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A B S T R A C T

This work investigates the self-bias effect in thermally annealed Fe-based magnetoelastic sensors, extending previous findings on Vitrovac® 7600 to compositions 
designed for enhanced corrosion resistance. The alloys FeNiCrSiB, FeCoSiB, and Metglas were selected to evaluate the influence of annealing-induced crystallization 
on their magnetic, magnetoelastic, structural, and electrochemical properties, with a focus on their suitability for operation in harsh environments. The results reveal 
that thermal treatment at 500 ◦C resulted in partial crystallization, as confirmed by X-ray diffraction and Mössbauer spectroscopy, yielding a dual-phase structure 
composed of crystalline and amorphous regions. In addition, all treated samples exhibited stable and clearly detectable self-bias magnetoelastic resonances after one 
month, as well as significant improvements in quality factor (up to 1050 for the FeCoSiB alloy) and frequency stability over time (maximum deviation down to 6 and 
12 Hz for the Metglas and FeCoSiB sensors, respectively). Further, while thermal annealing adversely affected the corrosion resistance of V7600 and FeCoSiB (in
crease in the corrosion rate of 76 % and 660 %, respectively), it preserved the stability of Metglas and substantially improved the performance of FeNiCrSiB (55 % 
reduction in corrosion rate). These results highlight the potential of Cr- and Ni-enriched Fe-based alloys as suitable candidates for self-bias magnetoelastic sensor 
platforms to be employed in harsh environments.

1. Introduction

The use of magnetoelastic (ME) platforms in the development of the 
new generation of mass sensors has experienced a significant growth in 
the last years. The advances carried out in the mass sensitivity and their 
employment in the detection of different biological and chemical agents, 
as well as monitoring of several other processes have clearly demon
strated the potential of this kind of sensors [1]. Nevertheless, they have 
yet to attract substantial market interest and remain below the threshold 
of commercial viability, where enhanced mass sensitivity and the 
simplification of the system are crucial requirements for large-scale in
dustrial adoption. Concerning the sensitivity of the sensor, the efforts in 
the last years have been focused on two different strategies: reduction of 
the dimensions of the sensors [2,3] and geometry engineering [4− 6]. In 
both cases, an increase of the resonance frequency is obtained, which is 

directly reflected in a rise of the sensitivity [1]. Regarding the integra
tion of the ME sensors, the attention has been focused on the minia
turization and optimization of the assembly [7,8].

Recently, our group drew attention to an effect that contributes both 
to improve the sensitivity of the mass sensor and to simplify and 
compact the measurement setup [9]. The crystallization induction 
through the thermal annealing reported in the Vitrovac® 7600 T70 
ribbons showed an increase of 40 % in the mass sensitivity with respect 
to the as-quenched one. In addition, that crystallization induced a 
self-bias response resulted from the appearance of the magnetically hard 
FeCo and Fe2B compounds, which, after the platforms were 
pre-magnetized with a permanent magnet, they generated their own 
bias field. A diagram of this effect is shown in Fig. 1.

The self-bias response represents a significant advancement in the 
integration of ME sensors into a wide range of applications, as it 
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eliminates the need for an external DC magnetic field. The sensor instead 
generates the required DC component internally, which significantly 
simplifies the sensing process and requires only the application of a 
small AC magnetic field for effective operation. Thus, it represents a 
further step toward the development of a simplified and compact system 
that enables fast, accurate, and user-friendly detection of various 
external agents.

ME sensors, which are widely employed for detecting biological and 
chemical agents [10− 14], monitoring glucose levels [15,16], and 
measuring the viscosity of different substances [17], are often exposed 
to harsh and corrosive environments. Under such conditions, corrosion 
resistance becomes a critical factor for a long-term performance. In such 
cases, ME ribbons are typically alloyed with elements such as Ni or Cr to 
enhance durability and prevent oxidation of the active material [18,19]. 
That is the case of the commercial Metglas ribbon, widely used in the 
detection of biological parameters [12,13]. Thus, extending the inves
tigation of thermal treatments that lead to the self-bias effect to Fe-rich 
alloys with enhanced corrosion resistance could open new possibilities 
for the development of robust and versatile sensor designs.

