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Abstract—In this work, we provide recent experimental results
on free space microwave measurements of composites with
ferromagnetic microwires inclusions. We observed that both
hysteresis loops and the Si2 parameter in the frequency range
2-4 GHz are affected by applied stress. Such stress sensitivity
of studied composites is potentially suitable for contactless
stress monitoring in civil engineering or in aircraft industry.
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. INTRODUCTION

Amorphous soft magnetic wires, prepared by rapid melt
quenching, are useful for numerous industrial applications,
such as magnetic and magnetoelastic sensors [1]-[6].
Recently, great attention has been paid to the development
of amorphous materials at micro-nano scale involving melt
quenching with improved biocompatibility, corrosion and
mechanical properties [7][8]. Glass-coated amorphous
microwires prepared by the Taylor-Ulitovsky technique
present a unique combination of physical properties: such
magnetic microwires have extended diameters range
(between 0.2 and 100 um), covered with thin, insulating,
biocompatible and flexible glass-coating and can present
excellent mechanical and magnetic properties [7]-[10].

Recently, the stress and temperature dependence of
hysteresis loops and Giant Magnetoimpedance (GMI) effect
are proposed for the mechanical stresses monitoring in Fiber
Reinforced Composites (FRC) with microwires inclusions
and magnetoelastic sensors [11]- [14]. In particular, it was
previously shown that the microwave response of a wire
medium is affected by modifying the magnetic properties
with external stimuli (magnetic field, stress, temperature).
The aforementioned physical mechanism is based on a
combination of the dispersion properties of the wire medium
and the GMI effect [15]. The main advantage of this method
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is that it allows for contactless monitoring of external stimuli,
like stress or temperature.

In this paper, we present our latest results on studies of
magnetic properties of glass-coated Co-rich microwires and
on wireless health monitoring of composites containing both
carbon fibers and ferromagnetic glass-coated microwires.

This paper is organized as follows. In Section 2, the
experimental methods are described. Section 3 deals with
experimental results on free space microwave measurements
of composites containing ferromagnetic glass-coated
microwires. Finally, we conclude the paper in Section 4.

Il.  EXPERIMENTAL SYSTEM DETAILS

For the magnetic wire inclusions, we selected amorphous
Cogs.6FesB16Si11Crs4 glass-coated microwires with metallic
nucleus diameters, d, of about 38 um and a total diameter, D,
of about 45 um manufactured by the aforementioned Taylor-
Ulitovsky method. Recently, a high GMI effect with a GMI
ratio above 700% has been reported in similar Co-rich
microwires [16]. The morphology of studied microwires has
been evaluated using Carl Zeiss -Axio Scope Al microscope.
As can be observed from Figure 1a, the studied microwire
presents perfectly cylindrical geometry of the metallic
nucleus and rather uniform glass-coating. The amorphous
structure of the studied sample has been confirmed by a broad
halo in the X-ray spectra obtained using X-ray diffraction (see
Figure 1b). Typically, the crystallization of amorphous
microwires was observed at Tann > 500 °C [10].

Magnetic hysteresis loops of studied microwires have been
measured using the fluxmetric method, previously described
in detail elsewhere [17]. The hysteresis loops were
represented as the dependence of normalized magnetization,
M/Mg (where M is the magnetic moment at a given magnetic
field and Mo is the magnetic moment of the sample at the
maximum magnetic field amplitude almost at magnetic
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Figure 1. Image obtained using optical microscope (a) and XRD
pattern (b) of studied sample.

saturation) versus the magnetic field, H. Such format of
hysteresis loops allows better comparison of microwires with
different chemical composition and diameters. The
homogeneous axial magnetic field was produced by a long
solenoid (about 1 cm in diameter and 12 cm in length). All
the measurements were performed at low magnetic field
frequencies (100 Hz).

The composites containing ferromagnetic glass-coated
microwires embedded in  polymeric matrix  were
manufactured at Gaiker facilities. The detailed description on
fabrication of composites is provided elsewhere [18]. An
epoxy system was used to manufacture the polymeric matrix:
SICOMIN SR Infugreen 810 resin catalyzed with SICOMIN
SD 8822.

