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Abstract— Ferromagnetic amorphous microwires exhibit
magnetic properties, as well as Giant magneto-Impedance
(GMI) which are sensitive to external stimuli, such as stress or
heating, making them suitable for the development of various
sensors. On the other hand, the use of Taylor-Ulitovsky
fabrication technique allows to produce such microwires
covered with insulating flexible glass coating and with the widest
range of diameters (from 0.1 to 100 pm). We provide
experimental results on dependencies of the hysteresis loops and
GMI effect of glass-coated microwires on external stimuli. The
obtained results are considered as a base for a novel sensing
technique allowing non-destructive and non-contact monitoring
utilizing ferromagnetic glass-coated microwire for various
applications, such as transportation (aircraft, automobile and
railroad sectors).

Keywords - giant magnetoimpedance effect; magnetic microwires;
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I. INTRODUCTION

Amorphous magnetic materials, discovered in 60-s,
commonly present an unusual combination of excellent
magnetic properties (e.g., high magnetic permeability, giant
magnetoimpedance, GMI, effect, magnetic Dbistability,
Matteucci and Widemann effects) together with superior
mechanical properties (plasticity, flexibility) [1]-[S]. Such
combination of physical properties makes them attractive for
various technological applications [6]-[8]. Enhanced
magnetic softness of amorphous materials is linked to the
disordered structure characterized by the absence of the
magnetocrystalline anisotropy and defects (dislocations,
grain boundaries, etc.) typical for conventional crystalline
magnets [1]-[5]. The manufacturing techniques of different
types of amorphous materials involves rapid melt quenching
[1]-[4]. Such fabrication techniques are generally quite fast
and not expensive, allowing preparation of soft magnetic
materials without any complex post-processing treatments
[1]-[4].

For many applications, especially in the transport
(automotive or aviation industries) or medicine, new features
such as reduced size, increased corrosion resistance or
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biocompatibility are in high demand. Therefore, much
attention is paid to the development of alternative
manufacturing methods that allow obtaining amorphous
materials with insulating coatings at the micro- and nanoscale
using rapid quenching of the melt [6]-[8].

Glass-coated microwires fabricated by the Taylor-
Ulitovsky method meet most of the above-mentioned
requirements: such magnetic microwires have micro-
nanometer diameters (typically 0.1-100 um), they are
covered with a thin, insulating, biocompatible and flexible
glass coating [7]-[11], and can have excellent magnetic
softness, high GMI effect or magnetic bistability [9]-[11].

This combination of properties of glass-coated
amorphous microwires allows for development of new
technological applications, such as magnetic sensors [6]-[9]
[12]-[14] or smart composites with tunable magnetic
permittivity [8][15].

Recently, the stress and temperature dependence of
hysteresis loops and GMI effect are proposed for the
development of smart composites with microwires inclusions
and magnetoelastic sensors or using magnetoelastic sensors
based on stress dependence of various magnetic properties
[12]-[19].

In this work, we provide our results on study of the
influence of stresses and temperature on GMI effect and
magnetic properties of glass-coated microwires paying
attention on applications in transportation industries, such as
aircraft, automobile or railroad sectors.

The rest of the paper is structured as follows. In Section II,
we present the experimental methods, while in Section III we
describe the results on the stress and temperature
dependencies of the hysteresis loops and the GMI effect of the
studied microwires. The article concludes in Section IV.

II.  EXPERIMENTAL DETAILS

We studied Co and Fe-rich glass-coated amorphous
microwires with metallic nucleus diameters, d, between 15
and 40 pm prepared by the aforementioned Taylor-
Ulitovsky method. Briefly, the fabrication method consists
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of melting a metallic alloy ingot inside a glass (typically
Duran or Pyrex) tube using a high-frequency inductor,
forming 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 [9][10].

The hysteresis loops were measured by the fluxmetric
method using a specially designed setup for studying soft
magnetic microwires of reduced diameter [20]. To avoid the
error associated 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 the commonly
AZ/Z definition, as [3][4][7]:

AZ/Z=[Z(H)-Z(Hnax )]/Z(Hnax) 100 €))
where Z is wire impedance, H,ax — is the maximum applied
DC magnetic field (typically below a few kA/m).