This study aims to investigate the self-bias response induced by 
thermal annealing in Fe-based ME alloys, particularly those designed for 
harsh environments, and to analyze how such treatments influence their 
corrosion resistance. The previously reported results for Vitrovac® 7600 
T70 [9] will be used for comparison. This composition is expected to 
exhibit low corrosion resistance. The analyzed alloy compositions were 
selected to maintain a similar relative quantity of magnetic atoms, 
ranging from 78 at% in Fe54Ni24Cr2Si10B10 to 83 at% in Vitrovac® 7600 
T70 (Fe65Co18Mo0.3Si0.8B15.5C0.4). Each alloy was chosen to highlight a 
specific property relevant to magnetoelastic sensing: (i) FeNiCrSiB in
corporates Cr and Ni, elements well-known to enhance corrosion resis
tance, making it a promising candidate for harsh environments [18,20, 
21]; (ii) FeCoSiB contains a high Co content, which increases magneti
zation and magnetostriction; (iii) Metglas 2826 (Fe37Ni42Mo4B17) is 
widely used in mass sensing due to its excellent corrosion resistance and 
soft magnetic behaviour [1]. This selection therefore enables a system
atic comparison between alloys with contrasting corrosion resistance 
and magnetic responses, while maintaining similar magnetic atoms. For 
all the alloys, calorimetry measurements were carried out to identify 
phase transition temperatures. In addition, the structural characteriza
tion were performed to determine the different phases formed after 
crystallization. Finally, magnetic and ME measurements were carried 
out to quantify the self-bias ME resonance response, and the impact of 
thermal treatments on the corrosion resistance of each sample was also 
evaluated.

2. Experimental methods

The alloys with compositions Fe54Ni24Cr2Si10B10, Fe64Co17Si6.6B12.4 
and Fe65Co18Mo0.3Si0.8B15.5C0.4 (in the following FeNiCrSiB, FeCoSiB 
and V7600, respectively) were obtained from Vacuumschmelze, while 
the Metglas alloy (with composition Fe37Ni42Mo4B17) was sourced from 
Metglas. The densities for the alloys were 7350 kg/m3, 7900 kg/m3, 
7350 kg/m3 and 7480 kg/m3 for the FeNiCrSiB, Metglas, FeCoSiB, and 
V7600, respectively. All the studied alloys had a thickness of approxi
mately 20 μm. Rectangular strips with dimensions of 25 mm × 2 mm 

were prepared using femtosecond laser ablation (MONACO: 
COHERENT, integrated into a micromachining workstation: micro
STRUCTvario, 3D-Micromac, AG, Germany). The laser system operated 
at 15 W with a wavelength of 517 nm, a frequency of 750 kHz, and a 
scanning speed of 1500 mm/s. This technique is not expected to induce 
any variation in the alloy structure [9], and any minor surface effects are 
inherently accounted for in the corrosion measurements. A summary of 
the analyzed materials and their composition is shown in Table 1:

To determine the thermal transitions of the materials, Differential 
Scanning Calorimetry (DSC) was performed using a Mettler Toledo DSC 
822e calorimeter. Approximately 17 mg of each sample was sealed in 
aluminium capsules and subjected to a temperature range of 25–600 ºC 
at a heating rate of 25 ºC/min under a nitrogen flow of 20 mL⋅min⁻¹ .

After determining the crystallization temperature, the alloys were 
annealed for 30 min in a furnace and subsequently cooled down to room 
temperature.

The crystallized phases were obtained through X-ray powder 
diffraction (XRD) using a Panalytical X´pert PRO diffractometer with 
CuKα radiation. Room-temperature ⁵⁷Fe Mössbauer spectroscopy was 
conducted using a conventional constant-acceleration spectrometer in 
transmission geometry, with a ⁵⁷CoRh source (nominal activity 24 mCi, 
March 2024). Isomer shifts and calibration were referenced to α-Fe at 
room temperature, and the spectra were analyzed using the NORMOS 
software package developed by Brand [23]. Mössbauer spectroscopy 
was utilized to assess the degree of crystallization of the sensors and to 
verify the structure and composition of the crystallized phases.