The sample impedance, Z, in extended frequency range has
been evaluated using the micro-strip sample holder from the
reflection coefficient, Si1, obtained using Vector Network
Analyzer (VNA), as previously described [19]. Such micro-
strip holder with samples has been placed inside a long
solenoid generating a homogeneous magnetic field, H. The
experimental facility allows to measure the GMI effect up to
GHz frequencies, f. The GMI ratio, AZ/Z, is obtained from
Z(H) dependence as:

AZIZ = [Z(H) - Z(Hmna) 1/Z(Himax), 1)
where H and Hmax are given and maximum applied fields,
respectively.

For wireless measurements, we used the free space
measurement setup (see Figure 2) consisting of two
broadband horn antennas (1< f <17 GHz) fixed to the
anechoic chamber and a vector network analyzer, previously
employed for the characterization of the composites with
magnetic wire inclusions [11][15]. Such setup allows to
characterize the composite of 20 x 20 cm? As recently
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Figure 2. Sketch of the free-space setup.

described, applied magnetic modulation field during the
microwave scattering measurements allows to separate the
signal from magnetic microwires inclusions from the signal
originated by the conductive matrix [20]. The magnetic field
is produced by the planar magnetic coil. The mechanical load
attached to the composite produced the tensile mechanical
stress. We used an universal tension machine (SERVOSIS)
allowing to apply tensile stress, augmenting the applied load
by increments of 1 kN and simultaneously measuring S
parameters [18]. As previously described [18], tensile stress is
applied in a vertical way, both microwires and polarization
direction of the antennas were oriented in that way.

The hysteresis loop of studied microwires is provided in
Figure 3. As observed from Figure 3, the studied microwire
shows good magnetic softness: a coercivity, H¢, of about
20 A/m and a magnetic anisotropy field, Hy, of about
150 A/ m.

Figure 4 shows the results on GMI effect of the studied
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Figure 3. Hysteresis loop of studied sample
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microwire. As evidenced from Figure 4, the studied
microwire presents a high GMI effect with maximum Az/Z,
AZIZy, of slightly above 200 % at frequencies of about 100-
150 MHz. Such H¢, Hy, and AZ/Zy, -values are typical for
Co-rich microwires with vanishing magnetostriction
coefficients [7] [10] [17].
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Figure 4. 4Z/Z (H) dependencies of studied sample measured
at different f.
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As reported elsewhere [14] [21], magnetic properties and
GMI effect of amorphous Co-rich microwires are
substantially affected by applied stress and by heating.
Therefore, we expect that utilizing magnetic microwires
inclusions in carbon fiber composites can be suitable for
stress and/or temperature monitoring.

As can be observed from Figure 5, the composites with
these microwires in glass composites revealed that the Si»
parameter is sensitive to applied force, Fa: there is a clear
difference in the Si» parameter in the frequency range 2-4
GHz measured at Fa = 1 kN and Fa = 5 kN, due to the stress
dependence of the impedance of the magnetic microwire.
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Figure 5. Effect of applied force on S, (transmission) measured
in the frequency range from 2 to 5 GHz.

The aforementioned experimental results provide the
routes for development of tunable composites with
magnetically soft amorphous glass-coated microwires
inclusions sensitive to applied stresses.

It must be noted that, in the case of the composites with
the carbon fibers and magnetically soft amorphous glass-
coated microwires inclusions, the use of a low frequency
modulating magnetic field is required to distinguish the
microwave signals originated by ferromagnetic microwires
inclusions from that generated by the carbon fibers [18].
The use of magnetic microwires inclusions in composite
materials is potentially suitable for contactless stress
monitoring in civil engineering or in aircraft industry.

I\VV. CONCLUSIONS AND FUTURE WORK

We have explored the feasibility of developing
composites with  glass-coated magnetic microwires
inclusions using the free space microwave spectroscopy for
stresses monitoring. For the preparation of such composites,
we selected Co-rich microwires with good magnetic
softness and high GMI effect. We experimentally observed
that the Si» parameter is sensitive to applied force in the
frequency range 2-4 GHz. The observed sensitivity of such
composites with microwire inclusions is potentially suitable
for contactless stress monitoring in civil engineering or in
aircraft industry. Future studies of the temperature on Sy,
parameter might be helpful for potential applications.
Developing a portable reader is one of the next steps
towards real applications.
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