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Abstract
The paper analyzes technological aspects of the Taylor-Ulitovsky method used to produce microwires of various structures.

Natural ferromagnetic resonance (NFMR) in cast glass-coated amorphous magnetic micro- and nanowires was theoretically
and experimentally studied. The NFMR phenomenon is due to the large residual stresses appearing in the core of the
microwire during the casting process. These stresses, along with magnetostriction, determine magnetoelastic anisotropy.
Besides residual stresses, the NFMR frequency is influenced by externally applied stresses on the microwire or the composite
containing the so-called stress effect (SE).

The dependence of the NFMR frequency on the deformation of microwires and the external stresses on them is proposed
to be used for remote diagnostics in medicine.
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1. Introduction

The purpose of this work is to draw attention
to the possibility of solving a number of
technological problems associated with the
application of micro- and nanowires.

One such problem may be related to increasing
the mechanical toughness of windows in
industrial and residential buildings. Another
problem is associated with electromagnetic
shielding. Both problems are related to protection
against terrorist attacks, since terrorists use
concentrated electromagnetic pulses to destroy
computers or other electronic equipment.

These problems canbe solved by manufacturing
window glasses reinforced with cast glass-coated
amorphous micro- and nanowires (GCAMNW)
with a special composition and structure, which,
on the one hand, increase their tensile strength
during mechanical destruction, and on the other
hand, are responsible for properties shielding
them against electromagnetic radiation.

The proposed ideas are related to the
technology of production of cast glass-coated
amorphous micro- and nanowires. The technology
for the production of cast glass-coated amorphous
micro- and nanowires (GCAMNW) by the Taylor-
Ulitovsky method is presented, for example, in
[1-4] (see below). The phenomenon of natural
ferromagnetic resonance (NFMR) for cast glass-
coated micro- and nanowires with a magnetic
core (GCAMNW) has been studied by many teams
of researchers (the main results are presented in
[3-7)).

Recently, the NFMR has attracted some
interest in terms of using them for the remote
contactless diagnostics of deformations [7]. This is
possible due to the stress effect (SE) in the NFMR.
SE leads to a change in the NFMR frequency
during the deformation of the controlled object
and, accordingly, the mechanically connected
magnetic core in GCAMNW. The change in the
NFMR frequency can be detected with a radar
at frequencies near the NFMR which detects the
reflected high-frequency signal and its deviations
from the original value [7]. The remote testing
proposed in this paper will allow monitoring
these deformations and stresses.

In [7], we assumed that the controlled objects
can include infrastructure facilities, namely:
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bridges, dams, levees, wind generator towers,
high-rise buildings, pipes of thermal power
stations, embankments, etc. The diagnostics can
also be applied to moving objects: automobiles,
airplanes, drones, missiles, etc., which can be at
risk of destruction caused by natural, man-made,
or technological disasters (including repeated or
long-term effects of stresses and deformations).
We have conducted a number of detailed studies
dedicated to this topic, namely, the possibility
of implementing the proposed control method.
For example, SEs have been analyzed in terms
of their practical application (according to [7])
in medicine. The changes in the frequency
of natural ferromagnetic resonance (NFMR)
have also been studied. They were detected
with a radar by changes in the absorption of
an electromagnetic wave by an object with
GCAMNW. These effects were due to applied
external mechanical stresses. The absorption
of composite materials in the form of screens
with built-in segments of GCAMNW have been
experimentally investigated. Theoretical studies
have also been carried out, which have shown
that a significant proportion of the absorption
can also be due to geometric resonance [3,
4, 7-10]. The greatest effect is expected for
nanowires with a core radius comparable with
the thickness of the skin layer.

Scientific literature presents the results
of simultaneous research of the use of giant
magnetic impedance (GMI) to measure such SEs
(see, for example [8]). However, the use of the
GMI effect does not seem to be technological
(this issue has already been covered in [7]) and
will not be considered in this paper. It should be
noted that the influence of SEs on GMI has also
been studied in [9].

