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a b s t r a c t

The effect of tensile stresses on the magnetic properties of amorphous microwires with positive
magnetostriction has been studied. It has been determined that the experimental dependence of coer-
civity on the tensile stresses is reversible and consists of linear and square root parts. The evolution of an
average stress level in the “core” and surface domain layer has been theoretically estimated depending
on the external tensile stress. The value of internal stress level may vary from 150 to 600 MPa in “core”
for microwires with different ratio of amorphous metallic nucleus diameter to thickness of glass shell.
Crucial differences of tension of glass-coated and uncoated microwires have been investigated. The
analysis of these differences with relation to effect under tension has been performed.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

High magnetic permeability, low magnetization losses and
other soft magnetic material properties are characteristic of
amorphous ferromagnetics. This makes them an attractive object
for investigation and further application. In recent years, consid-
erable attention has been paid to the study of the optimization of
the magnetic parameters of microwires. Work is also underway on
the application of amorphous microwires as magnetic sensors
[1e3]. An isotropic atomic structure and the absence of crystalline
order cause the main effect of magnetoelastic anisotropy on their
magnetic properties. Hence, the study of themagnetic properties of
amorphous ferromagnetics depending on the stress state is of great
interest [4,5]. In particular, there is considerable interest in the
investigation of glass-coated amorphous microwires produced by
rapid melt quenching. The anisotropic magnetic structure of a
microwire consists of central part domains (“core”) with magnetic
moment orientation along the wire axis and of a surface ring
domain layer with magnetic moment orientation depending on the
sign of magnetostriction ls (positive or negative). The orientation of
magnetic moment of surface domains is radial for microwires with
nov).
positive magnetostriction [6,7]. The anisotropy of a surface domain
layer and the “core” is significantly different. Furthermore, it should
be noted that the coercivity of a microwire is determined by the
magnetization reversal of the “core”. This structure is caused
mainly by a non-uniform tensor of internal stress arising in a ma-
terial as a result of quenching, reeling, and cooling-down (due to
the difference in the thermal expansion coefficients of the glass
shell and amorphous metallic nucleus). The correlation between
magnetic properties and stress state of microwires [8e13] is com-
bined with their compactness, flexibility, isolation from the envi-
ronment by the glass shell. Based on the foregoing, magnetic
properties of microwires such as giant magneto-impedance effect,
single domain wall propagation, etc [14e19] are of great interest to
application. The glass shell is especially important for biocompat-
ible applications of microwires. It eliminates foreign body rejection
and thus enables using microwires in living tissue. This and many
other reasons explain special attractiveness of application of glass-
coated microwires.

Over the last twenty years, considerable attention is being given
to the study of the magnetic properties of amorphous microwires
depending on the change in their stress state by annealing,
twisting, tension, etc [20e22,23]. There is theoretical approach to
describe non-uniform stress distribution in microwires [24].
However, experimental methods of measurements of stress level in
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microwire are practically non-existent. The work [8] especially
deserves mention. In Ref. [8], the value of internal stress level in the
bulk of glass-coated microwires is measured, by magnetic hyster-
esis loops analysis.

Nowadays, there are no works which describe the interaction
between the glass shell and the amorphous metallic nucleus under
tension and magnetization. Meanwhile, such investigation is
interesting in respect to the prospects of glass-coated microwires
application.

This work aims to study the effect of tension on the magnetic
properties of glass-coated microwires with positive
magnetostriction.
Fig. 1. X-ray diffraction patterns of microwires with (a) d/D ¼ 0.76, (b) d/D ¼ 0.7 and
(c) d/D ¼ 0.48.
2. Experimental procedures

Glass-coated amorphous microwires with Fe73.8Cu1Nb2.1B9.1Si13
composition and different d/D ratios (where d is the amorphous
metallic nucleus diameter, and D is the total diameter including the
glass shell) are investigated.

All the microwires under study are produced by the Taylor-
Ulitovsky method. The saturation magnetostriction ls of the
microwires under study is 39x10�6 [22]. The microwires under
study are listed in Table 1.

Saturation and remanent magnetization are measured by
vibrating sample magnetometry.

