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A method and its system to study the structural evolution on soft magnetic amorphous and nanocrys-
talline ribbon shaped alloys are presented. With only one sample, a complete set of magnetic and
electric data at room and at high temperature are obtained in a relatively short period of time, allowing
us to elucidate the structural changes occurring in the alloy and to determine the optimal soft magnetic
properties annealing conditions. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4961472]

. INTRODUCTION

Soft magnetic materials are mainly used as core of electric
transformers, parts in electric motors, various types of sensors,
electromagnetic shielding material, etc. The global market
tendencies of these materials rank the amorphous metals
with the fastest growing rate perspectives today.! Amorphous
metals are materials with disordered non-equilibrium structure
which evolve towards various metastable states (with different
degrees of structural order) when subjected to heat treatments.
This structural evolution produces changes in its magnetic
properties and optimal properties for the alloy can be obtained
with the requirement of its final application. Nanocrystalline
soft magnetic materials are an evolution of their amorphous
precursor and represent nowadays an emerging industry. The
structure of these materials consists in a fine dispersion
of nanograins (between 5 and 20 nm diameter) embedded
in an amorphous matrix. Their magnetic properties depend
mainly on the size, chemical composition, and crystalline
fraction of the nanograins; three parameters that depend
heavily on the chemical composition of the initial amorphous
alloy and on the supplied heat treatment. The role of the
amorphous remnant matrix will be to provide the magnetic
exchange interaction among nanograins and to contribute (or
not) to the magnetoelastic energy reduction of the material.
In some cases, the magnetic properties can be refined by
thermomechanical or thermomagnetic heat treatments. For
these reasons, the basic equipment for studying the amor-
phous and nanocrystalline soft magnetic materials consists
of heat treatment furnaces and facilities for the determi-
nation of magnetic properties at low and high frequencies
(saturation magnetization, coercivity, permeability frequency,
etc.).

In this paper, we introduce a scanning structural sys-
tem and method with the capacity of measuring a series
of magnetic and electrical properties of amorphous and
nanocrystalline metal ribbons as they are subjected to short
joule heating treatments (JH3S). Measurements of these
properties over the ribbon are carried out in two situations:
when the ribbon is at high temperature and when it is at
room temperature during and after the short heat treatment,
respectively.
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Il. EXPERIMENTAL SETUP

The device consists of a pair of 10 cm long inductive
coils placed collinearly with each other: one of them for field
generation at low frequency (e.g., 50 Hz) in order to obtain
hysteresis cycles curves with the fluxmeter technique (coil
field constant k = 3312 m™"), and the other for high frequency
(e.g., 100 kHz) for determining magnetic permeability with
the lock-in technique (k = 585 m™!). Likewise, a pair of pick-
up coils (1500 turns and 80 turns for low and high frequency,
respectively) are placed separately along a glass tube inside
which the amorphous ribbon to be tested is inserted. Air flux
compensation was performed digitally. The extremes of the
ribbon are clamped to electrical terminals where the current
is input in the ribbon for Joule annealing. In this way, it
can be possible to perform the heat treatment on the sample
while simultaneously measuring the magnetic properties as
well as monitoring the electrical resistance. To avoid effects
of mechanical stresses in the sample due to the load produced
by the lower electrode, this is maintained in neutral weight by
making use of a balance beam. A schematic view of the device
is shown in Fig. 1, where the optional preference for thermo-
magnetic heat treatments (Helmholtz coils) and for thermome-
chanical treatments (stress annealing with mechanical load) is
also shown. This configuration requires short annealing times
in order not to compromise the integrity of the pick-up coils
because of the heat dissipated during the heat treatments.

This first prototype does not measure the treatment
temperature of the ribbon during the annealing process. An
attempt to determine the temperature while submitting the
sample to the heat treatments was performed by a micro-
thermocouple (wire diameter 75 um) and did not yield good
results. However, it is used to determine when the system
reaches the room temperature.