The method proposed in this article is
valuable due to its simplicity (see below). The
microwire, if used to diagnose stresses within
the skeletal system, must be placed inside the
tested object. Microwave scanning and signal
analysis of the receiving device (radar) will allow
detecting the stresses and deformations of a
skeletal object. To avoid exposing the entire body
to microwave radiation, GCAMNW can be used in
radio-absorbing materials which shield the rest
of the body.
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2. Technology of microwave production

It is known that GCAMNW is produced by
a modified Taylor-Ulitovsky method (see [1-
4]). In other words, to manufacture GCAMNW, a
metal alloy (in the form of a thin bar) is placed
in a glass tube. Due to the fact that it is heated
in a high-frequency inductor to the glass melting
and then metal melting temperatures (see Fig.
1), the part of the glass tube adjacent to the
molten metal softens and envelops the metal
droplet. The capillary, which is filled with a
liquid alloy metal, is drawn out of the droplet.
The metal forms the core of the microwire, and
the walls of the capillary, made of silicate glass,
form its glass coating (which often serves as
insulation). Depending on the composition of
the metal droplet (which is in the molten state
and is located in a silicate glass microbath) and
on the GCAMNW casting speed, the structure of
the micro- and nanowire core can be mono- or
polycrystalline, amorphous, or nanocrystalline
(importantly, these structures can be combined
in the core).

In [3], a formula was derived for the radius of
the microwire, R_(the outer radius of the glass
coating), which was determined by the formula:
R ~An**V sl (1)
where k is a parameter which depends on the
casting speed (0 < k <1); A~1/p, p is the average
density of the microwire; V, is the casting speed;
o, is the surface tension; and n is the dynamic
viscosity of the glass:

n ~n,exp{AH/RT + c[exp(e/RT)-1]},

where € ~ 2-10 kJ/mol, AH ~ 10% kJ/mol, R is the
universal gas constant, 1, is the initial glass
viscosity, and ¢ (¢ ~ 0.4-0.9) is material constants.

Formula (1) is characterized by the following
asymptotic behavior.

1. If the value of the speed of pulling the
microwire is extremely small, the value R is large,
therefore, the formula:

RC ~ nS/ZV;/SGSZ/Sa (1a)
where k=1/3.

2.1f the casting speed is high enough, R_is:
R ~nV, (1c)
where k = 2/3.

2023;25(4): 581-586

Natural ferromagnetic resonance in microwires and its applications

.. TEIIN

\:@.

Fig. 1. The process of microwire casting: I —glass tube;
2 — metal droplet; 3 — inductor; 4 — water; 5 -
glass-coated microwire; 6 — rotating receiver coil

2. Within limits of extremely high casting
speed, at k — 1, we obtain:

R ~nV, (1c)
These formulas have been confirmed by
experiment.

Here is the simplest solution to the problem
of calculating residual stresses (on the surface
between silicate glass and metal) for GCAMNW,
which has already been considered, for example,

in [3]. The formulas for the radial ¢, ,, tangential

G0 and axial o, stress components have the
form of [3]:
kx
S,0) = %0 =P =0, k 4’
( + 1) X+
3
(k+1)x+2
O = ol 2)
2
X= (ﬁj -1,
Rm

o, =¢E,e=(o, —a,)(T*-T)=5-10", o is ther-
mal expansion coefficients (TEC) of metal (i=1)
and glass (i = 2); T*is the solidification tempera-
ture of the composite in the metal/glass contact
region (T* ~ 800-1000 K); T is temperature at
which the experiment is carried out; R_is radius
of the metal core of the microwire (d_= 2R ); and
R_is the outer radius of the glass coating of the
microwire (D= 2R ):
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E
k=—2~(0.3+0.5),
E ( )

1
E is Young’s moduli (metal (i = 1) and glass (i = 2)).
To simplify the above formulas, Poisson’s
ratios for glass and metal are taken ~ 1/3.
According to (1), the highest stress is the
longitudinal stress:

~ (2+3)P,

z(O)
i.e.:

GZ(O) > Gr,cp(O)’

and the maximum value of P is defined as:
P —0.5¢6 ~10° Pa.

With additional longitudinal strain, that
occurs when the microwire is embedded in a
solid matrix, which also deforms under external
influence, the following term is added to the
expression for residual axial tension in the metal
core:

PO

TS kx +1)’ 2:3)
where P, is the force applied to the composite
and, accordingly, to the core of the microwire;
S =mR? is the cross-sectional area of the core of
the microwire; k is the ratio of the Young’s mo-
dulus of the coating to the Young’s modulus of
the microwire; and x is the ratio of the area of the
coating to the area of the microwire (see (1).
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We also give the formulas for stresses inside
the metal (they are presented in [3]):

2

o, ~P’£1—b—J
-
[, b

o, zPl(1+r—12J,

P
where P/~———L1—— =P =P,

—(bl /Rm)Z 1

These formulas have been confirmed
experimentally.

