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Thermal evolution of Fegy 5CogNiz5ZrgNb,Cu,B1s amorphous alloy prepared by one-roll
melt-spinning technique was studied by XRD and DTA. The crystallisation process,
occurring in several steps, can be summarised as follows:

a—a +a-Fe— a”’ + a-Fe+ y-Fe - a-Fe + y-Fe + ZrBq,, where a and a” are amorphous
phases, and a’ can be indexed as a y-Fe (fcc) structure, with a crystalline order on an
average distance of 8 A. The metallic glass demixed on quenching, but component phases
tended to mix by exchanging Fe atoms in a temperature range overlapped with the first
crystallisation, which yields «-Fe nanocrystals (=27 A). Higher temperature exo-peaks
correspond mainly to a recrystallisation of the phases formed at lower temperature. It was
found that this alloy has nanocrystalline structure also after heating at a well higher
temperature than first crystallization. Even after the last exo-peak, the average crystallite
size (D) was considerably smaller than that found in the literature for analogous metallic
glasses; D values for our alloy were comparable to those of nanocrystalline phases of other
systems heat treated below the temperature of exothermal DTA peaks. Extensive oxidation
above 600°C, even at a low oxygen content (c,, <2 ppm), led to a marked modification of
the surface layer: two zirconia polymorphs were identified on the surface of the ribbons,
and the ratio of y-Fe to a-Fe content increased with respect to the bulk. Differences in
thermal evolution between outer layer and bulk are attributed to a different phase
composition and non-uniform distribution since the as-quenched stage.

© 2002 Kluwer Academic Publishers

1. Introduction

Amorphous ferromagnetic alloys produced by rapid
quenching from a melt show several interesting features
concerning thermal evolution from a disordered to an
ordered structure [1], and correlation among structural
relaxation, nanocrystallization and very soft magnetism
[2]. In addition, possible applications in delay lines and
sensor devices have been envisaged [3]. Metallic melt
casting requires very high quenching rates if amorphous
alloys are to be produced. Recently it was shown that
glasses of general formula FessCo7NiyZrg—Nb,Bog
have a wide supercooled liquid region [4], which is a
basic requirement for a high thermal stability of the
supercooled phase against crystallization. In addition,
promising soft magnetic properties have been found for
these alloys [5].

These results were confirmed for the amorphous
alloy of composition Feg) 5CogNi7s5ZrgNbyCuBys,
which was specifically designed for application in mag-
netoelastic devices [6, 7]. The present work concerns
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this new alloy, and was aimed at understanding the sta-
bility conditions of the disordered structure in view of
the optimisation for applications.

2. Experimental

The amorphous alloy was prepared by one-roll melt-
spinning technique, with a quenching rate of 28 m/s,
starting from a precursor alloy produced by arc melt-
ing in a quartz crucible by Ar gassing. Samples of
Feg,.5CogNi7 5ZrsNbyCu B s were in the shape of rib-
bons: 30 um x 3 mm x several metres. The compo-
sition of the specimens was checked by wavelength
dispersive Electron Scanning Microscopy Analysis
(ESMA).

Differential Thermal Analysis (DTA) was carried out
by means of a Netzsch heat flux DSC apparatus (model
404M) on ~50 mg samples at various heating rates
(2-80°C/min). The reference material was powdered
Al,O3. Thermogravimetric analysis (TG) was carried
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out by means of a Netzsch Thermo-Microbalance ap-
paratus (model TG209) on about 15 mg of powdered
sample. The sample was heated at a heating rate of
B =20°C/min in argon atmosphere.

XRD patterns were collected on a PMG-VH Rigaku
diffractometer using the conventional Bragg-Brentano
geometry. The system was equipped with a diffracted
beam graphite crystal analyser, and suitably narrow slits
(Soller, incident, divergence and antiscattering) so as
to produce a nearly zero background and narrow and
symmetrical instrumental profiles, even for 26 angles as
low as 20-25°[8]. The Instrumental Resolution Func-
tion (IRF), describing the change in profile width and
shape with the 26 angle was determined using a suit-
able KC1 powder sample, and analytically described
by means of a non-linear least square fitting of pseudo-
Voigt functions for the CuKa, o doublet [8, 9].