The magnetic properties of the alloys were investigated using an 
inductive hysteresis loop tracer. The magnetic field was produced by 
Helmholtz coils powered by a bipolar supply (KEPCO BOP 20–20 M). 
The field strength was calculated from the voltage drop across a stan
dard resistor, with a conversion factor of 30.4 Oe⋅A⁻¹ .

ME characterization for as-quenched alloys was conducted using a 
custom-built setup. Two coaxial solenoids provided the DC and AC 
magnetic fields required to drive the samples to resonance and enhance 
the signal. Inside the solenoids, a pick-up coil was arranged in series 

Fig. 1. Diagram of the self-bias effect in crystalline magnetoelastic sensors.

Table 1 
Summary of the analyzed alloys and their main characteristics.

Label Composition Characteristics References

V7600 Fe65Co18Mo0.3Si0.8B15.5C0.4 Sensor tested in a 
previous study. It will be 
used as a reference in 
this work. High 
magneto-mechanical 
coupling.

[9]

FeCoSiB Fe64Co17Si6.6B12.4 Traditionally used in 
magnetoelectric 
composites. High 
magneto-mechanical 
coupling.

[22]

Metglas Fe37Ni42Mo4B17 Used for biological and 
chemical detection 
systems. High corrosion 
resistance.

[10− 14]

FeNiCrSiB Fe54Ni24Cr2Si10B10 High corrosion 
resistance.

[18,20, 
21]
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with a compensating coil, and the induced voltage was monitored using 
an HP 3589 A spectrum analyzer and recorded on a computer. The 
procedure for crystallized sensor was the same, but disconnecting the DC 
source (i.e. without DC bias field). This ME setup allowed us to precisely 
determine the resonant frequency of each sensor. From that value, the 
Young’s modulus corresponding to the first vibration mode was calcu
lated through Eq. (1): 

E(H) = ρ(2Lfr)
2 (1) 

where, ρ is the density of the ME ribbon, fr the resonant frequency and L 
its length. The sharpness of the resonances was quantified through the 
quality factor Q, a key parameter in mass sensors. This parameter is 
calculated through the expression Q = fr/Δf , being fr the resonance 
frequency value and Δf the frequency difference at the half maximum 
intensity. Finally, the ME coupling coefficient was obtained using Eq. 
(2): 

k =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π2

8

[

1 −

(
fr

fa

)2
]√

√
√
√ (2) 

where fa the antiresonance frequency.
Potentiodynamic polarization tests were performed in a three- 

electrode electrochemical cell using a 3.5 wt% NaCl aqueous solution 
to simulate a corrosive environment. A pure platinum wire served as the 
counter electrode, and a saturated calomel electrode (SCE) was used as 
the reference electrode. Prior to polarization, the open circuit potential 
(OCP) was monitored for 10 min to allow stabilization. Polarization 
scans were then carried out from –500 mV to + 500 mV versus OCP at a 
scan rate of 1 mV/s. All measurements were conducted using a Voltalab 
PGZ 301 potentiostat.

3. Results and discussion

The fabricated as-quenched alloys were firstly magnetically and 
magnetoelastically characterized by measuring the hysteresis loops, and 
resonance frequencies under a range of DC magnetic field values. From 

the resonance frequencies, both Young’s modulus curve and ME 
coupling coefficient were determined. The resonance curves were 
measured at the magnetic field corresponding to the minimum of the 
Young’s modulus, Hmin. The results are represented in Fig. 2:

From Fig. 2, we have determined the main magnetic and magne
toelastic parameters of the sensors, summarized in Table 2:

As was previously mentioned, these alloys show varied magnetic and 
magnetoelastic properties, significantly influenced by the inclusion of 
elements such as Cr or Ni. The inclusion of those elements, in spite of 
providing anticorrosive properties, has a negative impact in the satu
ration magnetization and saturation magnetostriction. In addition, the 
incorporation of Cr dissipates the ME coupling, with a maximum value 
of 0.05 for the alloy containing Cr. That is translated into a reduction of 
the signal intensity, as can be observed in Fig. 2(d). However, ME res
onances can be perfectly measured for all the analyzed ribbons with 
precision.

