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We provide new experimental results on studies on effect of applied stress on Reflection coefficient (S, parame-
ter) of Co-rich glass-coated ferromagnetic microwire measured using free space microwave spectroscopy. Stud-
ied Co-rich microwire with vanishing magnetostriction coefficient presents high Giant magnetoimpedance, GMI,
effect associated with excellent soft magnetic properties. Tensile stress was applied through the mechanical load,
attached to the single Co-rich microwire sample inside the anechoic chamber and the S,, parameter was mea-
sured at 2.45 GHz using broadband horn antennas and a vector network analyzer. Upon tensile stress (up to

225 MPa) we observed substantial change in the S,, parameter. The change in the S,, parameter correlates with
the stress dependence of hysteresis loops. The experimentally discovered stress dependence of the reflection coef-
ficient allows for contactless stresses and damage monitoring of in composites with microwire inclusions.

1. Introduction

Studies of amorphous wires have attracted substantial interest ow-
ing to their unique combination of physical properties, such as the mag-
netic bistability, the giant magnetoimpedance (GMI) effect, high me-
chanical and corrosion properties [1-6]. Aforementioned peculiar mag-
netic properties are essentially related to cylindrical symmetry of mag-
netic wires and disordered glassy-like structure. Accordingly, amor-
phous wires have been proposed for a variety of technical applications
including sensorics, structural health monitoring or biomedical applica-
tions [4,7-12].

The GMI effect was discovered in 1935 [13] and intensively studied
starting from 90-s [3,7-9]. The continued interest in the GMI effect is
due to its unusually high magnetic field sensitivity (few hundred per-
cent change in impedance, Z, under low external magnetic field, H, ob-
served in amorphous wires). Therefore, the GMI effect is of great inter-
est for the design of high performance and inexpensive magnetic field
sensors and magnetometers [7-9,12]. Initially, the GMI effect was ob-
served at MHz frequency band [3,7]. However, a substantial GMI effect
at GHz frequencies has recently been reported in magnetic wires with

reduced diameters [14,15]. The origin of the GMI effect at GHz frequen-
cies is discussed in terms of the magnetization rotation, precession of
the magnetization vector in a high-frequency field and the ferromag-
netic resonance (FMR) [16,17].

The GMI effect is commonly discussed in terms of the GMI ratio, AZ/
Z, defined as [3,4,7]:

AZ/Z = [Z(H)-Z(Hngy)]/Z(Hpygy) *100 ¢h)

where H,,, — is the maximum applied DC magnetic field (typically be-
low a few kA/m).

As shown elsewhere [4,18], AZ/Z(H) dependence is linked to mag-
netic anisotropy of magnetic wires. Thus, a double-peak AZ/Z(H) de-
pendence is predicted and experimentally observed for magnetic wires
with weak transverse magnetic anisotropy, while a decay of Z from
H = 0 is reported for magnetic wires with axial magnetic anisotropy
[4,18]. Accordingly, maximum AZ/Z-values, AZ/Z,,, can be observed ei-
ther at H = 0 or at some H-value, H,,, linked to magnetic anisotropy
field of studied magnetic wire [4,14,15,18].

» Corresponding author. IKERBASQUE, Basque Foundation for Science, 48011, Bilbao, Spain

E-mail address: arkadi.joukov@ehu.es (A. Zhukov).

https://doi.org/10.1016/j.jsamd.2025.100950

Received 23 April 2025; Received in revised form 8 July 2025; Accepted 12 July 2025

2468-2179/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.



https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950
https://www.sciencedirect.com/science/journal/24682179
https://www.elsevier.com/
mailto:arkadi.joukov@ehu.es
https://doi.org/10.1016/j.jsamd.2025.100950
https://doi.org/10.1016/j.jsamd.2025.100950

V. Zhukova et al.

As recently demonstrated, AZ/Z -value, exhibits a maximum at
some optimum frequency, f,, which depends on the wire geometry and
on magnetic anisotropy [14,15]. For thinner magnetic wires generally
higher f, —values are observed: a decrease in the diameter, d, is associ-
ated with the increase in the f, —values [14-16]. Accordingly for thin
enough magnetic wires (with diameters, d ~ 10 pm) f, —values are of the
order of a few hundred MHz (200-600 MHz) [4,14-16], while for thick
wires (d ~120 pm) typically f, ~1 MHz [19,20].