The XRD patterns were analysed by a commercially
available Search-Match program for phase identifica-
tion, whereas lattice parameter, line profile analysis and
quantitative phase analysis of Fe polymorphs were ob-
tained by using a recently developed computer program
based on the Rietveld method [ 10], which is specifically
designed to allow a simultaneous refinement of struc-
tural and microstructural parameters, including domain
size and lattice defects. Details on the program and al-
gorithm can be found in the cited literature [10-12].
Finally, lattice parameters of «-Fe and y -Fe in powder
samples were obtained by using a Si internal standard,
mixed with the ground ribbon.

AFM analysis of the ribbons surface topography was
performed by means of Lot Oriel apparatus both in
tapping mode and in contact one.

3. Results

The DTA curve recorded at 20°C/min is reported in
Fig. 1. On heating the alloy undergoes a complex crys-
tallisation process, in several steps corresponding to the
various exo-peaks. The two slope changes in the curve,
before the first exo-peak, in the temperature range 400—
500°C, can be related to the changes of specific heat in

the glass transformation temperature range. The occur-
rence of two glass transformation effects indicates a
glass-in-glass phase separation. Taking T, and Tx as
the onset temperatures of the first slope change and
exo-peak respectively, a temperature interval of su-
percooled liquid region Ty — T, = 123°C is obtained,
which is larger than that (45 < Ty — T < 85) recorded
for the above mentioned glasses [4, 5] of general for-
mula FesCo7Ni;Zr9—Nb, By, having a lower Fe but
a higher B + Zr content.

A sample was also submitted to a thermogravimetric
(TG) analysis (both DTA and TG were done in Ar at-
mosphere), with an oxygen level ¢,, <2 ppm. The TG
curve is reported in Fig. 1. As can be seen, a weight in-
crease is recorded starting from 7' = 580°C in the tem-
perature range of the second exo-peak. The occurrence
of an oxidation at such a low O level is not surprising
in the light of the results of previous work [13].

The XRD patterns of samples variously heat treated
arereported in Figs 2 and 3. The as-cast sample (Fig. 2a)
confirmed to be amorphous. Fig. 2b—d refer to samples
submitted, in the DTA apparatus, to non-isothermal heat
treatments stopped respectively, at the first and second
peak, and after the last exo-peak. A broad XRD reflec-
tion is present in the pattern 2b, corresponding to the
strongest line of «-Fe. In Fig. 2c (2nd exo-peak) this
reflection becomes sharper and a second one appears
at 20 = 28 with other minor peaks at ~30.2 and 35.2°.
In the XRD pattern of the sample heated up to 750°C
(Fig. 2d) the reflections of y-Fe also appear clearly.

The brittleness induced by crystallisation, allowed
sample grinding. The XRD patterns of powdered sam-
ples are reported in Fig. 3. Fig. 3a and b, relative to
DTA stopped at the first and second exo-peak, confirm
the results reported in Fig. 2, apart from the absence of
the reflection at 20 ~ 28°. The first DTA crystallisation
peak corresponds, therefore, to the formation of very
fine crystals of «-Fe giving broad XRD reflections; the
second DTA peak corresponds to the growth of this
crystalline phase, whose reflections become sharper.
The XRD spectra performed before (3d) and after (3c)
grinding the sample heated in the DTA apparatus at
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Figure 1 Differential thermal analysis (DTA) and thermogravimetric (TG) curves recorded at 20°C/min.
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Figure 2 XRD patterns of samples as quenched (a) and submitted (b—d)
to DTA cycle stopped at: (b) I exo-peak; (c) I exo-peak; (d) after the last
exo-peak.
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Figure 3 XRD patterns of powders obtained by grinding samples sub-
mitted to DTA cycle stopped at: (a) I exo-peak; (b) II exo-peak; (c) after
the last exo-peak; Sample (d) refers to a sample submitted to XRD as
ribbon. A particular of Fig. 3d is also reported.

