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Abstract: - We report on in-situ studies of the transmission parameter during the polymerization of the polymer
containing magnetic microwire inclusions obtained using free space microwave spectroscopy. A substantial
change in the transmission parameter in the range of 4-7 GHz is observed during the matrix polymerization. The
observed dependencies are discussed considering the heating and matrix shrinkage during the polymerization
process of the thermoset matrix on magnetic properties of glass-coated microwires. The observed experimental
data can be used in numerous applications as a new method of non-destructive and contactless composites
monitoring using glass-coated amorphous microwire inclusions with magnetic properties sensitive to applied
stress and temperature.
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1 Introduction New applications of amorphous materials require

An unusual combination of physical properties
such as high magnetic permeability, giant
magnetoimpedance, GMI, effect, magnetic
bistability, Matteucci or Widemann effects, ) and
excellent  mechanical  properties  (plasticity,
flexibility, high tensile yield strength) and increased
corrosion resistance makes amorphous wires suitable
for numerous technological applications [1,2]. In
addition, the fabrication technique of amorphous
wires, essentially consisting of rapid quenching from
the melt, is rather fast and inexpensive. Therefore, the
aforementioned magnetic properties can be achieved
without any sophisticated post-processing [1,3].
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new functionalities, such as size reduction, increased
corrosion resistance or biocompatibility [1].
Accordingly, low dimensional amorphous materials
prepared using melt quenching have been intensively
studied during last years [1-3]. Glass-coated
microwires with diameters, d, (0.5< d <100 um)
fabricated by the Taylor-Ulitovsky method are
recognized among the most promising modern
functional magnetic materials [3-5]. Such microwires
with amorphous structure and appropriate chemical
composition usually present excellent soft magnetic
properties. Additionally, the amorphous thin (usually
below 10 um) glass-coating is insulating,
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biocompatible and flexible. These features improve
corrosion resistance and mechanical properties, and
hence substantially extend the range of potential
applications of such microwires. The magnetic
properties of such microwires are rather sensitive to
external stimuli, such as applied stress or temperature
[3]. One of the promising applications of such
microwires is the use of such microwires as
inclusions in composite materials. Recently
developed free space microwave spectroscopy of
such composites with wire inclusions is suitable for
contactless monitoring of smart composites [4].

This paper presents our latest results on in/situ
evaluation of the stresses and heating arising during
the matrix polymerization in fiber reinforced
composites, FRCs, containing inclusions of
amorphous Co-rich microwires.

2 Materials and Experimental
techniques
We have studied the glass-coated

Cogs.4Fe38Ni1B138Si13M01 35C1 65 with metallic
nucleus diameter, d=18.8 pum, and total diameter,
D=22.2 um with vanishing magnetostriction
coefficients, As. The studied microwires have been
manufactured using the Taylor-Ulitovsky technique,
as previously described in details [3,5,6]. The
composition of studied Co-rich microwires is
selected considering vanishing As (As = -107) [7].

The induction method was used to measure axial
hysteresis loops. The experimental setup was
designed to characterize thin soft magnetic
microwires with reduced diameters [8]. The
magnetization is represented as normalized
magnetization, M/M,. The GMI ratio, AZ/Z, was
obtained from the dependence of the sample
impedance, Z, on magnetic field, H. Z-values were
evaluated using a vector network analyzer from the
reflection coefficient, Si;, as previously described
[9].

The AZ/Z is obtained from [8-10]:

AZ/Z:[Z(['])-Z(HmaX )]/Z(Hmax)loo (1)
being Hmax —the maximum DC magnetic
field, applied by the solenoid.

Studied microwires present good magnetic
softness with coercivity, Hc, of about 10 A/m, high
giant magnetoimpedance effect (maximum AZ/Z-
ratio above 100%) (see Fig.la,b). Such hysteresis
loops were measured under effect of tensile applied
stresses and during the resin polymerization. A
shrinkage of about 8.2 % occurs during the resin
polymerization. However, apart of the matrix

-ISSN: 2945-0519

Valentina Zhukova, Paula Corte-Ledn,
Alexandra Allue, Koldo Gondra, Arcady Zhukov

(a)
S
N 50
N
<
0 4
-10 0 10
H (kA/m)
11(b)
s
s
_l g
-600 300 0 300 600
H (A/m)

Fig. 1. AZ/Z(H) dependence measured at
300 MHz (a) and hysteresis loop (b) of
studied microwire.

shrinkage considerable heating up to 80 °C takes
place.

The free space measurements have been
performed using the free space microwave
spectroscopy. The experimental setup consists a
vector network analyzer and two broadband horn
antennas fixed at the anechoic chamber [11].

3 Experimental Results and

Discussion

In order to evaluate the effect of the matrix
shrinkage, we measured the influence of applied
tensile stress on the hysteresis loops of studied
samples and the effect of the resin polymerization on
hysteresis loops (see Fig. 2). The hysteresis loops
maintain their linear shape under applied tensile
stress. While, during the polymerization of the resin,
a different behavior of the in hysteresis loops of the
microwires embedded in the resin was observed.
Thus, at the beginning of polymerization (low
polymerization time, t) the hysteresis loops retain the
linear shape. This behavior of the hysteresis loops is
quite similar to the behavior of the individual wires
under effect of tensile stress (see Fig.2b). However,
with t increasing, the hysteresis loops take an almost
rectangular shape. This behavior is the opposite to the
stress effect observed in Fig. 2a for individual
microwire. Therefore, we must assume the matrix
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shrinkage effect that create the compressive stresses
and effect of heating affecting the hysteresis loops.
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Fig. 2. Effect of applied stress on hysteresis loops
of studied microwires (a), and evolution of the
hysteresis loops of the microwires embedded in
the thermoset resin during its polymerization (b).
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Using the free space setup, we measured the
transmission, T, parameter of the thermoset matrix
with studied Co-rich glass-coated microwires
embedded during the polymerization. As shown in
Fig. 3, substantial change in the T-parameter at
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Fig. 3. The Transmission, T, parameter
measured using free-space system during
the composite polymerization.
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frequencies, f, between 4 and 7 GHz during thermoset
matrix polymerization is observed. The observed
changes in the T-parameter during polymerization are
non-monotonic (Fig. 3).

Observed changes of electromagnetic properties
must be attributed to two main phenomena arising
during the resin polymerization: heating and matrix
shrinkage.

Eventually the same technique can be used in
many industries, such as civil engineering , car or
aircraft industries for real life contactless and non-
destructive stresses and temperature monitoring,

4 Conclusion

We studied in-situ the effect of matrix
polymerization on the transmission parameters
evolution in composites with inclusions of
ferromagnetic microwires. We observed a significant
change in the parameter T (at frequencies between 4
and 7 GHz) during polymerization of the composite
using the free space microwave spectroscopy. The
observed experimental results are attributed to the
shrinkage of the matrix and heating during
polymerization. Such changes correlate with the
matrix polymerization on the hysteresis loops of
magnetic microwires.
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