Additionally, wire impedance, Z, is sensitive not only to magnetic
field, but also to applied stress giving rise to stress impedance effect (SI)
[21-23]. Finally, it has recently been reported that the GMI effect can
be significantly influenced by temperature [24,25].

The magnetic wires with a GMI effect at GHz frequencies have been
proposed for development of Free Space microwave sensing technique
based on tunable effective permittivity at the GHz range in composites
with magnetic wire inclusions [26,27]. The starting point for the con-
cept of such smart composites is the tunability of the effective permit-
tivity at the GHz range due to magnetic wire inclusions [28]. Finally,
experimentally was demonstrated that the composite media with ferro-
magnetic wires exhibit microwave scattering strongly dependent on ex-
ternal stimuli (applied magnetic field and applied stress) [29,30].

The remarkable dependences of the effective permittivity, transmis-
sion or reflection parameters of such smart composites on external stim-
uli in the GHz range indicate that such composite with magnetic mi-
crowire inclusions can be useful for structural health monitoring and
self-sensing applications [31-33]. One of the advantages of this tech-
nology is that proposed free space microwave spectroscopy allows re-
mote monitoring of external stimuli, like stress or temperature. Such
composites require magnetic wires with enhanced mechanical proper-
ties and high corrosion resistance. Therefore, glass-coated amorphous
microwires produced by the so-called Taylor-Ulitovsky technique are
considered as the most suitable materials for such smart composites de-
velopment. Such microwires with amorphous structure present superior
mechanical properties (high tensile yield, better plasticity and flexibil-
ity ...) together with better corrosion resistance owing to the presence
of flexible and insulating glass-coating [4,34,35]. On the other hand,
properly processed glass-coated microwires can present extremely soft
magnetic properties with coercivity, H,, about 2 A/m and GMI ratio up
to about 700 % [4,36,37]. This combination of excellent soft magnetic
properties and mechanical properties of amorphous materials is associ-
ated with their glass-like structure, characterized by the absence of
crystalline structure and defects typical of crystalline materials (dislo-
cations, grain boundaries, twins etc.) [4,34,35].

Accordingly, recently versatile properties of glass-coated mi-
crowires inclusions with high GMI effect stimulated development of
novel applications in structural health monitoring including remote
stresses or temperature monitoring in aircraft and car industries or civil
engineering [38,39]. Certainly, contactless stress monitoring in carbon
fiber composite materials for the aircraft industry is vital to the safety of
modern aircrafts. The peculiarity of such composites with carbon fibers
for aircraft industry is that such carbon fibres are conductive. There-
fore, further developments were needed to separate the microwave re-
sponse of magnetic microwires from that of conductive carbon fibres by
using a low frequency modulated magnetic field [38]. For such applica-
tions high GMI effect and high stress sensitivity of the microwave re-
sponse of magnetic microwires are essentially relevant. Recently, sub-
stantial optimization of the GMI effect in glass-coated microwires was
reported using several types of post-processing including annealing un-
der carefully selected conditions [4,37].

Although there are several reports on tunability of the effective per-
mittivity, transmission or reflection parameters of such composites with
magnetic wires inclusion at the GHz range on applied magnetic field,
stress or heating [29,33], the influence of applied stress on microwave
response of single microwire at GHz frequencies has not been experi-
mentally studied.
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Accordingly, in this paper, we present our recent experimental re-
sults on in-situ studies of applied stress in microwave response of single
Co-rich microwire using free space technique.

2. Experimental details and samples

We studied Co,,Fe,B,5Si;; glass-coated amorphous microwires with
metallic nucleus diameters, d, of about 42 pm and a total diameter, D,
of about 49 pm manufactured by the aforementioned Taylor-Ulitovsky
method. The chemical composition was selected considering depen-
dence of the magnetostriction coefficient, 4, on chemical composition
in Co—Fe based amorphous alloys and vanishing A, —values (4, ~ - 1077)
in Co-rich amorphous alloys [40,41]. Recently a high GMI effect was re-
ported in such microwire [37]. Therefore this microwires is considered
as a promising candidate for the contactless stress monitoring in carbon
fiber composite materials with magnetic wire inclusions for the aircraft
industry aiming safety and contactless monitoring of modern aircrafts
[38].