B =20°C/min to 750°C (i.e., up to the end of the last
exo-peak) show several interesting differences:

(a) peak at 260 = 280 is absent in the ground sample;

(b) the ratio between y-Fe and «-Fe peak areas in-
creases in the ribbon (3d) sample;

(c) reflections of ZrB, appear only in the pattern of
the ground sample (3c);

The strong reduction of the 26 =280 reflection ob-
served when the samples are powdered suggests that
it corresponds to some oxidation product formed in
the outer layer of the sample. Its appearance, starting
from the 2c pattern, is otherwise consistent with the
TG curve (Fig. 1) showing weight increases beginning
at T = 580°C, which approximately corresponds to the
onset of the second DTA exo-peak. The position of the
observed XRD peak corresponds to that of the strongest
line (111) of monoclinic ZrO, (m-ZrO,); the absence
of the other lines of m-ZrO, would imply an epitax-
ial growth of the oxide film. Reflections at 20 = 30.2
and 35.2° can indeed be attributed to tetragonal ZrO,
(t-ZrOy) (vide infra of Fig. 3) (experimental evidence
is not sufficient to distinguish between the tetragonal
and the cubic zirconia polymorph: in the following we
will refer to t-ZrO;, but we cannot actually distinguish
between the two high-symmetry polymorphs).

Recently a new model of line profile broadening due
to the effect of linear and planar lattice defects was
incorporated into the conventional Rietveld algorithm
for the structural refinement and whole-pattern fitting
of powder data [10-12]. The model was used to fit the
XRD patterns in order to evaluate lattice parameter,
a, average domain size, D and microstrain due to lat-
tice defects. The a-Fe and y-Fe percentage amounts
were evaluated by considering the two phases as made
of pure iron and neglecting the presence of the other
crystalline phases. Fig. 4 shows the good quality of
the fitting. The values of @, D, microstrain and relative
amounts of a-Fe and y-Fe are reported in Table I. As
can be seen, the value of the lattice parameter of «-Fe
does not depend on the heat treatment and is close to
the standard value for pure iron (a =2.866 A). The
value for y-Fe, instead, changes greatly as a function
of the thermal treatment.

If we compare these results with those found in the
literature for other amorphous alloys, it turns out that
the average crystalline-domain size after each crystalli-
sation step is very small. Even after the last exo-peak, D
values are lower than those found for other devitrified
metallic glasses; grain size, in fact, is comparable to that
of nanocrystalline phases obtained in other amorphous
alloys but only by annealing at temperatures lower than
those of DTA exothermal peaks [14].

DTA curves recorded at various heating rates
(2-80°C/min) are reported in Fig. 5. They show
an unusual behaviour, already observed for the
Fe;3.551135B9gNbsCu; alloy [15]: the ratio between
I and II peak areas changes with the heating rate. In
the previous work [15], DTA showed only two exo-
peaks and a maximum in the plot of the ratio between |
and II peak areas versus heating rate (8). In the present
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TABLE 1 Lattice parameter, a, average domain size, D, microstrain, «-Fe and y-Fe %amounts in the thermally treated samples

o

o

a(A) D(A) Vol% Weight% Microstrain
Sample y-Fe a-Fe y-Fe «-Fe y-Fe «a-Fe y-Fe «-Fe y-Fe «o-Fe
(a) Powders 20°C/min I-exo 3.70 2.8679 8 27 365 635 345 655 O 0
(b) Powders 20°C/min II-exo 3.644 2.8691 30 51 10 90 98 902 0 0
(c) Powders 20°C/min Completely devitrified 3.581 2.8693 90 155 27 73 28.1 719 0 26 x 10~
(d) Powders 80°C/min Completely devitrified 3.582 2.872 165 98 172 81.8 17.7 81.3 18x107*  58x 1074
(e) Ribbons 80°C/min Completely devitrified ~ (3.581) 2.8705 135 132 547 453 563 437 12x107*  16x 1074
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Figure 4 XRD patterns of Fig. 3a with fitting curve. The reflection of y -Fe are indicated by the arrows. In the bottom the difference of the experimental

and fitting spectra is reported.
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Figure 5 DTA curves recorded at the heating rates reported on the

curves.

case the ratio between II and I peak area decreases with

B. At B =80°C/min the II peak almost disappears.
The XRD patterns of a sample submitted to a

DTA recorded at 80°C/min and stopped after the last
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Figure 6 XRD patterns of samples submitted as ribbons to DTA:
80°C/min before (d) and after (b) grinding; 20°C/min before (c) and
after (a) grinding.

exo-peak (i.e., completely crystallised) are reported in
Fig. 6. Also in this case XRD was performed twice:
before (Fig. 6d) and after (Fig. 6b) grinding. Values of
lattice parameter (a), average domain size (D) and mi-
crostrain due to lattice defects obtained from the pattern
fitting procedure are reported in Table I.