Wire impedance, Z, was experimentally measured

reflection coefficient S;; using a vector network analyzer

using the expression:
(1+511)
Z=2 (1-S11) 2)
where Zy=50 Ohm is the characteristic impedance of the
coaxial line. Use of the specially designed sample holder
with coaxial line connections allows to measure Z(H)
dependencies up to GHz frequencies [21].

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 vector network analyzer,
previously used for the composites characterization at free
space [15]. We measured the scattering S»;, parameter. As
recently proposed [18], the AC modulating magnetic field
was applied parallel to the ferromagnetic microwires to
modulate the impedance in the microwire. We use the same
modulation magnetic field frequency, £, of 80 Hz as in our
previous studies [18].

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, £; and E>
respectively, as was described earlier [22]:

g —XP 3)

K- Sm+Sg1

where k= E»/E), P - the applied mechanical load, and S, and
S, are the cross sections of the metallic nucleus and glass
coating respectively.

III. EXPERIMENTAL RESULTS AND DISCUSSION

As expected from previous studies [9], as-prepared Fe—
rich and Co-rich microwires present rather different

hysteresis loops. As shown in Figure 1, Fe-rich
(Fe7sBoSi12C4) microwires present rectangular hysteresis
100pS. While, Co-rich (C065,4Fe3‘8NilB13‘gSi13M01,35C1‘65)
microwires present different kind of hysteresis loop with low
coercivity and high initial permeability. From the hysteresis
loops, we can evaluate the coercivity, H., and the switching
field, H (for the case of rectangular hysteresis loops, see
Figure 1a) and magnetic anisotropy field, H; (for the case of
linear hysteresis loops, Figure 1b). It is worth mentioning that
H., H; and Hy— values are significantly affected by magnetic
field frequency, f, and amplitude, H, [23]. Therefore, all the
measurements have been performed at fixed /(100 Hz) and
H, values.
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Figure 1. Typical rectangular (Fe;5BoSi;,C4 microwire) (a) and linear

(Cogs.4Fe; sNi;B13 8Si13Mo) 35C1 .65 microwire) (b) hysteresis loops of
magnetic microwires illustrating definitions of H,, H; and Hj.

MM,
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We observed that the shape of the hysteresis loops of Co-
rich (Coes.sFessNiiBi13sSi13Mo01.35C1.65) microwires remains
almost the same (linear with low coercivity) when stress is
applied However, an increase in the magnetic anisotropy
field, Hi, can be observed upon tensile stress, o (see Figure
2b). The origin of such linear Hy(o) dependence was recently
discussed in terms of the stress dependence of the
magnetoelastic anisotropy, Kye, given as [24]:

Kpe = 3/2450 4
where A, is the magnetostriction coefficient.

As shown in Figure3a, when the tensile stress is applied
the character of hysteresis loops of Fe-rich (Fe75BoSi2Cs)
microwires does not change, although an increase in H. is
observed. Evaluated H.(0) and H,(c) are shown in Figure3b.
As can be appreciated, both H. and H, present similar
tendency showing increase upon applied stress.

Previously, Hyo) dependence was interpreted
considering that the H; is proportional to the energy required
to form the domain wall, p, involved in the bistable
magnetization process. The domain wall energy linked with
K, and hence with ¢ and then it can be expressed as [25]:

[A(3/2) As (o+0p)]V/?
cosa

Hs oy o« )
where a is the angle between magnetization and axial
direction, A4 is the exchange energy constant, and o, is the
residual tensile stress. Consequently, H; must be proportional
to ¢'? for o larger than o} and cos a ~1.
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Figure 2. Effect of applied stress on hysteresis loops (a) Hi(o)
dependence (b) and X(G') (C) of Cogs.4Fes sNi|Bi35S113Mo0; 35C 65
microwires.

The experimentally observed H(o)and
H.(c) dependencies better fits to H, ~o*7* and H, ~0"8 (see
Figure 3b). Qualitatively, a fairly good agreement is observed
between the predicted and experimental Hy(o)and
H.(o) dependencies.

The observed difference in predicted and experimentally
observed H.(o) and Hy(o) dependencies must be attributed to
complex internal stresses [26]. Additionally, although the
origin of the switching field, H,, is linked with the domain wall
nucleation or depinning processes, the coercivity, H,, is also
affected by the velocity of the propagating domain wall [23].