The coercivity dependence on the external tensile stress of the
microwires is measured by pick-up coil magnetometry under ten-
sion in situ. The tension is carried out up to 2 GPa (close to the
tensile strength limit of the material) [25]. Measuring accuracy of
coercivity is 0.5 Oe. Measuring accuracy of tension stress is 10 MPa.
The complete description of measurement scheme is presented in
Ref. 24.

The geometrical parameters of the microwires under study
(thickness of the glass shell, diameter of the amorphous metallic
nucleus) are determined using a Supra 50vp scanning electron
microscope.

The glass shell is removed by chemical etching for the prepa-
ration of uncoated microwires.

The structure of the microwires is studied by X-ray diffraction
on SIEMENS D-500 diffractometer with using of Co Ka radiation.
Fig. 2. SEM image of microwire with d/D ¼ 0.76.
3. Results and discussion

Fig. 1 shows X-ray diffraction patterns of the microwires under
study.

All the microwires under study are amorphous. It is confirmed
by the results of X-ray diffraction analysis due to the presence of
diffusion halo and the absence of crystalline peaks.

Figs. 2e4 show scanning electron microscopy (SEM) images of
microwires under study.

Fig. 5 demonstrates a typical curve of coercivity dependence on
the tension in-situ for a glass-coated microwire.

For glass-coated microwires, the value of tensile stress applied
to the amorphous metallic nucleus is calculated by the expression:
Table 1
List of the microwires under study.

Composition Metallic nucleus diameter, d (mm)

Fe73.8Cu1Nb2.1B9.1Si13 18
16.8
11.4
st ¼ F
��

Sa þ SgEg
�
Ea
�

(1)

where st is the tension stress applied to the amorphous metallic
nucleus, F is the applied force, Sa is the sectional area of the
amorphous metallic nucleus, Sg is the sectional area of the glass
shell, Eg and Ea are the Young’s moduli of the glass shell and
amorphous metallic nucleus, respectively [26,27].

It is accepted that both the switching field and the coercivity of
amorphous microwires are proportional to the energy necessary to
form a domain wall in the “core” which occurs under bistable
magnetization reversal of a wire. Based on Ref. 20, coercivity is
Total diameter, D (mm) d/D ratio

23.7 0.76
23.7 0.7
24 0.48



Fig. 3. SEM image of microwire with d/D ¼ 0.7.

Fig. 4. SEM image of microwire with d/D ¼ 0.48.

Fig. 5. Coercivity dependence on the applied tension stress under loading (up) and
unloading (down) the glass-coated microwire with d/D ¼ 0.7.
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calculated as the ratio:

HC �
�
A
�
3 =2

�
lsðst þ siÞ

�1=2 ,
cosa (2)

where A is the exchange energy constant, ls is the saturation
magnetostriction constant, st is the applied tension stress value, si
is the internal stress value, a is the angle between magnetization
and a magnetic field direction. Therefore, when st is greater than
the internal stress value and at small angles a, coercivity is pro-
portional to the square root of the applied tension stress [28].

Fig. 6 demonstrates curves of coercivity dependence on the
external tension stress for glass-coated and uncoated microwires
with different initial stress levels (different d/D ratios).

In Fig. 6, uncoated microwires are also denoted with d/D ratio to
show that these wires correspond to initial glass-coated wires after
glass removal (both in geometry and composition). The initial
coercivity for microwires with different d/D ratios is shown in
Table 2. Different d/D ratios conform to the different levels of in-
ternal stresses resulting from the manufacturing process of a
microwire. This is related to the difference in the thermal
expansion coefficients of the glass shell and amorphous metallic
nucleus. Less values of d/D ratio correspond to a higher stress level
in the material.

The experimental points in Fig. 6 were fitted by the equation:

HC ¼Asx (3)

where A is the constant, s is the value of tensile stress, x is the index
of power. The results of fitting for all the microwires under study
are listed in Table 3.

As one can see from Table 2, the dependence of coercivity on the
stress strictly follows the root law for the uncoatedmicrowireswith
the diameter d ¼ 16.8 mm. The dependence HC(s) also has the form
close to the root one for the uncoatedmicrowires with the diameter
d ¼ 18 mm. A weaker dependence of coercivity on the stress is
observed for the uncoated microwires with the diameter
d ¼ 11.4 mm.

