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The influence of the elastic deformation of the b side of the glass insulation on the state of the metal
core of the microwire was studied. It was shown that the structural state of the microwire core is affected
not only by the processes of nonequilibrium crystallization and heat removal conditions, but also by the
application of stresses to the core from the side of the insulation in the process of drawing the microwire.
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1. Introduction

The creation of new materials with high functional characteristics and methods for their
production is one of the main tasks. The development of modern information, nano- and
biotechnologies depends on its solution. In recent decades, researchers have paid much
attention to materials with an extremely nonequilibrium amorphous structure [1-2]. Modern
methods of quenching from a liquid or vapor state, such as obtaining microwires by rapid
crystallization, laser processing, electrochemical deposition, three-electrode ion-plasma
sputtering, extreme plastic deformation [3-7], have significantly increased the number of
substances obtained in a non-crystalline state. Cast amorphous glass micro- and nanowires
are very interesting materials both from the point of view of theory and from the point of
view of practical application. A simple technology for obtaining cast amorphous glass micro-
and nanowires was first presented in 1924 by G. E. Taylor. This method was significantly
modified by A. V. Ulitovsky in the period 1950-1964. The modified Ulitovsky — Taylor
method allows the production of large batches of such microwires. Interest in cast glass
microwires has increased significantly over the past few years, mainly due to their
technological application as sensor elements in various devices [2,3]. The production of
microwires by the Ulitovsky — Taylor method and the study of their magnetic properties have
been the subject of numerous publications by various research groups [2-4, 8-10]. The main
feature of microwires obtained by the quenching method from the liquid state is the
simultaneous rapid solidification of the glass-coated metal alloy [8-10]. Therefore, other
families of amorphous magnetic wires obtained by the so-called “rotational quenching in
water” or melt extraction methods have distinctive magnetic properties, since their
magnetoelastic anisotropy and magnetic domain structures are different. It is very interesting
to consider the possibilities of the Ulitovsky — Taylor method to produce cast glass
microwires, which can have different microstructures and metal core compositions.

2. Experimental procedure

The crystal structures of the as-cast and melt-quenched (MQ) samples were
characterized by X-ray diffraction (XRD) using a DRON-2.0 diffractometer with Fe K
radiation. The XRD patterns were analyzed using the QualX2 software for qualitative phase
identification [11]. The microhardness was measured using a PMT-3 microhardness tester at
a load of 100 g. The microstructures of the as-cast and MQsamples were revealed by etching
with a solution of hydrochloric (10 ml) and nitric (30 ml) acids for 3-10 s and observed using
a NEOPHOQOT-21 optical microscope.
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3. Results and discussion

If we conditionally accept that the microwire (MW) sample can have zero thickness,
then it could be quenched without deformation at an infinite cooling rate. An increase in the
thickness of the MW vein proportionally increases the hardening deformation; therefore, for a
correct understanding of the processes that take place in MW, it is necessary to study in more
detail the features of deformation in the place of contact between the vein and the glass,
where, due to the difference in the thermal coefficients of their propagation, the highest stress
level is observed. [12-14].

Calculations of stress and deformation at the interface "metal core — glass insulation™ in
the radial direction in MW were carried out by solving Lamé problems [12]:
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where o is the stress at the radius of the MW conductor, E and v are Young's modulus and
Poisson's ratio, ¢ and y equal, respectively, (1+b %/a ?) and (1+a % ¢ ?) for outer layers and
inner layers (Fig. 1), & is the amount of differential compression.

In the case of MD, the coefficients in equation (1) can be written as:
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where Es and E; are elastic moduli of glass and MW cores.
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Fig. 1. To determine the coefficients a, b, c.

In problems of this type, important attention should be paid to the value of differential
compression 6 =a (T, — Ti) where o is temperature expansion coefficient, T, and Ty are
temperatures of the beginning and end of cooling. Since the temperature expansion
coefficients (o) of glass and alloys used in practice are average coefficients in a certain
temperature range, in order to determine the deformations in the MW caused by the formation
of the "glass — core material” junction, it is necessary to determine this total coefficient of
temperature expansion for each temperature in the interval: T, — Tx. The deformation of the
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MW core in the radial direction depends on its radius and, to a large extent, on the thickness
of the insulation. Calculations [4] show that an increase in the thickness of the insulation by 2
microns leads to an increase in the stress on the core by 50...60%. That is, the formation of
the vein structure takes place in a complex field of deformations: primarily due to the tension
of the MW vein in the process of its extraction. The analysis [4] of calculations of MW
deformations shows that in thin MWs, which are drawn at a high speed (> 150 m/min), the
core is subjected to high stress (> 7-10° N), and therefore the latter significantly affects the
final structure of the core.

