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A new type of study is presented for magnetic and structural characterization of amorphous or nanocrys-
talline metallic alloys in ribbon or wire-shaped samples. A single sample is subjecting to successive steps
of flash isocurrent heat treatments with increasing duration in time, followed by a rapid cooling, while
magneto-electric properties evolution are scanned in situ at room temperature. When one set of isocur-
rent heat treatments is finished, the annealing current is increased and a new set of isocurrent treatments
starts. The properties studied were the saturation magnetization and the coercive field at 50 Hz, magnetic
permeability at 100 kHz and electrical resistance from where we also obtained the crystalline fraction.
The method was applied on two samples of Finemet-like alloys and the results were analyzed from
the perspective of current literature. With the present method it is possible to obtain a general and metic-
ulous understanding of the structural and magnetic evolution of the samples tested, with a considerable
saving of time and samples.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Heat treatments in metals can be performed in order to alter
their properties either through structural relaxation (stress relief
annealings) or phase-emerging annealings (crystallization or pre-
cipitation of second phases), both of which depend on the kinetics
of the atoms. Usually, the heat treatments are performed by sub-
jecting the material into an environment with the desired anneal-
ing temperature. One type of non-conventional heat treatment is
the Joule heating technique which employs the electrical resis-
tance of the material (an electrically conductive material) to pro-
duce the necessary heat by injecting a high density electrical
current enough for activating the transformations.

Amorphous metal ribbons are obtained by rapidly quenching
the alloy from the liquid state, with a cooling rate of about 106 K/
s, employing melt spinning or planar flow casting techniques. Their
main use today is as soft magnetic materials in high efficiency
transformers cores, current sensors, magnetic shielding, etc. These
materials are especially attractive to be subjected to different
annealing treatments because of their residual stresses accumu-
lated during the production process and their metastable structure
condition which can evolve towards more stable ones (like the
nanocrystalline structure). Moreover, the ribbon-shaped of the
material – with thickness of 20 or 40 lm – and the relative high
resistivity value make these materials particularly suitable to be
Joule heated as no high power currents are necessary to produce
the annealings and a relative uniform distribution of the tempera-
ture is reached.

Early works in current annealing on amorphous ribbons began
in 1983 [1] with applying currents up to 5 A at times up to 20 s,
in order to stress relaxed the material and improve its magnetic
properties. From then on, many works have been made on this type
of alloys with different aims, such as the study of the technique
itself (e.g., [2–4]), the growth of nanocrystals [5,6], the improve-
ment of the material properties [7,8], the study of phase transitions
[9], etc.

In a previous paper [10], we introduce the Joule heating scan-
ning structure system (JHS3, see Fig. 1), a device with the ability
to perform successive isochronal rectangular pulses of increasing
(or decreasing) annealing current on amorphous ribbons while
measuring magnetic and electric resistance properties in situ at
room and at high temperature. The rapid quenching produced on
the sample once the electrical pulse is finished freezes the high
temperature structure ([11,12]) and in this instance the different
properties are measured at room temperature. Then, with the rapid
heating produced by the successive pulse, the structure would
continue its structural evolution from the condition where it was
frozen in the previous pulse and, during this period of time, the
properties are measured at high temperature. In Fig. 2 a heating
pulse of 5 s duration and 1 A intensity is shown together with
the evolution of the electrical resistance on a nanocrystalline
FinemetTM alloy ribbon producing a full crystallized structure, i.e.,



Fig. 1. Coils and ribbon sample set up employed for the study [10].
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Fig. 2. Time evolution of the resistance in a nanocrystalline ribbon (a) with the
current annealing pulse (b).
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Fig. 3. Schema of some successive steps of a
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reaching temperatureP600 �C. Then, the heating and cooling rates
are both estimated in P600 �C/s. This high cooling rate value is
achieved mainly by the low thermal inertia of the ribbon or
wire-shaped samples, and can be increased with some external
cooling system. In this paper, we present the results obtained with
the JHS3 in a novel isocurrent time depending heat treatments
which consist in a series of successive rectangular pulses of anneal-
ing current with increasing duration in time.
2. Experimental

