples
to temperatures at which phase separation is very
limited or does not occur at all. Demixing would
therefore occur during the subsequent TA run in
a glassy phase in which the iron concentration avail-
able for the phase separation is lower the higher the
crystallinity percentage obtained during the laser an-
nealing. The results of Fig. 7 would be, therefore,
justified.

Fig. 6 shows that, as the devitrification temperature
range is raised, although greater crystallinity percent-
ages are obtained, the mean dimension of the crystals
passes through a minimum. Another minimum, how-
ever, is found, as shown by Fig. 3, in the case of
samples devitrified during a TA run, that is in a
lower temperature range. The existence of a minimum,
when the heating rate is changed, can be explained by



considering that, as often occurs in the case of metallic
glasses, the nucleation and crystal growth curves are
superimposed. In fact when the curves are well separ-
ated, as in the case of silicate glasses, the increase of
the heating rate reduces the time spent in the temper-
ature range of efficient nucleation. Therefore a con-
tinuous increase in the crystal dimensions would be
expected as the result of the lower number of nuclei
formed [22, 23]. However the presence of two minima
requires an explanation. In fact the smallest dimension
is expected at the temperature at which the nucleation
rate is maximum. It is worth noting that, recently, it
was proposed that Nb played an important role in the
devitrification of an amorphous alloy with a composi-
tion of Fe

75.5
Si

12.5
B
8
Nb

3
Cu

1
[17] that is close to that

of the material studied in this paper. In particular
nanocrystallization could be linked to a rate limiting
Nb diffusion stage in the crystal growth process, which
would hinder the growth of larger crystals. When the
fraction of crystalline material increases, especially
around relatively large crystals, the amorphous phase
becomes richer in Nb which makes the crystallization
more difficult which favours the growth of smaller
crystals.

Therefore the occurrence, in Fig. 3, of a minimum in
the crystal dimension at the value of the heating rate
for which the ratio R is a maximum, could be the
consequence of the increase in the Nb concentration in
the boron depleted phase. Also the apparent decrease,
shown in Fig. 6, of the crystal dimension when the
laser annealed samples are submitted to TA also finds
a simple explanation. In fact the Nb is expected to
concentrate around the growing crystals. Therefore
when devitrification is stopped and forced to continue
at a lower temperature, where the Nb diffusion rate is
reduced, we must expect that only the smaller crystals
formed at lower temperatures can grow and thus the
mean crystal dimension must decrease.

Finally the results of Fig. 5 can be explained. The
higher the temperature of the isothermal treatment the
coarser the microstructure. This can be ascribed to
the following two causes: (a) a higher diffusion rate of
Nb and (b) reduced glass in glass phase separation.
The crystal dimension in the case of the isothermal
treatment at 555 °C is lower than the ones obtained
during the TA runs, where devitrification occurs in the
temperature range 500—600 °C. In tandem with the
above discussion, these results should be linked to
the fact that if a sample is heated to the temperature
range of efficient demixing, by rapidly crossing the one
where only TSRO is active, it would be more prone to
undergo more extensive glass in glass phase separ-
ation and smaller crystals should be formed.

5. Conclusion
The experimental results suggest that, as recently pro-
posed in the literature, Nb plays an important role in
the devitrification of the alloy. In particular nanocrys-
tallization can be linked to a rate limiting Nb diffusion
stage in the crystal growth process. However TSRO
and CSRO also affect the devitrification behaviour. In
the case of the studied alloy, three temperature ranges
can be defined. At low temperature only TSRO oc-
curs. Above a temperature that lies approximately in
the range 450—500 °C, glass in glass phase separation
occurs up to a temperature that lies approximately in
the range 700—750 °C, above which it appears to be
very limited. The occurrence of glass in glass phase
separation appears to be necessary to obtain a fine
microstructure, because Nb concentrates in the boron
depleted, iron rich glassy phase. The occurrence of
TSRO prior to demixing should be avoided if nanoc-
rystallization is desired. All this appears to be satisfied
by isothermally treating the sample at a temperature
of 555 °C.
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