In the recent work reported by our group [9], the self-bias effect was 
a consequence of the nanocrystallization of the V7600 sensor, which was 
successfully carried out through its thermal annealing at 550ºC. In order 
to determine the thermal annealing of the new alloys to be studied, DSC 
measurements were performed. This technique allows us to observe the 
phase transformations through the exothermic peaks. The results are 

Fig. 2. (a) Normalized hysteresis loop, (b) Young’s modulus, (c) magnetoelastic coupling coefficient and (d) magnetoelastic resonances of the analyzed alloys.

Table 2 
Saturation magnetization μ0Ms, minimum of the Young’s modulus Emin, mag
netic field at the minimum value of the Young’s modulus Hmin, maximum value 
of magnetoelastic coupling coefficient kmax, resonance frequency and quality 
factor values measured at Hmin, and saturation magnetostriction λs of the 
analyzed sensors. The values for the saturation magnetostriction have been 
obtained from the literature.

Sensor μ0Ms 

(T)
Emin 

(GPa)
Hmin 

(Oe)
kmax fr 

(kHz)
Q λs (ppm)

FeNiCrSiB 0.7 146 8 0.05 89.2 469 11.5 [19]
Metglas 0.9 153 7 0.26 88.0 204 12 [1]
FeCoSiB 1.7 141 4 0.13 87.7 115 20.5 [19]
V7600 1.6 120 8 0.45 80.0 60 42 [9]
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shown in Fig. 3:
All analyzed compositions exhibit two exothermic peaks. These 

pronounced exothermic behaviors are likely attributed to phase trans
formations associated with the formation of stable crystalline phases. 
The first peak, occurring between 400◦C and 500◦C depending on the 
alloy, is likely related to a partial crystallization process. Similar to the 
V7600 sample, the primary crystallization is expected to involve a 
magnetic Fe(Co)(Ni)-rich phase, while the higher-temperature 
exothermic peaks is expected to correspond to the formation of bo
rates [9].

Although we initially intended to perform treatments at tempera
tures above the second crystallization stage (550 ◦C), issues related to 
the structural integrity of the ribbons were encountered, leading to their 
deterioration. In addition, since there is a temperature interval between 
both crystallization processes, the coexistence of the primary crystal
lized Fe(Co)(Ni)-rich phase with a remaining amorphous phase is 
anticipated in all three samples. For this reason, the heat treatment was 
limited to 500 ◦C, which is expected to induce the necessary crystalli
zation for the self-bias effect while remaining sufficiently below the 
second crystallization peak to ensure a similar final microstructure 
among the three treated alloys.

Fig. 4 presents the X-ray diffractograms obtained from the annealed 
FeNiCrSiB, FeCoSiB, and Metglas alloys. For comparison, the diffracto
gram of the fully crystallized V7600 alloy annealed at 550◦C is also 
included:

As observed, the annealed FeNiCrSiB and FeCoSiB alloys exhibit 
diffraction patterns at approximately 45.0◦, 65.4◦, and 82.8◦, corre
sponding to the [110], [200], and [211] crystallographic reflections of a 
body-centered cubic (bcc) structure. These peaks are slightly shifted 
from those expected for pure α-Fe, indicating the incorporation of 
additional elements into the structure. The diffractogram of the 
annealed FeNiCrSiB alloy also displays additional peaks at 46.9◦, and 
56.5◦, which can be attributed to traces of Cr₃Ni₅Si₂ and Fe₂B phases, 
respectively.