For the set-up of this technique, amorphous samples of
Finemet-like alloys were chosen because they were extensively
studied in the past and the results can be easily compared with
those obtained in the present study. Two 12 cm long, 0.7 mm wide
and �20 lm thick amorphous ribbons samples of chemical compo-
sition Fe73.5Si22.5�xBxNb3Cu1 with x = 6 and 12 (samples B6 and
B12, respectively) were submitted into the JHS3 device and per-
formed 50 successive steps of annealing treatments. These consist
in injecting a constant annealing current (isocurrent), e.g.,
Iann = 350 mA, during 50 increasing periods of time, ti, starting at
t1 = 0.1 s, and finishing at t50 = 5 s. The time increment between
each successive period was kept constant at Dt = 0.1 s. Every time
one of the 50 periods of time ended, the annealing current was set
to Iann = 0 mA during some seconds until the entire system
returned to room temperature according to the thermocouple
measurement (15 s on average). At this instance, the saturation
magnetization, Ms, the coercive field, Hc (both under a maximum
alternating applied field of H = 1.5 kA/m at 50 Hz), the initial per-
meability, lr (Hrms = 0.4 A/m at 100 kHz) and the room tempera-
ture electrical resistance, Rrt, were measured in the JHS3 device
at room temperature while the electrical resistance at high tem-
perature, Rtemp, was also obtained during the current annealing.
On the same sample, we repeated N series (N = 10 and 14 for B6
and B12 samples, respectively) of the same procedure of 50 steps
heat treatments for a constant annealing current increased in
DIann = 50 mA with respect to the previous isocurrent annealing
(e.g., Iann = 350, 400, 450, 500, 550, 600, 650, 700, 750 and
800 mA for N = 10 series). This combination of time-dependent
isocurrent heat treatments with the N series is schematized on
Fig. 3 where we represent the Iann vs. ti. Only the N series for
Iann = 350, 400 and 800 mA are plotted with five steps each
(i.e., t1 to t4 and t50). The breaks in the abscissa correspond to
where the room temperature properties were measured.
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3. Results and discussion

Fig. 4 shows the results of the evolution of the measured prop-
erties with the heat treatments for both samples. All the series, N,
of heat treatments were plotted together for convenience of repre-
sentation. Time unit in abscissa is referred to the corresponding
.
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Fig. 4. Evolution of the measured properties with heat treatments for samples B12
in (a) to (d) and B6 in (e) to (h).
series of heat treatments in the way T = (N � 1)�5 s + ti. For exam-
ple, T = 17.3 s, corresponds to the 4th series of heat treatment
(N = 4, Iann = 500 mA) with ti = 2.3 s. Due to differences in chemical
composition of the alloys and in section of the samples, the initial
electrical resistances of both samples were different (14.9 and
17.4X for B6 and B12, respectively) and therefore, the Iann neces-
sary to produce the structural changes is different for each sample.
We adjusted the abscissa of the graphs of the two sample alloys so
that structural changes match (approximately) in both alloys for a
better understanding of the experimental results. In Fig. 4
(a) and (e) are plotted together the evolution of both, the Rrt and
Rtemp, with the annealing time for the alloys B12 and B6 respec-
tively. The magnetic properties Ms, Hc and lr determined at room
temperature are plotted in Fig. 4(b) and (f), (c) and (g), and
(d) and (h), for alloys B12 and B6, respectively.

The behaviors of the measured properties clearly show the
three evolution steps present in these alloys: I) structural relax-
ation, II) nanocrystallization and III) grain grow and boride crystal-
lization. During the first step, the structural relaxation releases the
mechanical strains produced by the rapid quenching during the
sample production. This is clearly observed in the decrease of Hc

and the increase of lr values, as the soft magnetic properties are
governed principally by the magnetoelastic anisotropy (Kel = r�ks,
where r is the mechanical stress and ks the saturation magne-
tostriction constant) in the amorphous stage. The fact that greater
changes in Hc are observed in the B12 sample may be due to a
higher value of internal stresses related to a smaller thickness (or
higher quenching rates) of the sample compared with the B6
one. Indeed, once sample B12 has relaxed (at T � 20 s), its Hc

