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Abstract: The piezomagnetic properties and negative piezomagnetic effect in Fe;; sCuiNbsSii3sBy amorphous alloy films were

investigated. The results show that the Fe;3 sCu;NbsSij3 5By amorphous alloy film has a significant positive piezomagnetic property

in its quenched state. Furthermore, the inductance of the alloy film decreases substantially in the 0~0.66 kPa pressure range, whereas

the compressive stress, o, increases. When 6=0.66 kPa, the piezomagnetic effect value, S;, reaches 5.5%. The ambient temperature

has a significant influence on the sensitivity of the piezomagnetic property. The films show the optimal piezomagnetic properties and

sensitivity stability in the temperature range of 20~30 °C. Increase in ambient temperature leads to decrease in the piezomagnetic

property and sensitivity values, and the inner stress state of the film changes after annealing treatment. At an annealing temperature

of 350 °C, the piezomagnetic effect of the film changes from “positive” to “negative”. Furthermore, as the internal stress decreases,

the value of |Sj| decreases, and the piezomagnetic property of the film becomes less sensitive to the change in ambient temperature.

At an annealing temperature of 555 °C, the value of |Si| is 0.59% (0=0.44 kPa). When the annealing temperature reaches the

crystallization temperature, the piezomagnetic property of the film becomes less sensitive to the changes in ambient temperature.
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Fe-based amorphous (nanocrystalline) alloys are new
materials that are prepared using a special metallurgical
technique known as the “rapid quenching method”. These
alloys have been the subject of recent attention'™ due to their
excellent magnetic properties. The Feq;5Cu;NbsSijzsBy
amorphous alloy ribbon™ is typically representative of
Fe-based amorphous alloy ribbons.

Fe-based amorphous alloy films are widely used in the

10 ‘. 11-14
19 and force sensitive sensorst'' ™.

fields of thin film inductors
However, when used as inductive materials, Fe;; sCu;Nb;-
Sij; 5By series alloys are very sensitive to stress due to a
phenomenon called “positive piezomagnetic effect”. Their
magnetic permeability therefore decreases significantly even
under relatively small stresses, eventually resulting in a
decline in the performance and stability of the products.
Fe-based amorphous alloy films are nevertheless widely used

in the chips of current piezomagnetic sensitive film sensors
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due to their high piezomagnetic effect values, high linearity,
and large linear range. They are therefore the focus of research
about force-sensitive sensors.

At present, research on the piezomagnetic effect of
Fe;;5CuNb;Si;; 5By amorphous alloy film mainly focuses on
the phenomenon itself!'*?'). However, there are two gaps in
the research of the characteristics of this phenomenon: the
values of the piezomagnetic effect and its sensitivity, along
with its environmental influence and its sensitivity to different
values of internal stress.

This study focuses on the characteristics of the
piezomagnetic effect of Fe;;5Cu;Nb;Sij3 5By amorphous alloy
film, and the effect of internal stress on the piezomagnetic
effect. The results are expected to improve the understanding
of the phenomenon of the piezomagnetic effect, leading to the
development of better thin film inductors and force-sensitive
thin film sensors.
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Furthermore, Fe;;sCu;Nb;Sij;sBy amorphous alloy films
may also exhibit a “negative piezomagnetic effect” under
appropriate internal stress conditions. This “negative piezo-
magnetic effect” can improve not only the force-sensitive
characteristics of Fe-based amorphous alloy films, but also
improve the stability of the inductor products. Research on
this effect is therefore of great significance.

1 Experiment

Amorphous alloy films were prepared by rapid solidification,
as shown in Fig.l and Fig.2. In a vacuum intermediate
frequency furnace, pure iron, pure niobium, pure copper, and
ferrosilicon were compounded according to a certain compo-
sition ratio, and then smelted into a master alloy. The resulting
alloy was then printed onto a high-purity copper plate at 1350
°C to form Fe;;5Cu;Nb;Sij;sBy amorphous alloy thin films,
with a width of 10 mm and thickness of 25~30 um.