In contrast, the Metglas alloy annealed at 500◦C exhibits broad peaks 
at 43.5◦, 50.5◦ and 74.8◦ associated, respectively, to [111], [200] and 
[220] Miller indices of a crystalline face-centered cubic (fcc) FeNi alloy. 
The presence of a fcc structure is characteristic of FeNi alloys with Ni 
content above 50 at%, consistent with the relative Fe/Ni ratio in the 
initial Metglas alloy.

The crystallization undergone by the samples after their annealing 
was also studied through the transmission Mössbauer spectroscopy. This 
technique provides an accurate assessment about the crystallized frac
tion of the sample and provides more precise characterization of the 
amorphous and crystalline components which allows a structural veri
fication of the different coexisting phases and estimation of their 
composition. Fig. 5 shows the Mössbauer spectra corresponding to 
FeNiCrSiB and FeCoSiB and Metglas alloys annealed at 500◦C.

As it can be observed, Mössbauer spectra of the three alloys show 

discernible discrete crystalline contributions coexisting with a broad 
spectral component characteristic of an amorphous magnetic phase, 
which has been fitted by means of a hyperfine field distribution. These 
discrete sextets reflect different chemical environments of Fe atoms in 
the crystalline cubic phase, being their decreasing hyperfine field value 
associated to the increasing presence of Si in their neighbourhood. The 
crystalline contribution to the Mössbauer spectrum of the FeNiCrSiB and 
FeCoSiB can be properly fitted with only three and two, respectively, 
components, compatible with the presence of Si atoms in a solid solution 
bcc structure and which would account to Fe atoms with 0 (A8), 1 (A7) 
and 2 (A6) Si atoms in their neighbourhood for the case of the FeNiCrSiB 
annealed alloy, and 0 (A8) and 1 (A7) Si atoms for the case of Fe in the 
crystalline phase of FeCoSiB annealed alloys. In contrast to the X-ray 
diffractogram, which is a surface-sensitive technique, there was no ev
idence of the presence of Fe2B in the Mössbauer spectrum of the 
FeNiCrSiB annealed alloy, suggesting that its presence may be confined 
to the sample’s surface [24,25]. The hyperfine field values of the A8 
component (33.7 T for FeNiCrSiB and 35.4 T for FeCoSiB) are signifi
cantly higher than expected for an A8 environment composed solely of 
Fe atoms. This confirms the incorporation of Ni and Co atoms, respec
tively, within the crystalline phase, forming a solid solution bcc struc
ture alongside Fe and Si atoms. Fitting results further reveal that 29 % of 
Fe atoms in the annealed FeNiCrSiB sample reside in the bcc FeNiSi 
phase, whereas this figure decreases to 20 % for Fe atoms in the bcc 
FeCoSi phase of the annealed FeCoSiB sample.

For fitting the Mössbauer spectra of Metglas alloys annealed at 
500◦C, we also employed a procedure that combines binomially 
distributed discrete spectra for the fcc-FeNi crystalline phase with a 
distribution of hyperfine fields for the remaining amorphous phase. In 
an fcc-ordered FeNi alloy, the variations in the nearest-neighbor envi
ronment of Fe atoms depend on the number of surrounding Ni atoms, 
ranging from 0 to 12. This results in up to 13 distinct local environments, 
where the hyperfine field of the corresponding Fe decreases as the 
number of Ni atoms in the vicinity increases [26]. The relative proba
bility of each environment is determined by the actual Ni content in the 
fcc-FeNi crystal. To optimize the fitting process, we excluded spectral 
components contributing less than 3 % of the total resonant area. 
Consequently, the contribution of the fcc-FeNi crystalline phase to the 
Mössbauer spectrum of Metglas alloys annealed at 500◦C can be effec
tively represented by five distinct subspectral components, corre
sponding to environments with 4 to 8 Ni atoms in the nearest-neighbor 
shell of Fe atoms. The analysis of the resonant areas obtained from the 
fitting is consistent with the Fe/Ni ratio in the initial amorphous 
composition. Moreover, the results indicate that 31 % of the Fe atoms 
are in the crystalline phase.