The method of determining the residual stresses in the surface layer of the material
without destroying the samples used in this work is based on X-ray structural determining
(jointly with Associate Professor of DNU T. I. Anishchenko) the exact period of its lattice.
For this, MW segments were placed on the substrate in parallel rows. The X-ray picture was
recorded in two positions of the sample: parallel and perpendicular to the beam. After
measuring the interplanar distance in the crystals, the voltage was determined both in the
direction and perpendicular to the axis of the MW core.

The elastic deformation in the surface layers of the sample in the direction perpendicular
to the surface of the sample is determined by the formula (2) [15]

¢ = (—Vv/E)-(c1*02) (2)

where o1, 6, are the tangential stresses to the surface of the sample
For further calculations, we will determine that if o1 and o are tensile stresses, then ¢ is
a compression strain (Fig. 2).

Fig. 2. Angular relations between the principal stresses, the measured stress 6,and the coordinate axes x ,
y, z[15].

To determine the deformation, it is necessary to find the value of the change in the
interplanar distances d in the atomic planes parallel to the surface of the sample, since &=
Ad/d, then [15]

o1+02 = ((ENV)(Ad/d) 3)

Experimentally, the task was reduced to the radiographic determination of relative
deformation magnitude at different angles between the surface of the MW and the direction
of the original beam. To determine the effect of insulation on the stress that occurs in the
core, samples were taken with and without glass insulation. In Fig. 3. the profiles of the line
(311) from the MW (core diameter d.= 8 pum , insulation thickness A =4 um) from a
single-phase alloy NigSis (Wt.%) are shown for the mentioned cases, from which it can be
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concluded that the interaction of the core and insulation during the cooling of the MW causes
dynamic stresses in the core, which disappear after the insulation removing (Table 1).
Calculations show that the insulation causes additional stress in the MW core of
approximately € = — 0.0036, which disappear after annealing for 10 min. at 500 °C.
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Fig. 3. X-ray line profiles (311) of MW alloy (wt.9%) Ni 94 Si 6 : @) for a sample without insulation; b)

for a sample with insulation.

Table 1
The position of the line (311) of the MW alloy depending on the shooting conditions (Fe radiation)
State 011 0. 011,0=45° 0.1,0=45°
output with insulation 66.18 66.20 66.29 66.10
output without insulation 66.10 66.19 66.18 66.17
annealed with insulation 66.16 66.18 66.16 66.14
annealed without insulation 66.11 66.19 66.21 66.42

In order to establish the influence of the structure on the stresses that arise in the MW,
X-ray structural studies were also carried out on samples of copper alloys (wt.%): 1 group —
Cu-30Ni-45Si-45Mn;2"group—Cu-30Ni-25Si-25Mn.

The influence of insulation and heat treatment on stress was determined by stress
components o, when the original beam was deflected by an angle v = 30° in the normal

plane.
Stresses of the 1° kind were determined by the formula [15]:
(dw -d)E . ,
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where d, d, are, respectively, interplane distances at angles 90°, 30°.

The annealing mode was chosen so that no structural and phase transformations
occurred during the heat treatment in the MW vein, which structurally consisted only of a
supersaturated copper-based solid solution. The analysis of the data on the 1% kind of stresses
shows that the chemical composition has a significant effect on the stress in the MW vein: for
example, an increase in silicon to 4.5% increases it by almost 2.7 times (Table 2).
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Table 2
Dependence of stresses of the 1%t kind on heat treatment in MW of Cu-Ni-Si-Mn alloys
Microwire Stress, MPa
initial state after heat treatment
with insulation without insulation with insulation without insulation
1 group 393 267 — 144 —133
2 group 145 8 122 0

Note: de=10 um , A=5 pm.

Removing the insulation reduces stress, but the residual stresses in the first group
continue to be greater than in the second, which can only be explained by the increased
content of silicon. After heat treatment, the pattern of stress distribution in the listed groups
of alloys is opposite, if in the 2nd group the stresses decrease, and after removing the
insulation, the latter disappears, then in the first group, they change sign and remain
significant even after the insulation is removed.

X-ray structural studies of the samples after high-temperature annealing made it possible
to establish in the MW of the 1% group the release of complex silicide at the first stage (Cu,Ni
)x Siv with a yet undetermined lattice. A similar behavior of stresses in the first group of MW
can naturally be explained by the presence of regions with a close arrangement of atoms,
characteristic of this silicide, in the solid solution matrix.

During the MW study, it was also established that in the samples with 4.5% Si, the
radiographs show a weakening of the interference lines with large indices associated with the
influence of second-order stresses. In the work, this type of defectiveness is evaluated by the

ratio (W = 7, /1,,,) intensity of the lines. Our experiments showed that it practically does

not depend on the composition of the alloys but increases significantly (by 1.4 — 1.5 times)
with an increase in the cooling rate, which proportionally affects the magnitude of the stresses
of the second kind (microstresses, Aa /a).

Conclusions

1. The structural state of the MW vein is influenced not only by non-equilibrium
crystallization processes and heat removal conditions, but also by the application of stresses
of the first and second kind to it in the process of drawing the MW.