Briefly, the fabrication method (commonly known as Taylor-
Ulitovsky method) involves melting a metallic alloy ingot inside a glass
(typically Duran or Pyrex) tube using a high-frequency inductor, form-
ing the glass capillary from softened glass, drawing of such capillary
filled with the molten metallic alloy and winding of the solidified glass-
coated microwires onto a rotating bobbin [4,42,43]. It is worth noting
that such fabrication technique was developed in the 60s [42,43]. Re-
cently this technology was substantially updated: the last fabrication fa-
cility is provided with a feedback system suitable for controlling more
precisely the microwire geometry (d and D-values) using a PC [4].

Axial hysteresis loops were measured by the fluxmetric method us-
ing a specially designed setup for studying soft magnetic microwires of
reduced diameter. In this method, the electromotive force, ¢, is induced
in the pick-up coil with number of turns, N, due to a change in the mag-
netic flux, ¢, when the magnetization reversal of a sample with magne-
tization M occurs [44].

This ¢ is given as:

d¢
e=-N o 2

To avoid the error related with precise evaluation of the magnetic
nucleus diameter we represented the hysteresis loops as the normalized
magnetization M/M, (where M, is the magnetic moment of the samples
at maximum magnetic field amplitude, H,) versus H.

The GMI ratio, AZ/Z, was defined using eq. (1) from experimentally
measured reflection coefficient S;; using a vector network analyzer us-
ing the expression:

Z=Z(1+S”) 3)
“(1-58y)

where Z, = 50 Ohm is the characteristic impedance of the coaxial line.

Use of the specially designed sample holder with coaxial line con-
nections allows to measure Z(H) dependencies up to GHZ frequencies
[15].

The morphology of the samples has been evaluated using Carl Zeiss -
Axio Scope Al microscope. As can be observed from Fig. 1a, the studied
microwire presents perfectly cylindrical geometry of the metallic nu-
cleus and rather uniform glass-coating. The amorphous state studied
sample has been confirmed by a broad halo in the X-ray spectra ob-
tained using X-ray diffraction (see Fig. 1b).

For wireless measurements of microwire response under stress at
2.45 GHz, we used the free space measurement system, consisting of
two broadband horn antennas fixed to the anechoic chamber and a vec-
tor network analyzer, VNA, previously used for the composites charac-
terization at free space (see Fig. 2a) [29,33,38]. We measured the scat-
tering, S,,, parameter. The indexes 1 and 2 of the S-parameters defines
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Fig. 1. Image obtained using optical microscope (a) and XRD pattern (b) of
studied sample.

the ports to the VNA and also the excitation and detection direction of
the electromagnetic wave to the studied sample. As recently proposed
[38], the AC modulating magnetic field was applied parallel to the fer-
romagnetic microwires to modulate the impedance in the microwire. In
the case of composites with carbon fibers use of such modulating mag-
netic field allows to distinguish the signal originated from magnetic mi-
crowires [38]. Similarly to our recent studies, we use a modulation
magnetic field frequency, f, of 80 Hz [38].

During the hysteresis loop and free space measurements, a tensile
stress was applied to the sample by means of a mechanical load hanged
to one end of studied microwire (see Fig. 2b). The applied stresses
value, o, acting on the metallic nucleus has been evaluated considering
different Young's moduli of the metallic alloy and the glass, E; and E,
respectively, as was described earlier [33]:

K-P
o= s s @
K - S,+5

where k = E,/E,, P - the applied mechanical load, and S, and Sy are the
cross sections of the metallic nucleus and glass coating respectively.
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Fig. 2. Sketch of the free-space setup (a) and scheme of the experimental mea-
surements at 2.45 GHz under applied stress (b).

3. Experimental results and discussion

The hysteresis loop of studied sample is provided in Fig. 3a. From
Fig. 3a, rather soft magnetic properties of studied microwire with coer-
civity, H,, about 21 A/m and magnetic anisotropy field, H,, about 130
A/m are evidenced. Such magnetic properties are typical for Co-rich
amorphous microwires with low negative 4, —values.

As shown in Fig. 3b, the AZ/Z(H) dependencies measured at differ-
ence frequencies, f, have a double-peak shapes with a maximum AZ/Z
-value, AZ/Z,, at certain magnetic field, H,. Such double-peak AZ/Z
(H) dependencies are typical for magnetic wires with circumferential
magnetic anisotropy [18]. Such features of the AZ/Z(H) dependencies
correlate with the hysteresis loop, particularly with low H, and H; -
values. A rather high AZ/Z,, —value up to AZ/Z,, ~550 % is observed in
studied sample. AZ/Z, —values are affected by f, being the highest at
f ~300 MHz. The AZ/Z,, (f) dependencies obtained from AZ/Z(H) de-
pendencies measured in the frequency range up to 1 GHz are shown in
Fig. 3c.