Thus, the Mössbauer spectroscopy characterization confirms that the 
FeNiCrSiB, FeCoSiB, and Metglas alloys annealed at 500◦C exhibit 
similar crystalline-to-amorphous phase fractions. The added Cr, Ni, or Fig. 3. Differential scanning calorimetry for all the analyzed alloys.

Fig. 4. x-ray diffractograms of the annealed at 500 C FeNiCrSiB and FeCoSiB 
and Metglas alloys and V7600 alloy annealed at 550 C.

A.C. Lopes et al.                                                                                                                                                                                                                                 Journal of Alloys and Compounds 1043 (2025) 184229 

4 



Co atoms are appropriately distributed across both phases, albeit with 
variations in crystalline phase compositions. This finding provides a 
solid framework for analyzing the self-bias effect on the magnetoelastic 
properties of these alloys.

After completing the structural characterization, we carried out a 
magnetic analysis of the crystallized sensors by measuring their mag
netic hysteresis loops and the evolution of the Young’s modulus under 
an applied magnetic field. This magnetic characterization enables a 
direct comparison with the as-quenched sensors. The results are pre
sented in Fig. 6:

As observed in the hysteresis loops (Fig. 6(a)), the crystallization 
induced by thermal annealing has significantly influenced the magnetic 
properties of the materials. All the treated materials present a widening 
of the hysteresis loop when compared with the non-treated samples 
(represented in Fig. 2a), attributed to the presence of the crystalline 

phase, as X-ray and Mössbauer spectra reveal. The FeNiCrSiB sample 
exhibits the widest hysteresis loop compared to the others, likely due to 
the presence of bcc FeNiSi phase in its structure. Actually, the incor
poration of Si and Cr into the crystal structure intrinsically increases 
coercivity by modulating the anisotropy constant [27]. In this context, a 
small increases in crystal size can lead to significant increases in coercive 
field. This effect is not observed in partially crystallized samples with 
similar compositions that contain little to no Si and Cr [28,29]. In 
contrast, materials like Metglas and FeCoSiB show narrower loops, 
reflecting their softer magnetic nature with lower coercivity and easier 
magnetization processes. Regarding the remanent magnetization, the 
crystallized FeCoSiB and V7600 alloys exhibit the highest values, due to 
their high Co content [30]. These curves are consistent with the 
Mössbauer spectra shown in Fig. 5.

The dependence of Young’s modulus on the applied DC magnetic 

Fig. 5. Mössbauer spectra of the FeNiCrSiB and FeCoSiB and Metglas alloys annealed at 500◦C, along with the profile of their hyperfine distributions is presented.
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field, as shown in Fig. 6(b), confirms a significant reduction, and in some 
cases a near-complete suppression, of its variation as a consequence of 
crystallization. In addition, the annealing process results in a rise in the 
Young’s modulus value if compared with the as-quenched alloys of 
Fig. 2(b), indicating an enhancement in the material’s stiffness due to 
structural modifications induced by heat treatment of the alloys. This 
behavior is directly related to the formation of an intrinsic DC magnetic 
field by the crystallized alloy itself when the sensors are pre-magnetized, 
a phenomenon previously referred to as the self-bias effect. Because the 
material already possesses an internal bias field, the application of an 
external DC magnetic field does not produce any significant additional 
effect on the system, resulting in a constant Young’s modulus value [9]. 
This lack of variation in Young’s modulus with changes in the external 
DC magnetic field is more pronounced in the V7600 and FeNiCrSiB 
samples, as they exhibit higher magnetic coercivity.

Finally, the self-bias effect and its stability over time was analyzed. 
The crystallized alloys were pre-magnetized with a permanent magnet, 
and introduced in the ME measurement set-up described in the experi
mental section. The DC source was disconnected and ME resonance 
frequency curves were monitored just after pre-magnetizing (day 0) and 
after one month (day 30). The obtained results are represented in Fig. 7.