The AFM picture in Fig. 7 clearly shows nearly
equiaxial grains, on a sub-micron scale, covering the
surface of a ribbon heat-treated for 1 h at 400°C. In ad-
dition, several acicular grains lay above the fine-grain
layer, or are partially embedded.



Figure 7 AFM micrograph of as sample annealed 1 h at 400°C.

4. Discussion
Rapid quenching of metallic melts gives amorphous al-
loys with a more or less large excess-volume; when
heat-treated in the glass transformation temperature
range they undergo crystallisation. However, important
structural changes occur at lower temperatures where
long range diffusion is hindered. At these tempera-
tures there may be several kinds of short-range order-
ing of topological (TSRO) or chemical (CSRO) nature
[16,17]. Moreover glasses before crystallisation can
undergo, in the glass transformation temperature range,
a more or less extensive glass-in-glass phase separa-
tion [18]. When metastable immiscibility occurs, a con-
solute temperature is defined above which no demix-
tion occurs. Below this temperature the composition
and relative amounts of the glass-in-glass separated
phases depend on the temperature and on the nomi-
nal composition of the glass. Many glasses demix on
quenching.

The presence in the DTA curve reported in Fig. 1 of
two slope changes, before the first crystallisation exo-

10.0

7.5

‘5.0

2.9

peak, suggests that the metallic glass is demixed into at
least two amorphous phases. The crystallisation process
is complex and occurs in several steps.

The XRD pattern of Figs 2b and 3a clearly show
that the first exo-peak corresponds to the crystallisation
of «-Fe. The results of the modelling shown in Fig. 4
and reported in Table I indicate the presence of another
phase, resembling the lattice structure of y-Fe, which
exhibits a crystalline order on an average distance of
8 A. The particularly large lattice parameter suggests
that this phase would accommodate foreign atoms (Co
and Ni are preferentially hosted by the y-Fe).

The diffraction patterns of Figs 2¢ and 3b where col-
lected on samples whose heating was stopped at the II
exo-peak. As discussed above, the reflection at 26 ~ 28°
in the ribbon pattern is attributed to m-ZrO,. As shown
in the Table I, crystal size and percentage of «-Fe in
sample b) increase with respect to sample a). If the
alloy demixed on quenching, the recorded structural
change could be due to some mixing, involving the ex-
change of Fe atoms that would allow the «-Fe crystals
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to grow further. The other phase is deeply modified:
y-Fe nanocrystals of average size 30 A form, and lat-
tice parameter is 3.644 A instead of 3.700 A.

At higher temperature ZrB, forms (Fig. 3c). In ad-
dition, the following points are of interest:

(a) the microstrain in the a-Fe crystalline phase in-
creases from 0 to 2.6 x 1073;

(b) the lattice parameter of y-Fe decreases from
3.644 A t03.581 A,

These results suggest that in the higher temperature
range a recrystallisation of the o and y phases occurs.
It is also observed (see Table I) an increase in both y/x
amount ratio and crystal size of both crystalline phases.
The increase in y/x ratio is consistent with the fact that
y-Fe is the high temperature polymorph.

The crystallisation process can be summarised as
follows:

a— a’ +«a-Fe — a” + a-Fe + y-Fe
— «a-Fe+ )/-F6+ZIB12

where a and a” are amorphous phases, a’ appears to
have a crystalline order on an average distance of 8 A,
resembling the lattice structure of y-Fe.

The unusual behaviour shown in Fig. 4, i.e. the de-
pendence of the DTA exo-peak areas on S, can also be
explained if we assume that the alloy is demixed on
quenching, but the relevant phases tend to mix by ex-
changing Fe atoms in a temperature range overlapped
with that of the first crystallisation. Taking into account
that, as usual, the effect of increasing the DTA heating
rate is to shift crystallisation towards higher temper-
atures, one could speculate that the higher the heating
rate the more extensive exchange of Fe atoms would oc-
cur between the amorphous phases before any crystalli-
sation takes place. Therefore, the greater § the lower is
expected to be the ratio between second and first exo-
peak area.