In case of glass-coated microwires the dependence is more
complicated. A significant deviation from the root dependence is
observed for the microwires with the ratio d/D ¼ 0.7. Previously it
was also noted in Ref. [24,28] that the coercivity dependence on the
stress deviates from a root form. In that work, the function
describing the coercivity dependence on the stress has the form:

HC ¼Bþ sy (4)

where B is the constant, s is the value of tensile stress (MPa), y is
the index of power.

In Ref. 28, the index of power for a microwire with the ratio d/
D ¼ 0.88 is 0.74. However, there are no specific conclusions in
Ref. 28 on the reasons for this deviation.

Moreover, Fig. 6 (a) demonstrates that fitting by a power func-
tion does not agree well with the experimental points. This be-
comes more evident for microwires with a thicker glass shell.

It seems that for the case of glass-coated microwires there is an
extended linear part of HC (s) dependence (up to 600e800 MPa).
This increases with increase of initial stress state.

It follows there are “linear function” and “power function”
working areas of a microwire. This is a significant result regarding
application of microwires as stress sensors. Fig. 7 demonstrates the
dependence of coercivity on the stress for the glass-coated



Fig. 6. Coercivity dependence on the applied tension stress for (a) glass-coated and (b) uncoated microwires.

Table 2
Initial coercivity for microwires with different d/D ratios.

d/D Presence of the glass shell HC, Oe

0.48 Glass-coated 2
Uncoated 1.5

0.7 Glass-coated 1.1
Uncoated 0.5

0.76 Glass-coated 1
Uncoated 0.8

Table 3
The results of fitting of the experimental points in Fig. 6.

d/D Presence of the glass shell A x

0.48 Glass-coated 0.26 ± 0.16 0.58 ± 0.09
Uncoated 1.56 ± 0.6 0.41 ± 0.06

0.7 Glass-coated 0.1 ± 0.03 0.68 ± 0.04
Uncoated 0.55 ± 0.02 0.5 ± 0.005

0.76 Glass-coated 0.26 ± 0.03 0.58 ± 0.09
Uncoated 0.61 ± 0.1 0.47 ± 0.02

Fig. 7. Fitting of the HC (s) dependence in the assumption that the initial curve part is
a linear function.
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microwire with the ratio d/D¼ 0.48. Fitting in Fig. 7 was performed
in the assumption that the initial part of the HC (s) curve (up to
600 MPa) is a linear function, and the last part is a power function.

As one can see from Fig. 7, this fitting provides better conver-
gence with the experimental data than the result in Fig. 6 that was
obtained by the fitting by the power function.

Fig. 6 shows that the rate of coercivity increase in Hc (s) curves
for uncoated microwires is higher than that for glass-coated
microwires. That is, the largest increase in the internal stress is
observed under the tension of uncoated microwires. At that, an
increase in the coercivity of microwires with the lowest d/D ratio,
and hence with the largest initial stress level, is higher than that of
microwires with a higher d/D ratio. Note also that the rate of
coercivity increase for microwires with the lowest diameter, and
hence with the largest residual stress level due to quenching, is
higher than that for microwires with a higher diameter. These ef-
fects can be explained in terms of a change in the stress state of a
microwire.

Previously the stress state of glass-coated and uncoated micro-
wires was estimated in Ref. 17. However, the theoretical estimation
of the size of domain regions for the “core” and surface domain
layer differs from the experimental estimation by 10e15%. The
theoretical estimation should be adjusted to the real size of domain
regions. This is significant for the estimation of an average stress in
a microwire.

It is possible to estimate the size of domain regions by the ratio
of remanent magnetization to saturation magnetization [29]:

RC
.
Rm ¼ ðMr=MSÞ1=2 (5)

where RC is the “core” radius, Rm is the amorphous metallic nucleus
radius, Mr is the remanent magnetization, MS is the saturation
magnetization.

Figs. 8 and 9 demonstrate hysteresis loops of the glass-coated
and uncoated microwires under study.