As described above, studied sample has been placed inside an ane-
choic chamber between the transmitting and receiving horn antennas.
The applied stress was produced by a mechanical load, attached to the
sample. Such mechanical load with the weight up to 250 g produced
tensile stress, o, up to 225 MPa, evaluated using eq. (4). While low fre-
quency AC magnetic field (80 Hz) was applied by a planar coil placed
inside the anechoic chamber. Using the VNA we measured the S,, para-
meters at 2.45 GHz at different o -values.

The same experimental scheme was recently used to distinguish the
microwave signals from magnetic microwires from that originated by
conductive carbon fibers in carbon fibre composites with embedded
magnetic microwires [38].



V. Zhukova et al.

"1(a)

o S
=
Ry
200 <100 0 100 200
H(A/m)
J ——100 MHz
600+ (b) - - - 200 MHz
— 300 MHz
400
X
N
N 200-
- = =400 MHz
— 600 MHz
0_
2000  -1000 0 1000 2000
H (A/m)
600+ (C)
- a—"
(530 O,
J
=) : ©
) d O
N 4004 “o
N o
< 3
200-
0 200 400 600 800 1000

f (MHz)

Fig. 3. Hysteresis loops (a), AZ/Z (H) (b) and AZ/Z,, (f) (c) dependencies of
studied sample.

In Fig. 4a the dependence of S,, parameters measured at 2.45 GHz
on frequency, f, is shown. In the case of using one single microwire, the
reflected by a single microwire signal is very low, it is below the noise
level in time domain. To detect such a low-intensity reflected wave (S,,
or S;; parameter) from a microwire and separated it from parasitic
background, we applied a low-frequency modulating magnetic field,
acquired the reflection waveform at fixed frequency (2.45 GHz) and ap-
plied Fast Fourier Transform (FFT) to obtained the frequency spectrum.
As observed, the S,, parameters present a maximums at f = 80n
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of S,, at different

(m = 1,2,3 ...), reflecting effect of modulating low frequency field at

f = 80 Hz and 1,2,3, n harmonics.

Upon application of stress a substantial decay of the S,, parameter
measured at f = 2,45 GHZ is observed (see Fig. 4a and b). The depen-
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dence of S,, on o, evaluated from Fig. 4b, is shown in Fig. 4c. From Fig.
4b and c, it is evident when the applied stress changes from 0 to
225 MPa, S,, changes on 40 dB (100 times) from —50 to —90 dB.

The observed substantial S,,(c) dependence can be explained con-
sidering the change in magnetic permeability upon applied stress. To
evaluate such effect we have measured the effect of applied stress on
hysteresis loops of studied samples. Effect of applied tensile stress on
hysteresis loop of studied microwire is provided in Fig. 5. As can be ap-
preciated from Fig. 5, the hysteresis loops shape of the studied mi-
crowire retains its inclined shape. However, the slope of the linear re-
gion of the hysteresis loops decreases with increasing applied tensile
stresses.

Stress dependence of magnetic permeability of magnetic materials
has been extensively discussed since long time mostly using Preisach or
Jiles-Atherton (JA) models considering stress dependence of hysteresis
loops and magnetostriction coefficient [48-52]. Hysteresis loops and,
in particular, magnetic permeability are influenced by a number of fac-
tors such as microstructural changes, applied and internal stresses, dis-
location density, fatigue and creep damage, etc. [49-53]. In these mod-
els the domain wall motion, and domain rotation have been considered
to explain stress dependence of magnetic properties [49-53]. However,
despite the fact that at elevated frequencies domain walls are damped, a
substantial GMI effect is observed up to GHz frequencies [14-16,38].
The origin of the GMI effect at elevated frequencies is attributed to pre-
cession of the magnetization vector in a high-frequency field and the
ferromagnetic resonance (FMR) [16,17,51]. Considering the saturation
magnetization, u,M,, of studied microwire of about 0.8 T [1], we can
evaluate the stress dependence of magnetic susceptibility, y (from rela-
tion y = u,M,/H) (see Fig. 5 inset). As can be appreciated from Fig. 5, y
monotonically decrease upon applied tensile stress, .