When comparing Figs 6¢ and 6d, the difference in
the intensity of the ZrO, phase reflections indicates,
as expected, that samples submitted to DTA are less
oxidised, the higher is the heating rate. In this context,
it is worth noting that the y/x ratio in Fig. 6a—d changes
considerably; a higher y/x ratio in the ribbons XRD
spectra could well be due to some equilibrium shift
caused by the oxidation of the outer layers. However,
the fact that y-Fe is dominant in the 6d spectrum, which
refers to the less oxidised sample, suggests the existence
of some difference, in the as quenched sample, between
the phase composition of outer layer and bulk.

The morphological information of Fig. 7, compared
with the XRD results of phase identification, supports
the hypothesis that t-ZrO, and m-ZrO, tend to form on
the surface of the ribbons owing to the oxidation. As
also suggested by the broadening of the XRD profiles,
t-ZrO, grains are quite small, whereas m-ZrO; is more
likely to be present in the shape of larger crystals, with
a marked texture. In fact, in the XRD pattern of a rib-
bon after IV exo-peak (Figs 2d or 3d or 6¢)—we can
find only a quite strong and narrow reflection from the
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monoclinic phase, corresponding to the (111) planes,
which is what we should observe in case of a strong
texture like that of the acicular grains displayed by the
AFM picture.

In the pattern of the powdered samples (Fig. 3c) the
two oxide phases are also visible, but the reflections are
weaker than in the ribbon, suggesting that most (or all)
the oxide grains formed on the surface of the ribbons.
Moreover, at least two m-ZrO, reflections are visible
((111) and (111)), since grinding the ribbons obviously
destroyed texture.

As a final comment concerning the simultaneous
presence of two zirconia polymorphs, it is worth noting
that this is not an unusual result in zirconia-containing
materials [19]. m-ZrO; is the stable phase at room tem-
perature, but the presence of some oxides, leading to a
substitution in the cation lattice of zirconia and/or to va-
cancies in the anion lattice, can stabilise t-ZrO, as well
as c-ZrO,. In addition, the two high symmetry phases
can be stabilised below a critical grain size [20].

5. Conclusions

The crystallisation of the studied metallic glass, on heat-
ing in a DTA apparatus, occurs in several steps. The
process can be summarised as follows:

a— a' +a-Fe— a” +a-Fe+ y-Fe
— o-Fe+y-Fe+ZrBj;

where a and a” are amorphous phases, and a’ can be
indexed as a y-Fe (fcc) structure, with a crystalline
order on an average distance of 8 A.

a-Fe nanocrystals (average size of the order of 27 A)
are obtained in the first crystallisation step. Some exper-
imental results, however, suggest that the metallic glass
demixed on quenching, but that the demixed phases
probably tend to mix by exchanging Fe atoms in a tem-
perature range overlapping that of the first crystalli-
sation. The higher temperature exo-peaks correspond
mainly to a recrystallisation of the phases formed at a
lower temperature.

The average crystallite size (D) after each crystalli-
sation step is very small as compared with correspond-
ing values found in the literature. Even after heating
the alloy up to 750°C, corresponding to the last exo-
peak, D is considerably smaller than in similar metal-
lic glasses, which, at this temperature are micro- or
macro-cristalline. Similar grain sizes were previously
observed only annealing at temperatures well below
exothermal DTA peaks (T < 560°C in Finemet). Start-
ing from 600°C an important oxidation process occurs,
even at very low oxygen content (c,, <2 ppm), leading
to a surface layer with a different phase composition
than in the bulk of the metallic glass ribbons. In this
surface layer monoclinic and tetragonal ZrO, form as
the primary oxidation product, ZrB; is absent, and the
ratio between the amount of y-Fe and a-Fe phases in-
creases with respect to the bulk. The different thermal
evolution of outer layer and bulk can be attributed to
differences in the phase composition already present in
the as-quenched ribbons.
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