Influence of temperature on hysteresis loops of Fe-rich
and Co-rich microwire is shown in Figure 4. It is remarkable
that upon heating the hysteresis loops of Fe-rich microwires
become essentially non-rectangular. Rectangular hysteresis
loop transforms into inclined upon heating (with an increase
in T). The opposite tendency is observed for Co-rich
microwires: upon heating the hysteresis loops becomes
almost rectangular (see Figure 4b).

Accordingly, the GMI effect is also affected
substantially by temperature (see Figure 5). An increase in
AZ/Z—value is observed for Fe-rich microwire being most
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Figure 3. Effect of applied stresses on hysteresis loops (a) and H.(c) and
Hy(0) dependencies (b) of Fe;sBoSi;,C,s microwires. The experimental
H(o) and H.(o)dependencies are compared with fitting considering H.(¢
=0)=97 A/m and H(c =0) =61 A/m.
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Figure 4. Hysteresis loops of Fe-rich (a) and Co-rich (b) microwire
measured at different T.

remarkable at T= 300 °C: Maximum GMI ratio, AZ/Zy.x =
120% is recorded at T=300 °C (100 MHz) (Figure 5a). While
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Figure 5. 4Z/Z(H) dependencies of Fe-rich (a)and Co-
rich (b) microwires measured at 50 MHz at various
temperatures.
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Figure 6. Frequency Spectrum of S22 module (a) and effect of
applied stress on amplitude of the 15" harmonic (fundamental,
80 Hz) of S2; at different o-values (b).

in Co-rich microwire the opposite tendency (a decrease in
AZ/Znax upon heating) is observed (see Figure 5b).

As described above, we measured the influence of
applied stress, o, on microwave signal of single microwire. A
low frequency AC magnetic field (80 Hz) was applied by a
planar coil placed inside the anechoic chamber. Using the
VNA we measured the S>; parameters at 2.45 GHz at
different o -values. The Sz, (0) dependence is provided in
Figure 6a. A substantial decay of the S», parameter measured
at 2.45 GHZ is observed (see Figure 6a). The dependence of
S>> on g, evaluated from Figure 6a, is provided in Figure 6b.
From Figure 6b is evident that upon the applied stress from 0
to 225 MPa, S», changes on 40 dB (100 times) from -50 to -
90 dB.

The observed substantial S>x(c) dependence can be
explained considering the y(s) dependence provided in
Figure2c.

The observed dependencies of magnetic properties,
GMI effect and even S, at microwave frequencies are
potentially suitable for exciting applications in structural
integrity and health monitoring related to wireless stresses
monitoring and integrity in civil engineering, aircraft and
automobile industries.

Certainly, contactless stress monitoring in carbon fiber
composite materials for the aircraft industry is vital to the
safety of modern aircrafts. In these applications glass-coated
microwires inclusions with high GMI effect embedded in
composites with enhanced corrosion resistance and
mechanical properties are responsible for remote stresses or
temperature monitoring in aircraft and car industries [18][27].

The peculiarity of the composites used for aircraft
industry is the presence of the carbon fibers making such
composites conductive. Therefore, further developments
were needed to separate the microwave response of magnetic
microwires from that of conductive carbon fibres. Recently,
this problem has been successfully solved using a low
frequency modulated magnetic field [18]. For such
applications, high GMI effect and high stress sensitivity of
the microwave response of magnetic microwires are
essentially relevant.

The main advantage of the microwave stress and
temperature monitoring (using S- parameters) is the possibility
of contactless measurements at large distance to the microwire
[8][27][28]. Additionally, the changes in S>,- parameter are
rather large (see Figure 6). In contrast, changes in H. and H;
are smaller (see Figure 3). Additionally, the distance to such
magnetically bistable microwire is usually limited to a few
cm [29]. However, the low frequency measurements (such as
dependence of coercivity on external stimuli) are less
affected by the matrix conductivity.

IV. CONCLUSIONS AND FUTURE WORK

We demonstrated that magnetic properties, GMI
effect and microwave signal produced by ferromagnetic
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microwires are substantially affected by mechanical stress
and heating.

The obtained experimental results yield new and
important insights suitable for development of sensing
technique for non-destructive and non-contact monitoring of
the composites containing embedded microwire inclusions
for aircraft, automobile industries.
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