The film was then annealed in a vacuum annealing furnace.
The annealing process was as follows: (150~500) °C/1 h and
555 °C/2 h. The film was then cooled in the furnace.

The phase composition of the film was investigated via
X-ray diffraction (XRD, D8 Advance, Bruker-axe, Germany)
using Cu Ka radiation. Experiments were performed under a
tube pressure of 40 kV, a current of 40 mA and steps of 0.02°.

Thermal analysis of the film was performed via differential
scanning calorimetry (DSC) using a synchronous thermal
analysis instrument (Q-600 DSC-TGA, America). The crystal-
lization temperature of the amorphous alloy film was deter-
mined by measuring the power difference between the sample,
the reference material, and the temperature. The heating rate
was 10 °C/min, argon was protective gas, and the temperature

.
I = —+Melt

Feeder

[

P—

e

Gas protectiorT ——=Metal power

T ——Coil

——+Cooling system

Fig.1 Schematic diagram of preparation of amorphous alloy films

by rapid solidification

Fig.2 Amorphous alloy film samples prepared by rapid solidification

range of heat treatment was 20~800 °C.

The internal stress distribution of the amorphous alloy film
was analyzed by a Huayun HK21B residual stress detector,
using a traditional single channel stress detection method.

The piezomagnetic properties were tested using an
inductive measuring device (the test principle is shown in
Fig.3). This device has some special merits such as high
sensitivity, fast response, strong anti-interference, non-contact
testing, and accurate test data. The results can more intuitively
and accurately reflect the piezomagnetic property of the
ribbons. The temperature was varied by the temperature
control box. During the experiment, the thermocouple was
used to monitor the ambient temperature in real time. Each
heating was held for 20 min to ensure the accuracy of the test
results. In order to minimize the hysteresis effect of the
measurement, the weights were added intermittently in the
experiment, and the inductance, L,, was collected using a
TH-2816B digital bridge. The testing frequency, f, was 1 kHz,
the testing voltage was 0.3 V, the pressure range was 0~0.1
MPa, and the no-load inductance, L, was 655.452 pH.

The piezomagnetic effect was characterized using L-o curves.
The piezomagnetic effect value Sj is defined as follows:

AL _ L(o)-L(5,)
L Loy

s

S = x100% (1)

where L, is coil inductance value, Ly(o) is coil inductance
when the compressive stress is equal to o, and L(gy) is the
inductance value with no compressive stress.

2 Results and Discussion

2.1 Piezomagnetic properties of Fe;;sCu;NbsSi;;sBy amor-
phous alloy films
The phase composition of the ribbon was investigated by
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Fig.3 Schematic diagram (a) and equivalent circuit (b) of the testing

device



1206 Chen Jie et al. / Rare Metal Materials and Engineering, 2020, 49(4): 1204-1210

XRD, as shown in Fig.4. According to the results, the
diffraction angle is 10°~90°, and there are no obvious
crystallization peaks during the entire process of diffraction.
In the vicinity of 260=45°, a diffuse peak appears in the XRD
patterns, which indicate that the Fe;;sCu;Nb;Sij;sBy amor-
phous alloy ribbon in quenched condition is a single amor-
phous structure. DSC analysis (Fig.5) shows a crystallization
peak at 522 °C. When the annealing temperature exceeds 491
°C, the amorphous alloy films begin to crystallize.