Fig. 8. Hysteresis loop of glass-coated and uncoated microwires with d/D ¼ 0.7.

Table 4
Values of the “core” radius RC and the thickness of a surface domain layer Routl.

d/D Presence of the glass shell Mr/MS RC/Rm Routl/Rm

0.7 Glass-coated 0.6 0.77 0.23
0.7 Uncoated 0.33 0.57 0.43
0.48 Glass-coated 0.82 0.9 0.1
0.48 Uncoated 0.34 0.58 0.42
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It can be seen in the insets that remanent magnetization de-
creases with a decrease in the d/D ratio and after glass shell
removal. The values of “core” radius and thickness of a surface
domain layer are evaluated. The results are presented in Table 4.

Based on the results of Table 4, it is possible to modify the
components of stress tensor in microwires with d/D ¼ 0.7 and 0.48
by shifting the curves of stress tensor components, so that, the
intersection point of radial and axial components corresponds to
the experimental data.

Figs. 10 and 11 show that a lower d/D ratio (addition associated
with a difference in the thermal expansion coefficients of the glass
shell and amorphous metallic nucleus) leads to increase of the
tensor components. Moreover, a lower initial radius of a microwire
(addition associated with quenching stress) results in the same
effect. This approach is approximate and allows separating
correctly the regions of tensile and compressive stress to evaluate
qualitatively stress distribution over microwires.

The relative position of the curves in Figs. 10 and 11 demon-
strates that removal of the glass shell leads to a decrease in the
stress value for the tangential and radial components of stress
Fig. 9. Hysteresis loop of glass-coated and
tensor by 100e150 MPa. Fig. 10 shows that the value of axial stress
for the microwire with the highest initial stress level (d/D ¼ 0.48)
decreases by 500 MPa after glass shell removal. Fig. 11 demon-
strates that the value of axial stress for the microwire with the
lowest initial stress level (d/D ¼ 0.7) decreases by 300 MPa after
glass shell removal. That is, the behavior of a change in the stress
tensor and, consequently, in an average value of stress in the ma-
terial is different for the microwires with higher and lower d/D
ratios. This should affect the change in the behavior of domain
structure evolution and in magnetization reversal processes.

The effect of stress appearing in the material under
uncoated microwires with d/D ¼ 0.48.



Fig. 10. Distribution of the components of internal stress tensor over the radius of the amorphous metallic nucleus for (a) glass-coated and (b) uncoated microwires with d/D ¼ 0.48.

Fig. 11. Distribution of the components of internal stress tensor over the radius of the amorphous metallic nucleus for (a) glass-coated and (b) uncoated microwires with d/D ¼ 0.7.
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magnetization needs to be considered in addition to initial stress
state. As mentioned earlier, amorphous microwires of
Fe73.8Cu1Nb2.1B9.1Si13 composition have saturation magnetostric-
tion ls ¼ 39x10�6. The Young’s modulus Eа is 150 GPa [30].Ac-
cording to the Hooke’s low:

s¼ εEa (6)

where ε is the tensile strain of a material. The maximum tensile
strain of a ferromagnetic, related to magnetization in an external
magnetic field, corresponds to the value of saturation magneto-
striction. One may suppose that ls ¼ ε. By substituting the known
values of ls and Eа to Eq. (6), it is possible to estimate the maximum
tensile stress appearing under magnetization in a saturation mag-
netic field. Then s ¼ 6 MPa. This is substantially less than the value
of an average stress in a microwire (100e200 MPa) [24]. Moreover,
this value is considerably below the tension stress applied to a
microwire in our experiments (100e2000 MPa).
The value of the average stress sa for an amorphous microwire
under tension can be estimated by von Mises’s classical expression
for stress [30:

sa ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðsrr � sqqÞ2 þ ðsqq � szz � stÞ2 þ ðszz þ st � srrÞ2

�
2

q
(7)

where srr, sqq, and szz are the radial, tangential, and axial diagonal
components of a stress tensor, respectively. These components are
estimated in Ref. 29. st is the addition to the axial component,
related to the tension stress applied to the cross-section of the
amorphous metallic nucleus of a microwire.