The peripheral equipment (see Fig. 2) is composed basi-
cally by the ELVIS platform from National Instruments (an
acquiring data card that incorporates 12 virtual instruments),
a power amplifier (KEPCO BOP 200 W) that provides the
current for the annealing treatments and a voltage amplifier to
power the H field of the hysteresis loops. Current annealing
treatments were performed with a typical experimental setup
for Joule heating,” in air atmosphere. The sample resistance,
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FIG. 1. Schematic view of the JH3S device together with Helmholtz coils
and mechanical load optional preferences. Some objects are not in scale.

R, was determined by measuring the voltage drop, V;, in a
2 Q resistor, R, (connected in series to the ribbon) simulta-
neously with the voltage drop in the sample, V;, and performing
Vs/R = V;/R;. Hysteresis loop tracer> and permeability (lock-
in) measurement virtual instruments developed in Labview
software were employed for determining the magnetic charac-
teristic of the materials in low and high frequency, respectively.
The user interface was also developed in Labview program and
controls the Joule annealing treatments (electrical current) and
records the sample resistance measurements together with the
magnetic measurement virtualized instruments.

lll. EXPERIMENTAL

As an example of the studies carried out with JH3S sys-
tem, we employed an amorphous ribbon of the nanocrystalline
composition Fey3 5Sii6.5sBsNb3Cu; with 12 cm long, 0.7 mm
wide, and ~20 um thick was employed in this experiment.
Different kinds of heat treatments can be programmed in the
user interface. In the present case, we perform a continuous
series of short heat treatment intervals AHT? = 45 s, with a
constant increment of the current annealing (heating scan)
in the rate Aly,,/Atr = 10 mA/15 s (shaded region in Fig. 3).
During the last Ar = 15 s (enough time to let the temperature
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FIG. 2. Schema of experiment set-up. Iann, DC annealing current; i, AC
current; d¢/dt, magnetic flux time variation; v, voltage; R, resistance.
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FIG. 3. Annealing current vs. time heat treatments. Only four steps are
shown.

stabilize), the electrical resistance, the low and the high fre-
quency magnetic characteristics of the sample in temperature
are obtained consecutively. When the AHTY is finished, the Iy,
is set to zero, and a cooling process up to room temperature
for the sample immediately starts assisted by air injected to
the system (blower). After certain cooling time, Ct < 60 s,
when the system already reaches the room temperature, the
same properties above mentioned are measured again. This
procedure is repeated until the programmed /,,, = 1.010 A is
achieved, and then the cycle is completed by returning back
to the starting current (cooling scan) using the same method-
ology. In Fig. 3, four steps of annealing current vs. time heat
treatments are schematized. The numbers indicate the time
evolution of the heat treatment: at time numbered 3, 7, and 11
properties are measured in temperature (T-property) while at
4, 8, and 12 properties are measured at room temperature (RT-
property). Examples of the quantities AHT?, Ct, At, and Al
are also indicated in the same Fig., as well as the heating and
the cooling scan cycles. The overall duration of heat treatments
was about 3 hours. Magnetic characteristics at low frequency
were carried out at 50 Hz and under a maximum applied
field H = 1.5 kA/m. From the hysteresis loops we obtained
the coercive fields, RT-H, and T-H,, at room and at high
temperature, respectively, and the saturation magnetizations,
RT-M; and T- M, at room and at high temperature, respectively.
Likewise, relative magnetic permeabilities, RT-y, and T-py;,
were recorded at 100 kHz with an applied magnetic field of
0.6 A/m.

IV. RESULTS

The results obtained from all measured properties with
the JH3S are shown in Fig. 4. We can divide the structural
evolution into five steps, three for the heating scan and two
for the cooling scan.

A. Heating scan

e Step I: structural relaxation. At the beginning of the
heating scan, no changes are detected in the measured
properties up to an annealing current value of I,
=0.50 A. The unique property that is sensitive to
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FIG. 4. All measured properties obtained simultaneously on one sample on a
nanocrystalline composition alloy at high and at room temperature: (a) satu-
ration magnetization, M; (b) and (c) coercive field (50 Hz), H; (d) magnetic
relative permeability (100 kHz), u; and (e) electric resistance, R.