Fig.6 shows the curves of piezomagnetic property of
quenched Fe;; sCuNbsSij;sBy amorphous ribbon, and the
analysis highlights three key results as follows. (1) In 0~0.66
kPa pressure range, the inductance of the quenched Fe;; 5Cu;-
Nb;Si3 5By amorphous alloy film increases significantly with
increasing the o. In other words, it is a “positive piezoma-
gnetic effect”. When ¢=0.66 kPa, the S; value is 5.5% (Fig.6b).
(2) The slope, K, of the “Si-6” curve reflects the sensitivity of
the piezomagnetic effect. The R-squared value is a linear
regression coefficient, and the closer the value to 1, the higher
the fitting degree. The ambient temperature has an influence
on the sensitivity. Within the test temperature range of 20~60
°C, increase in the test temperature leads to decrease of the
Simax and slope K, indicating that the sensitivity and the
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Fig.5 DSC curve of the Fe3 sCuiNbsSii35Bg amorphous alloy film
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Fig.6 Curves of piezomagnetic property of quenched FesssCu;-
NbsSi;3.sBg amorphous ribbon: (a) Ls-¢ and (b) Si-o

pressure magnetic effect value both decrease (Table 1).
(3) The piezomagnetic effect and the sensitivity stability are
optimal within the test temperature range of 20~30 °C.

The internal stress of the film changes after the annealing
process, and the characteristics of the piezomagnetic effect
also change significantly (Fig.7). When the annealing
temperature is less than 350 °C, the K value is positive, i.e. the
phenomenon of the “piezomagnetic effect” is exhibited. When
the annealing temperature exceeds 350 °C, the K value is
negative, i.e. the phenomenon of “negative piezomagnetic
effect” appears. At the same time, as the compressive stress
increases, the L, value of the film decreases. Furthermore,
when the annealing temperature is less than 350 °C, increase
in the annealing temperature causes positive S values; the S;
value is 0.29% when 6=0.66 kPa, which is significantly lower
than the quenching value (5.5%). The §; value is negative at
annealing temperatures larger than 350 °C. At ¢=0.66 kPa,
|S1I=1%~1.8%, and the value of |S;| decreases slowly as the
annealing temperature increases. At an annealing temperature
of 555 °C, the value of |Sj| is 0.59% under 0=0.44 kPa (Table
2). When the annealing temperature reaches the crystallization
temperature, the piezomagnetic property of the film is
minimally affected by ambient temperature (Fig.8).

Table 1 Fitting results of Sy -6 standard curves

7/°C 20 30 40 50 60 70

Slope, K 1036 1022  9.44 9.03 8.07 8.66
R-square 0.97 0.94 0.92 0.95 0.95 0.96
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Fig.7 Curves of Ls-o (a) and Si.o (b) of the films with different annealing temperatures tested at ambient temperature of 20 °C
Table 2 Piezomagnetic property parameters of films after heat treatment tested at 20 °C
7/°C Quenched state 150 200 300 350 400 450 500 555
|Stmax|/%o 5.5 343 3.37 5.54 0.29 1.68 1.34 1.84 0.59
K 10.36 4.09 4.05 6.57 0.53 -1.78 —-1.68 -2.05 -0.77
Sensitive range/kPa 0~0.66 0~0.78 0~0.78 0~1.0 a 0~1.0 0~1.0 0~1.0 0~0.44

a: there is no obvious sensitivity range

2.2 Negative piezomagnetic effect and its mechanism for
Fe;; 5Cu;Nb;Si;; sBy amorphous thin film

The film under quenching state exhibits the most stable
piezomagnetic property at the test temperature of 20 °C, so
this situation was selected as the research objective.

Based on the previous studies about ferromagnetics, the
piezomagnetic effect can be qualitatively explained by the
skin effect. The stress applied to the amorphous alloy ribbon
can lead to corresponding strain, and the equivalent
permeability within the materials will change due to
magnetoelastic coupling, thereby affecting the skin depth of
the material. This can be expressed as follows:

S=\p/f ()
where fis current frequency, p and u.g are the resistivity and
effective permeability of the materials, respectively.

The impedance, Z, of the ribbon can be expressed as
follows:

Z=(kpl/2w)coth(kt/2) 3)
where /, w, and ¢ are the length, width, and thickness of the
ribbons, respectively.

This indicates that Z is related to the skin depth, while the
skin depth is also dependent on the effective permeability of
the material, and the effective permeability directly affects the
inductance of the material.