2. An increase in the amount of deformation helps to obtain a more uniform
structure in the core of the microwire.

References

1. Fuks, A. The influence of internal stress on the nanocrystal formation of amorphous
Fe73,85113h9,1CulNb3,1 microwires and ribbons / A. Fuks, G. Abrosimova, O. Aksenov,
M. Churyukanova, A. Aronin // Crystals. — 2022. — Vol. 12. — P. 1494 — 1505.
doi.org/10.3390/cryst12101494

2. Talaat, A. Effect of annealing on magnetic properties of nanocrystalline Hitperm-
type glass-coated microwires / A. Talaat, J. J. Del Vel, V. Zhukova, et al. // Journal of Alloys
and Compounds. — 2016. — Vol. 6540. — P. 297-303. doi.org/10.1016/j.jallcom.2015.11.102

3. Larin, V. S. Preparation and properties of glass-coated microwires / V. S. Larin, A.
V. Torcunov, A. Zhukov, J. Conzales, M. Vasquez, I. Panina // Journal of Magnetism and
Magnetic Materials. — 2002. — Vol. 249. — P. 39 — 45. DOI: 10.1016/S0304-8853(02)00501-2

4. Baranov, S. A. Technology, preparation and properties of the glass-coated magnetic
microphone wires / S. A. Baranov, V. S. Larin, A. V. Torcunov // Crystals. — 2017. — Vol. 7,
No. 6. — P. 136-142. doi.org/10.3390/cryst7060136

26



The effect of glass insulation on the deformation of the microwire core

5. Bashev, V. Films of immiscible systems obtained by three-electrode ion-plasma
sputtering / V. Bashev, O. Kushnerov, N. Kutseva, et al. // Mol. Cryst. Lig. Cryst. — 2021. —
Vol. 721, No. 1. — P. 30 — 37. d0i:10.1080/15421406.2021.1905274

6. Girzhon, V. V. Analysis of structure formation processes features in high-entropy
alloys of Al-Co-Cr-Fe-Ni system during laser alloying / V. V. Girzhon, V. V.
Yemelianchenko, O. V. Smolyakov, et al. // Results Mater. — 2022. — Vol. 15. — P. 100311 —
100316.
doi: 10.1016/j.rinma.2022.100311

7. Vasiliev, S. V. The effect of transient nucleation behavior on thermal stability of
FessCo32P14Bs metallic glass // S. V. Vasiliev, V. I. Parfenii, A. S. Aronin, E. A. Pershina, V.
I. Tkatch // Journal of Alloys and Compounds. — 2021. — Vol. 869. — P. 159285 — 159290.
doi.org/10.1016/j.jallcom.2021.159285

8. Zhukov, A. Correlation of Crystalline Structure with Magnetic and Transport
Properties of Glass-Coated Microwires // A. Zhukov, M. Ipatov, A. Talaat, et al. // Crystals. —
2017. —Vol. 7, Issue 2. — P. 41 — 84. doi.org/10.3390/cryst7020041

9. Peng, H. X. Co-based magnetic microwire and field-tunable multifunctional macro-
composites / H. X. Peng, F. X. Qin, M. H. Phan, et al. // J. Non-Cryst. Solids. — 2009. — Vol.
355. — P. 1380 —1386. doi.org/10.1016/j.jnoncrysol.2009.05.040

10. Baranov, S. A. Domain structure of Fe-based microwires // S. A. Baranov, D.
Laroze, P. Vargas, M. Vazquez // Phys. B. —2006. — Vol. 372. — P. 324 — 327.
doi.org/10.1016/j.physb.2005.10.077

11. Altomare, A. Main features of QUALX2.0 software for qualitative phase analysis //
A. Altomare, N. Corriero, C. Cuocci, et al. // Powder Diffraction. — 2017. — Vol. 32(S1). —P.
129 — 133. doi.org/10.1017/S0885715617000240

12. Lyubimov, M. L. Splices of metal and glass / M. L. Lyubimov. — M.: GEI, 1957. —
258 p.

13. Cline, R. W. Fundamentals of Glass-to-Metal Bonding: V. Wettability of Iron by
Molten Sodium Disilicate // R. W. Cline, R. M. Fulrath, J. A. Pask // Journal of the American
Ceramic Society. — 1961. — Vol. 44. — Issue 9. — P. 423 — 428.
https://doi.org/10.1111/j.1151-2916.1961.tb13749.x

14. Zhukov, A. Microwires coated by glass: A new family of soft and hard magnetic
materials // A. Zhukov, J. Gonzalez, J.M. Blanko, et al. // J. Mater. Res. — 2000. — Vol. 15,
No. 10. — P. 2107 — 2113. doi.org/10.1557/JMR.2000.0303

15. Mudryi, S. 1. X-ray structural analysis in materials science. Teaching-methodical
guide / S. I. Mudryi, Yu. O. Kulyk, A. S. Yakymovych. — Lviv: I. Franko National University
of Lviv, 2017. — 114 p.

27