temperature in this step is the saturation magnetiza-
tion, T-M; (Fig. 3(a)). From I,,, = 0.50 to ~0.70 A,
a structural relaxation (stress relief) takes place and
is evidenced by the room temperature properties of
magnetic permeability, RT-y, (increasing its value)
and coercive field, RT-H, (decreasing its value). The
other RT-properties are not sensitive to this relaxation.
At Iny = 0.57 A, the amorphous structure reaches its
Curie temperature at 7, = 318 °C (as example4), and the
magnetic properties at temperature, T-Ms, T-H., and T-
U, decrease to their minimum values.
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e Step II: nanocrystallization. At I, = 0.73 A the
nanocrystallization process starts, being supported
by the irreversible changes observed in the electric
resistance at room temperature, RT-R, and by the
change in the slope of the T-R curve, and it finishes
at approx. I,n, = 0.91 A. In this step, the soft magnetic
properties reach their optimum values, at I, = 0.85 A,
in RT-H, and RT-,. With respect to the behavior of the
RT-M, the high M; of the nanocrystals (M; = 1.4 T for
a-Fe(Si) with about 21 at.% of Si°) is counterbalanced
by the low M, of the amorphous remnant matrix
depleted in Fe (M, < 0.5 T%) resulting in a decrease
in the overall RT-M;. Moreover, a slight increase in T-
M with a peak at I,;, = 0.88 A indicates the presence
of ferromagnetic nanocrystals (see inset in Fig. 4(a))
and, with increasing annealing current, at I,,, = 0.93 A,
they reach their Curie temperature (7, = 600 °C for a-
Fe79Si1”).

e Step III: massive crystallization. At I,,, = 0.93 soft
magnetic properties start to deteriorate as a conse-
quence of the grain coarse and principally of the precip-
itation of Fe-borides (like Fe,B, Fe;B, or Fey3B¢®) that
increase the total magnetocrystalline anisotropy of the
material. This fact is reflected in a decrease in RT-y,
and in RT-M; and an increase in RT-H..

B. Cooling scan

During the cooling scans, the annealing temperature
reached in a previous scan is higher than the one reached
in the following scan, and so no structure transformation is
supposed to occur, and the typical decreasing temperature
measurements behavior is expected unless: (i) the transfor-
mation in the previous scan has not finished (not enough
time to complete the transformation or the diffusion of
atoms) so it will continue on the progressive scanning at a
lower temperature, or (ii) the quenching produced during the
cooling, Ct, period retains a high temperature structure; in this
case this structure will disappear during the next successive
scan.

e Step IV: The T-M; behavior during the cooling scan
presents the two-step curve typical of these materials.
Two Curie temperatures can be indentified: Tt, for a-
Fe(Si) and T3 presumably for the Fe,3B¢ compound
or the Fe oSi,B3 phase with 7, around 380-440 °C,
respectively.”® The obtained values of the T-H. in
the I, range from 0.91 to 0.63 A correspond to
elliptical shaped not saturated hysteresis loops. This
non-monotonic behavior could be related to both
high temperature phases or/fand magnetocrystalline
changes. Also, the RT-H. and RT-R curves slightly
vary perhaps as an indicative of some minor structural
changes.

e Step V: From [, = 0.63 A down to 0.07 A, the T-
H, curve presents a clear minimum at I, = 0.51 A
associated to the cancellation of the magnetocrystalline
anisotropy of the phase Fe,B that takes place at temper-
atures about 220 °C.* RT-H, curve presents a monotonic
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and slight increase while RT-R has reached its steady
value. The other measured properties do not present any
changes in this step, either.

V. CONCLUSION

With one sample, it was possible to elucidate the
structural evolution by determining the presence of some
phases and the thermal treatment region to optimize the
magnetic properties. This was possible by the determination
of several magneto-electric properties at room temperature
and at high temperature. Other types of heat treatments
are also possible and will be presented in the future. The
system foresees the application of mechanical stresses (see
Fig. 1) or the application of magnetic fields (e.g., by using
Helmholtz coils) during heat treatments to study the effects
of induced anisotropies. It is estimated that JH3S system
presents an interesting potential for the study of these
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materials. Improvements are also planned for the determi-
nation of other properties, including the temperature of the
ribbon.
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