The observed influence of the applied stress on S,, parameter must
be linked to the dependence of microwave scattering of a single mi-
crowire on its magnetic permeability, also associated with the GMI ef-
fect [29,30,45-47]. Particularly, it was demonstrated that the mi-
crowave scattered intensity produced by a single microwire can be af-
fected by the magnetic permeability [46]. The origin of the peaks on S,,
(f) dependencies observed at 80, 160 or 240 Hz must be attributed to
the influence of applied modulating field on the permeability. While,
the observed S,,(c) dependence must be related to the dependence of
magnetic susceptibility, y, on applied stress shown in the inset of Fig. 5.

On the other hand, the dependence of the hysteresis loops of Co-rich
microwires with vanishing negative 4; —values on both applied and in-
ternal stresses (modified by changing the thickness of the glass-coating)

1.0+
— =0
—— =56 MPa
0.5 — o=111 MPa
—— =223 MPa
o
< 0.0 f—
= 4000,
aono: :
-0.5 - = .
2000
1000:6 T i 200
-1.0 - a(MPa)

800 -600 -400 200 O 200 400 600 800

H (A/m)

Fig. 5. Effect of applied stress on hysteresis loops of studied microwires. The in-
fluence of applied stress on magnetic susceptibility is shown in the inset.
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has previously studied experimentally [4,48]. A change in the hystere-
sis loops consisting in increase in the magnetic anisotropy field, H,
upon tensile or internal stress increasing was reported. A change in hys-
teresis loops has been reported, consisting of an increase in the mag-
netic anisotropy field, Hy, with an increase in applied tensile stress, o, or
internal stress, o;. In the case of the studied microwire we observed the
same tendency (see Fig. 5). The origin of such H;(s) and H,(s;) depen-
dencies was recently discussed in terms of relationship between the A
and Hj [48]. Such relationship between the A, and H;, is given as [49]:

s = uoMg (H, /30) %)

where p,M; is the saturation magnetization.

On the other hand, the A, —values of amorphous materials with low
and vanishing 4, —values is affected by the applied stresses, o, [49]. Such
A4(c) dependence is described as [48,49]:

456 = Aso = Bo ©)

being 4, -the magnetostriction coefficient under stress, 4s0- the zero-
stress magnetostriction constant and B is a positive coefficient of order
1071 MPa. Accordingly, the 1,(c) dependence originates a further A
decrease in Co-rich microwires and, hence, an increase in H; with ¢ in-
creasing (as predicted from eq. (5)) [48].

The observed S,,(c) dependence at microwave frequencies is poten-
tially suitable for exciting applications in structural integrity and health
monitoring related to wireless stresses monitoring and integrity in civil
engineering, aircraft, automobile and construction industries. The pos-
sibility of wireless stresses and damage monitoring at reasonable cost is
critical for the fundamental structural health monitoring and the con-
trol of the manufacturing and construction processes [54].

The obtained results show a high sensitivity of the reflection coeffi-
cient S,, to the applied stresses up to 0.2 dB/MPa in the applied stresses
range from 0 to 200 MPa.

4. Conclusions

We experimentally demonstrated the influence of applied stress on
Reflection coefficient (S,, parameter) of Co-rich glass-coated ferromag-
netic microwire measured using free space microwave spectroscopy.
Studied Co-rich microwire with vanishing magnetostriction coefficient
presents high Giant magnetoimpedance, GM], effect associated with ex-
cellent soft magnetic properties. Tensile stress was applied through the
mechanical load, attached to the single Co-rich microwire sample in-
side the anechoic chamber and the S,, parameter was measured at
2.45 GHz. Upon tensile stress (up to 225 MPa) we observed substantial
change in the S,, parameter on 40 dB (100 times): from —50 to —90 dB.
This effect correlated with the influence of applied stress on hysteresis
loops. We experimentally observed an increase in the magnetic
anisotropy field and a decrease in the magnetic susceptibility upon ap-
plied tensile stress in studied microwires. The experimentally discov-
ered remarkable dependence of the reflection coefficient on applied
stress opens up possibilities for contactless monitoring of stresses and
damages in smart composites through magnetic microwires inclusions.
Observed dependencies are discussed in terms of stress dependence of
the magnetic susceptibility and stress dependence of the magnetostric-
tion coefficient.
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