There are two approaches to the estimation of an average stress
in a microwire. This is directly related to its composition magnetic
structure. From the one hand, an average stress can be estimated
over the whole bulk of a microwire. From the other hand, it is
possible to divide the bulk of a microwire into two regions with



Fig. 12. Change in an average stress in the “core” under tension: (a) uncoated wire
with d/D ¼ 0.7; (b) uncoated wire with d/D ¼ 0.48; (с) glass-coated wire with d/
D ¼ 0.7; (d) glass-coated wire with d/D ¼ 0.48.

Fig. 13. Change of an average stress in a surface domain layer for the microwire with d/
D ¼ 0.48.

Table 5
Main characteristics of the average stress dependence on the tension stress.

d/D Domain region Presence of the glass shell Initial s, MPa

0.48 Core Glass-coated 578
Uncoated 196

Surface domain layer Glass-coated 1400
Uncoated 1086

0.7 Core Glass-coated 294
Uncoated 148
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different character of magnetization, size of domains, and stress
distribution, i.e., the “core” and surface domain layer. Figs.10 and 11
clearly demonstrate that every component of a stress tensor is
positive in the central part of the wire. In the case of a surface
domain layer, axial, and tangential components of a stress tensor
are predominantly negative.

Then, the calculation of an average stress in a surface domain
layer and the “core” is more preferred. However, one needs to take
into consideration that the applied tension stress changes the size
of domain regions. It is considered by analogy with Ref. 29 that the
transition from “core” domains to the domains of a surface layer
occurs when the radial component of a stress tensor is equal to the
axial component.

Figs. 12 and 13 show dependence of a calculated average stress
(in the “core” and surface layer) on the applied tension stress st.

As can be seen from Figs. 12 and 13, the curves of the depen-
dence of an average stress in the “core” on the tension stress are
described by a linear function. At that, the rate of an increase in the
average stress in the “core” is roughly the same for all types of the
microwires under study. A higher level of stress under tension is
reached in microwires with a higher initial stress state. The value of
an average stress in the surface domain layer is three times higher
than that in the “core”. As can be seen, the value of an average stress
in the surface domain layer is increased by about 70% under tension
of up to 1600 MPa. At that, the stress in the “core” is increased by
270% under the same tension stress. Table 5 demonstrates key re-
sults corresponding to the obtained dependence.

Table 5 shows that the value of an average stress in the “core” is
about 150e200 MPa for uncoated microwires. An average stress in
the “core” is increased for glass-coated microwires and exceeds
550 MPa for the microwire with d/D¼ 0.48. It follows that Eq. (2) is
fulfilled for uncoated microwires under tension. However, in the
case of glass-coated microwires there is a prolonged region where
the value of initial stress is higher than that of the applied tension
stress. In this region, coercivity changes by a more complex
mechanism.

There is still a question on the relative position of the curves of
coercivity dependence on the stress for glass-coated and uncoated
microwires. Obviously, a higher position of the curves for uncoated
microwires contradicts the dependence in Fig. 12.
To resolve this contradiction, the peculiarities of the tension of
glass-coated microwires should be taken into account. Following
Ref. 29, the stress tensor of glass-coated microwires differs from
that of uncoated microwires in positive addition to szz, srr and sqq

components. As already mentioned, it is related to the difference in
the thermal expansion coefficients of the glass shell and amor-
phous metallic nucleus. The character of deformation process un-
der tension should be taken into account because of different
Poisson’s ratios and Young’s moduli for glass and an amorphous
metal. The glass shell and amorphous metallic nucleus are
deformed in a differently under the same external tension.