According to the mechanism of the piezomagnetic effect,
the main factor affecting the piezomagnetic effect of the
Fe-based amorphous film is the internal stress during the
stress process. The Si.« (Fig.9) and the internal stress (Fig.10)
of different heat-treated films were therefore analyzed at room
temperature. The results show that there is a certain
correlation between the characteristics of the piezomagnetic

effect of the amorphous films and their internal stress. The
greater the internal stress of the material, the more pronounced
the piezomagnetic effect.

The heat treatment process can release the internal stress
and improve the soft magnet properties of the films. However,
when the annealing temperature is too high, the magnetic
anisotropy inside the films will be destroyed and the soft
magnetic properties will be crippled. In this statement, there
must be different optimal annealing temperatures for different
films. Our results agree well with the description.

When the annealing temperature reaches 350 °C, the
internal stress of the film drops rapidly to a minimum of
375.24 Pa. Meanwhile, the piezomagnetic effect is the weakest,
and the Sy, value decreases significantly. The piezomagnetic
properties of the amorphous alloys are therefore not only
related to the magnitude of internal stress, but also affected by
its distribution.

Different internal stress distribution states and sizes corre-
spond to different piezomagnetic properties. During the prepa-
ration of Fe;;5CuNb;Sij;sBy amorphous alloy film, a large
number of internal stress and uneven internal stress distri-
bution will occur due to the influence of the cooling rate. The
internal stress decreases with increasing the annealing tempera-
tures, but the internal stress distribution only changes slightly.
The films begin to crystallize at an annealing temperature of 491
°C (Fig.5). The amorphous phase crystallizes into a nanocry-
stalline phase, and the structural stability is greatly improved.
The distribution of internal stress also changes significantly
during the crystallization process; at ambient temperatures of
500 and 555 °C, piezomagnetic effect is the smallest and
sensitivity to ambient temperature in the film is the lowest.
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Fig.11 Internal stress state of the film

The internal stress in the film is equal to the tensile stress
along the length of the film. As the annealing temperature
increases, the internal stress value decreases significantly, but
the direction remains the same. The external pressure forms
compressive stress distributed along the thickness of the film
(perpendicular to the length of the film). When the annealing
temperature exceeds 350 °C, the tensile stress of the film
decreases before reaching a relatively stable value. The
resultant force of the tensile stress and the compressive stress
in the direction € increases to the maximum values (Fig.11).
At this time, the internal stress of the film is dominated by the
compressive stress, and the film exhibits a negative
piezomagnetic effect, i.e. the inductance value declines to
different degrees when the compressive stress increases.

3 Conclusions

1) In the of 0~0.66 kPa, the
Fes; 5Cu Nb;Si 5 sBy amorphous alloy films in the quenched
state exhibit a significant positive piezomagnetic property. The

pressure range

inductance of the alloy film decreases substantially with
increasing the compressive stress. Under the compressive
stress 6=0.66 kPa, the piezomagnetic effect value S;reaches
5.5%. The ambient temperature can greatly influence the
sensitivity of the piezomagnetic property. The films show
optimal piezomagnetic properties and sensitivity stability in
the range of 20~30 °C. Increase in the ambient temperature
leads to obvious decrease in the piezomagnetic property and
the sensitivity value.

2) The internal stress state of the film changes after the
annealing treatment. The characteristics of the piezomagnetic
effect are also altered significantly. When the annealing
temperature reaches 350 °C, the type of piezomagnetic effect
of the film changes from “positive” to “negative”. As the
compressive stress increases, the inductance of the film
decreases. As the internal stress in the film decreases, the

value of |Sj also decreases. At the annealing temperature of
555 °C, the value of |Sj| reaches 0.59% under ¢=0.44 kPa.
When the annealing temperature reaches the crystallization
temperature, the piezomagnetic properties of the film become
minimally affected by the ambient temperature.
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