(2b)

3. Prerequisites to using high-frequency
properties of the microwire

The theory of NFMR is presented in [3-7].
For a ferromagnetic metal cylinder (with a small
radius R ) located in GCAMNW, the depth of the
skin layer is determined by:

~ [o(upy) 2,172 ~ 8,(W), 2, (3)

where (up,), is the effective high-frequency mag-
netic permeability, and X, is the electrical con-
ductivity of the microwire, and ® is microwave
frequency.

In the case of GCAMNW, the relative high-
frequency magnetic permeability can reach
a value of ~ 10° in the frequency range of
~ 9-10 GHz; in this case, the depth of the skin
layer decreases to 1-2 pm.

0 No tensule stress L™

Elastlc tensile stress is applied

10 1

Frequency, GHz

Fig. 2. 1 — average absorption characteristics of a shielding containing a microwire exhibiting NFMR at micro-

wave frequencies ranging from 10-12 GHz for Fe
absorption curve in case of external pressure

684

584

Si,,Mn, (R ~5pm, x ~ 5) microwires; 2 - hypothetical

16



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

S.A. Baranov

Itis known (see [3-5]) thatif R >3, the general
expression for the frequency of ferromagnetic
resonance (FMR or NFMR) o is:

(o/y)? = (Hk + 4nM)-HK, (3a)

where M_ is the saturation magnetization and y
is the gyromagnetic ratio [3, 7]. The value of ani-
sotropy is determined as Hk ~3 Ao/M_, where A is
the magnetostriction constant and ¢ is the effec-
tive mechanical stress in the GCAMNW metal
core.

For the FMR and NFMR frequencies, the
following can be obtained:

b
©(GHz) = o, [ﬂ + G—j , @)
04x+1 o,
1
where ©,(GHz)~1.510° A)A .

Therefore, a change in the geometric
parameters of GCAMNW, the applied
external stress and, most importantly, due to
magnetostriction, makes it possible to overlap the
frequency range from 1 to 12 GHz, which creates
prerequisites for using GCAMNW for the purposes
proposed above.

4. Conclusions

The article presents the main results of
the theory and the experiment related to the
production of cast glass-coated microwires. The
method of continuous casting of glass-coated
microwires (Taylor-Ulitovsky method) has some
limitations determined by the physical properties
of metal and glass. The range of casting operating
temperatures is specific for a given metal alloy
composition and a certain type of glass, i.e. for
each pair, metal alloy - glass.

We presented simple analytical expressions
for residual stresses in the metal core of the
microwire, which clearly show their dependence
on the ratio of the radius of the microwire to
the radius of the metal core and on the ratio of
Young’s moduli of glass and metal (see formulas
(1) and (2)). Theoretical modeling based on the
theory of thermoelastic relaxation shows that
the residual stresses increase from the axis of
the microwire to the surface of its metal core,
which is in accordance with the previously
obtained experimental data. Therefore, when
cast microwires are manufactured by the Taylor—
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Ulitovsky method, the residual stresses reach the
maximum values on the surface of the metal core.

These cast microwires are characterized
by the presence of residual stresses which
appear because of the difference in the thermal
expansion coefficients of the metal alloy and
the glass coating. This feature is the main
factor determining the physical properties of
such microwires, in particular, their magnetic
properties.

For GCAMNW, the NFMR frequency depends on
residual stresses and applied external mechanical
stresses. The NFMR phenomenon, which we
discovered in GCAMNW [3, 7], allows creating
new materials that work in the microwave region
with a wide frequency range. NFMR in GCAMNW
is characterized by an important property, stress
effect (SE). This SE can be used for the remote
contactless diagnostics of deformations in
objects. These objects can be periodically scanned
with a floating-frequency radar to determine the
deviation of the initial NFMR frequency. In this
way, it is possible to track potentially dangerous
deformations and stresses in any studied object.

We also considered the application of
microwires in composites to improve their
absorption characteristics of shielding.
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