reaches a similar value to that of sample B6 (i.e., Hc � 8 A/m). Ms

and Rrt present no or minors changes.
Step II initiates with Cu clustering process producing pinning

wall centers and increasing the mechanical stresses; as a conse-
quence, magnetic hardening is observed before the nanocrystalli-
sation process. Subsequently, the nanocrystallisation process
produces several effects on magnetic anisotropies and saturation
magnetization of the alloys, depending almost exclusively on the
nanograins size and composition, and on its crystalline fraction.
The fact that B12 alloy is magnetically softener than the B6 one
would be due to the higher Si content in nanocrystals resulting
in a lower magnetostriction and magnetocrystalline anisotropies
(i.e., a better magnetostriction balance between amorphous and
crystalline phases, and a neglected value of the average magne-
tocrystalline anisotropy, respectively) [13]. The Si content in the
amorphous precursor determines the chemical composition of
the crystalline phase in the nanocrystalline state. In the B12
nanocrystalline alloy (with Si content of 10.5% in amorphous pre-
cursor) the Si content in crystalline phase is �17%, while for the
B6 one (with 16.5% Si in amorphous precursor) it is �21% Si [14].
This is also consistent with the behavior of Ms with nanocrystal-
lization process on both samples [14]. The total saturation magne-
tization will depend on a certain balance between the fractions of
nanocrystalline and amorphous remnant phases present in the
material. Nanocrystals in sample B12 have a higher Ms than the
ones in sample B6 (due to the higher Fe content in the former)
and consequently, the total Ms increases with nanocrystallisation
process, contrary to the behavior of Ms in the B6 sample. During
the scanning in the second stage, a small sharp peak in the perme-
ability was observed in both samples (marked with Pl in Fig. 4
(c) and (g), less pronounced in B12 alloy), just before entering
the third stage. This peak, also observed in other studies (e.g., see
the graphical abstract, where the results obtained in the B6 alloy
with an DIann = 100 mA is shown), coincides with the beginning
of the Hc deterioration, just after the minimum reached during
the nanocrystallisation process. The origin of this peak is not clear
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for us, but it could be related to the occurrence of a local bias field
produced by the precipitation of some small hard magnetic parti-
cles but confirmation of this would require further studies.

Finally, on stage III, the longer annealing times and/or the
higher annealing temperatures induce the coarsening of the a-Fe
(Si) nanograins and the precipitation of boride phases that
deteriorate the soft magnetic properties. As it can be seen in
Fig. 4, sample B12 deteriorates faster than sample B6 as a conse-
quence of the higher B content that promotes the formation of
more boron compounds [14].

Complementary, we can also make an estimation of the crystal-
lization fraction from the electrical resistance measurements [15].
Considering a linear dependence of the total room temperature
resistance, RT, with crystalline fraction, mcr, we have that
RT = Rcr�mcr + Ram(1 � mcr), where Ram and Rcr are the resistance of
the amorphous and fully crystallized states, respectively. This
results in a rough estimation of a mcr = 47 and 76% for B12 and B6
alloys, respectively, showing the same tendency as in [14] (i.e.,
�60 and �79%, respectively) evaluated from thermomagnetic
investigations. An example of this calculus is shown in Fig. 4(a).
4. Conclusions

Performing some series of time-increasing isocurrent heat
treatments with increasing annealing currents on each series, a
comprehensive and meticulous scanning of the magnetic and
structural properties was performed over two nanocrystalline
ribbon-shaped alloys. Apart from the individual measured proper-
ties, this amount of data allowed us to make further analysis on the
magneto-structural behavior of the two nanocrystalline alloys by
comparing the results obtained on only one sample of each alloy
(e.g., crystalline fraction, iron content in nanocrystals and boride
formation ability). The method described here reduces significant
time in samples preparation while it shows in great detail the
structural changes occurred. This type of studies can improve the
current way of carrying out these kinds of structural and magnetic
studies and can be adapted for the determination of other proper-
ties in non-magnetic alloys.
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