By analogy with Eq. (1), it can be written for the glass shell:

sg ¼ F
��

Sg þ SaEa
�
Eg
�

(8)

where sg is the tension stress applied to the glass shell, F is the
applied force, Sa is the sectional area of the metallic nucleus, Sg is
the sectional area of the glass shell, Eg and Ea are the Young’s
moduli of the glass and amorphous metallic nucleus, respectively.
The classical expression for the Poisson’s ratio is [31]:

n¼ EDd=sd (9)

where n is the Poisson’s ratio, Dd is the change in the diameter of a
wire, d is the diameter of a wire, E is the Young’s modulus, s is the
applied stress. Based on Eqs. (1), (8) and (9), the expressions for a
change in the diameter of the amorphous metallic nucleus and
glass shell can be written as:



Fig. 14. Change in the diameter of the glass shell and amorphous metallic nucleus
depending on the tension stress applied to the amorphous metallic nucleus.
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Ddg ¼
�
ngst

�
Ea
�
dg (10)

Dda ¼ðnast = EaÞ da (11)

where Ddg and Dda are the changes in the diameter of the glass
shell and amorphous metallic nucleus, respectively; ng and na are
the Poisson’s ratios for the glass shell and amorphous metallic
nucleus. The Poisson’s ratio can be considered to be 0.2 for the glass
shell and 0.3 for the amorphousmetallic nucleus [34]. However, it is
assumed there is no interaction between the glass shell and the
amorphous metallic nucleus. Fig. 14 demonstrates the curves of
diameter change dependence of the glass shell and amorphous
metallic nucleus on the tension stress applied to the amorphous
metallic nucleus for the wires with d/D ¼ 0.7.

It becomes apparent in Fig. 14 that a decrease in the inner
diameter of the glass shell is slower than that in the diameter of the
amorphous core. Herewith, the change in the diameter is about
hundredths of a micrometer. Considering that the materials of the
amorphous core and glass shell are not perfect, there is an adhesion
between these parts of a wire which prevents separation of the
glass shell from the amorphous core. In this case, adhesion is a
negative addition to the components of the stress tensor of the
amorphous core.

As mentioned earlier, as a result of different values of the ther-
mal expansion coefficients of the glass shell and amorphous
metallic nucleus there are positive additions to the components of
stress tensor. These additions lead to excess deformation of the
amorphous core. Then there is gradual removal of this excess
deformation with an increase in lateral deformation under tension
of the amorphous metallic nucleus. As a result, there is a gradual
decrease in the components of stress tensor under tension. When
excess deformation is completely compensated by lateral defor-
mation, the stress tensor of a glass-coatedmicrowire is transformed
into the stress tensor of an uncoatedmicrowire. Herewith, there is a
addition to axial components as a result of amorphous core tension.
Then the curve of HC(s) dependence for a glass-coated microwire is
transformed to HC(s) dependence of an uncoated microwire.
However, adhesion prevents separation of the glass shell from the
amorphous core. Therefore, the axial component of the stress
tensor increases under subsequent tension, but also there is
negative addition to the axial component related to adhesion. This
leads to an unexpected result: the presence of adhesion brings to
the average stress in an uncoated microwire being higher than that
in a glass-coated wire. As a result, the curve of HC(s) dependence
for an uncoatedmicrowire is higher than the same curve for a glass-
coated wire. Fig. 6 clearly demonstrates this effect.

Adhesion for a glass-coated microwire was investigated in
Ref. 22. The value of adhesion was 58 MPa which was lower by at
least an order of magnitude than it could be expected from the
results in Fig. 14. It follows that the value of adhesion may signifi-
cantly vary for microwires with different geometrical parameters.

Thus, in the view of the adhesion and compensation of addition
to the components of the stress tensor (which is related to different
values of the thermal expansion coefficients of the glass shell and
amorphousmetallic nucleus), there is good agreement between the
obtained experimental results (Fig. 6) and the theoretical estima-
tion for a stress state of the “core” (Fig. 11).

4. Conclusions

The evolution of magnetic hysteresis properties under tension
has been studied for microwires of Fe73.8Cu1Nb2.1B9.1Si13 compo-
sition with different initial stress states.

It has been obtained that coercivity increases with an increase in
the applied tension stress. Herewith:

- coercivity dependence on the stress is reversible and can consist
of two parts with “linear” and “power” dependence which
correlates with the initial level and distribution of stress in the
material; - a decrease in the initial average stress leads to a
decrease in the rate of coercivity increase; - an increase in the
initial average stress leads to an increase in the “linear” region of
tension.

It has been assumed that peculiarities of magnetization reversal
process of glass-coated microwires are related to the adhesion
between the glass shell and amorphous metallic nucleus.
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