As can be appreciated, the resonance frequency of all the alloys can 
be perfectly detected after 30 days, indicating a strong self-bias effect 
that stabilizes over time. In addition, an important increase in the 
quality factor Q of the resonances can be appreciated if compared with 
as quenched resonances showed in Fig. 2(d), with values that range from 
880 up to 1080 (see Table 2). This phenomenon was previously reported 
by our group [9] for the V7600 alloy. In this work, we have extended 
these findings to different alloys, which can be applied in various en
vironments depending on the specific application and requirements. 
However, the intensity of the resonance frequency significantly varies 
from one alloy to another. The resonance curves of the FeNiCrSiB alloy 
are significantly noisier and exhibit a much lower amplitude than the 

other samples. This behavior is likely associated with its higher coercive 
field, which hinders the ME response by restricting domain wall motion 
and increasing magnetic losses. The V7600 alloy also presents a rela
tively high coercivity value, which contributes to its lower induced 
voltage when compared to Metglas and FeCoSiB alloys. On the contrary, 
the Metglas and FeCoSiB alloys exhibit the highest induced signal am
plitudes, consistent with their lower coercivity and softer magnetic 
character. This lower coercivity facilitates domain wall motion under AC 
excitation, resulting in larger magnetization changes and, consequently, 
higher induced voltages. Furthermore, the alloys with higher coercivity 
(FeNiCrSiB and V7600) also show more stable self-bias signals after one 
month, since stronger pinning of domain walls reduces fluctuations and 
stabilizes the internal bias field, unlike the Metglas and FeCoSiB alloys, 
which exhibited small reductions of 8 % and 6 %, respectively. Table 3
summarizes the main magnetic and magnetoelastic parameters of the 
crystallized sensors.

Furthermore, the consistency of the output signal was evaluated in 
terms of short-term fluctuations. This process has been demonstrated to 
be crucial in the performance of ME sensors [21]. A stable resonance 
frequency is essential for ensuring reliable and repeatable sensor re
sponses and improving its accuracy. To quantify these, the variation of 
resonance frequency over time for all the as-quenched and thermally 
treated samples was tracked. For the as-quenched alloys, the monitoring 

Fig. 6. (a) Normalized hysteresis loops and (b) Young’s modulus of the alloys under the applied DC magnetic field.

Fig. 7. ME resonance frequencies of the crystallized sensors after being pre-magnetized (left) and after one month (right).

Table 3 
Coercive field (Hc), remanent magnetization (μ0Mr), resonance frequency (fr), 
Young’s modulus (E), and quality factor (Q) of the crystallized sensors.

Crystallized sensor Hc (Oe) μ0Mr (T) fr (kHz) E (GPa) Q

FeNiCrSiB 100 0.67 106 206 880
Metglas 4 0.59 103 209 940
FeCoSiB 7 1.30 105 203 1050
V7600 20 1.18 116 252 1080
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process was performed by setting the resonance frequency value at the 
Hmin magnetic field from Table 2 and measuring the variation in the 
resonance frequency (Δf) for approximately 15 min (900 s). For the 
thermally treated alloys, since a DC source is not required, we simply 
pre-magnetized the alloys with a permanent magnet and set the reso
nance frequency value to that in Table 2. Subsequently, we monitored Δf 
over the same period of time. The results are shown in Fig. 8:

As can be observed, the as-quenched alloys generally exhibit less 
stable resonance frequency than the thermally treated ones. In partic
ular, the as quenched FeNiCrSiB, FeCoSiB, and V7600 alloys show 
maximum deviations exceeding 40 Hz. In contrast, the Metglas alloy 
displays a much smaller Δf variation of only 4 Hz. This is likely due to its 
well-defined resonance (see Fig. 2(d)), and a more homogeneous 
microstructure, with lower internal stresses [31], as also corroborated 
by its Young’s modulus curve (see Fig. 2(b)). However, the results differ 
when compared to the thermally treated alloys. The deviation for 
crystallized sensors range from 4 Hz up to 30 Hz for the Metglas, 
FeCoSiB and FeNiCrSiB compositions, respectively. This improved sta
bility can be attributed to the refined microstructure and reduced in
ternal stresses resulting from the crystallization process. However, the 
highest stability is still the one exhibited by the V7600, and previously 
reported [9], which shows an outstanding maximum Δf variation of only 
2 Hz. This highest stability is due to the fully crystallized structure, 
which minimizes internal stresses and reduces variations in mechanical 
properties. In contrast, partially crystallized alloys may retain amor
phous regions, which can introduce heterogeneities in the microstruc
ture and result in less stable resonance frequencies.

Finally, the corrosion resistance of the as quenched and thermally 
treated samples was analyzed using potentiodynamic polarization 
measurements, with the aim of evaluating key parameters such as the 
corrosion potential E, corrosion current density (icorrosion), anodic Tafel 
slope (βa), and polarization resistance (Rp). This analysis is particularly 
relevant for the Metglas and FeNiCrSiB alloys, as they are commonly 
employed in environments where corrosion is a major concern. The 
obtained results are represented in Fig. 9 and Table S1 of the supple
mentary information.

For V7600, the treatment led to a deterioration in most corrosion- 
related parameters, especially icorrosion and βa, despite a slight increase 
in polarization resistance. This corresponded to a 76 % increase in 
corrosion rate and a 23 % rise in corrosion tendency. FeCoSiB exhibited 
the most pronounced degradation, with a significant rise in icorrosion and 
only marginal improvements in E and βa, resulting in a 660 % increase in 
corrosion rate, although its corrosion tendency decreased slightly by 
8 %. In contrast, Metglas showed a remarkably stable behavior. While 
some parameters such as βa worsened slightly, the overall changes were 
minimal. The corrosion rate increased by only 13 %, and the corrosion 
tendency by 14 %, indicating that this alloy maintains good corrosion 
resistance even after thermal treatment. Most notably, FeNiCrSiB 
benefited from thermal treatment. The values of E, icorrosion, and espe
cially βa improved significantly, with only a small decrease in Rp. This 
resulted in a 55 % reduction in corrosion rate and a 66 % decrease in 
corrosion tendency, confirming enhanced corrosion resistance post- 
treatment. These findings suggest that while thermal treatment may 
compromise corrosion resistance in some alloys, it can improve or pre
serve it in others—particularly FeNiCrSiB and Metglas. Therefore, for 
applications in aggressive environments, thermally treated Cr-rich al
loys represent a promising solution due to their improved stability and 
resistance to corrosion.

4. Conclusions

This work has demonstrated that the self-bias effect, previously re
ported in Vitrovac® 7600 T70, can be successfully induced in other Fe- 
based magnetoelastic alloys, particularly in FeNiCrSiB, FeCoSiB, and 
Metglas alloys, through thermal annealing at 500 ◦C. All treated samples 
exhibited stable magnetoelastic resonances without the need for an 
external DC magnetic field, significantly simplifying the sensor config
uration. Structural characterization via XRD and Mössbauer spectros
copy confirmed partial crystallization in all alloys, with the formation of 
Fe-based solid solutions responsible for the internal magnetic anisotropy 
that enables self-biasing. In addition, the treated sensors showed 
enhanced quality factors and improved frequency stability over time 

Fig. 8. Variation of the resonance frequency value over time of the as quenched and crystallized sensors.
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compared to their as-quenched alloys. While Metglas and FeCoSiB 
produced higher ME signal amplitudes due to their greater amorphous 
fractions, the FeNiCrSiB and V7600 alloys exhibited better long-term 
signal stability. Importantly, the corrosion resistance evaluation 
revealed that thermal treatment deteriorated the corrosion performance 
of FeCoSiB and V7600, but had negligible effect on Metglas and led to a 
substantial improvement in FeNiCrSiB. These results confirm that Cr- 
and Ni-rich Fe-based alloys are promising platforms for the development 
of self-bias ME sensors, making them suitable candidates for their use in 
harsh or chemically aggressive environments.
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