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4 July 2024 hardness measurements. The measurements are conducted at various application
forces ranging from 0.245 N to 2.940 N. The microhardness measurements are
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of elasticity, brittleness index, fracture toughness, and yield strengths. It is found
that impurity ions serving as strong barrier regions improve the surface residual
compressive stress sites and interactivity between the adjacent layers. Similarly,
the sensitivity to the external forces reduce significantly with the substitution
mechanism due to the induced new slip systems and ionic bond formations.
Accordingly, all the mechanical performance properties are recorded to increase
significantly with the impurity ions. Especially, the replacement of Zn by Cu ions
in the Y-123 matrix exhibits higher resistance to failure, mechanical strength, and
stabilization of the durable tetragonal phase. Accordingly, Zn/Cu substitution
in Y-123 ceramics paves the way for the applications of ceramic compounds in
the fields of heavy-industrial technology and industrial power systems. All the
ceramic materials also exhibit indentation size effect feature based on the recov-
ery mechanism. Additionally, load-independent microhardness parameters are
semi-empirically modeled by Meyer’s law, Hays-Kendall, indentation-induced
cracking, elastic—plastic deformation, and proportional sample resistance model
for the first time. According to the comparisons, the IIC model is identified as the
most suitable for interpreting the real microhardness results of newly produced
Y-123 ceramic matrices.
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1 Introduction

There are several significant benefits that YBCO super-
conductors offer in comparison to conventional super-
conducting materials; namely, the capacity to function
at greater temperatures, higher thermodynamic stabil-
ity, larger current carrying capability, reduced cool-
ing requirements, larger resistance to strong magnetic
fields, resistance to humidity, easy deforming/shap-
ing/rolling for long cables, improved mechanical and
electrical properties, and wide variety of applications
in the industrial power systems and heavy-industrial
technology fields [1-5]. To improve the capability of
flux pinning and to reduce flux mobility, the supercon-
ducting crystal structure necessitates the incorporation
of additional pinning centers, whether they naturally
occur or are artificially created in the crystal system.
Findings from research conducted on the effect of vari-
ous additives/doping on the fundamental performance
properties (electrical, superconducting, morphology,
flux pinning, key mechanical design, etc.,) of YBCO
composites provide useful information [6-13]. The
critical current density (J), critical transition tempera-
ture (T,), and applied critical magnetic field (H,) are
significantly influenced by the partial cationic/anionic
substitution and chemical addition mechanism due to
the re-modification of skeleton layers of YBCO [10]. In
addition, the mechanical design performance proper-
ties and mechanical characteristics of high-tempera-
ture superconductors are just as significant as other
characteristic properties such as T, H,, and ], for
heavy-industrial technology, advanced engineering,
and energy-related sectors. This is because the super-
conducting wires, cables, and tapes are susceptible to
mechanical stress when formed as coils. If subjected
to mechanical stress, micro-cracks appear, causing a
sudden reduction in both the critical magnetic field
and the critical current density carrying capacity [12].
Hence, the examination of the mechanical character-
istics of superconductors holds significance concern-
ing actual implementations. In other words, there
are strong relationship between the fundamental
characteristic properties of superconducting ceramic
compounds.

It is important to explain how materials deform
(twist, compress, elongate) or fracture under differ-
ent conditions; namely, load, temperature, and time
to understand the key mechanical properties through
experimentation. In the literature, Rockwell, Brinell,
Knoop, and Vickers hardness tests are commonly
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preferred to evaluate the basic mechanical perfor-
mance features of a material. Especially, the Vickers
hardness measurement method is preferred in the
mechanical testing of superconductors due to the
advantages of a small indentation mark on the speci-
men surface and applicability to small samples. The
test results are obtained rapidly and easily with the
diamond pyramid. A decrease in the calculated Vick-
ers hardness (H,) indicates softer materials and can
serve as an indicator of porosity. The resistance of
ceramic material to permanent and irreversible micro-
scopic structural shape changes under applied test
forces is known as the microhardness parameter. Vari-
ous models including tensile strength, surface energy,
chemical bond strength, and plastic flow ease are used
to interpret and quantify measured hardness values.
In polycrystalline samples, grain size is known to sig-
nificantly impact the mechanical hardness behavior of
a ceramic compound. Namely, the growth of smaller
grain sizes in the main crystal structure results in the
relative increment in the hardness due to grain bound-
aries impeding the propagation of voids, cracks, and
dislocations caused by indentation test loads applied.
Conversely, porosity influences microhardness prop-
erties considerably in ceramic superconducting sam-
ples with fewer cracks depending on the extension of
the indented area over several grains [14].

Moreover, microhardness values determined ena-
ble us to describe the reliable relation between ion
arrangements/distributions in the crystal system and
plastic flow correlated with the lattice energy [15]. For
ceramic materials, the covalent bonding shows more
barrier to the formation of plastic flow as compared to
the ionic bonding [16]. As per the theory of dislocation,
complexes composed of aliovalent cations compensate
lattice defects including both the elastic deformations
and bond distortions within the crystal system. Hence,
solid solution (involving aliovalent cation impurities)
holds significant importance in numerous ceramic
superconducting materials [17, 18]. Elastic modulus
of ceramics either responds to applied stress for minor
strains or correlates with the atomic bonding strength
and also arrangement of identical or disparate ions
within a crystal system. In the literature, there are sev-
eral studies focusing on the improvement of the fun-
damental features of YBCO superconducting parents.
To illustrate, in 2023, Slimani et. al. examined the role
of PbO addition on the intragrain critical current den-
sity, M(H) loops, thermal fluctuations induced excess
conductivity, and flux pinning performances of the
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YBa,Cu30,_; superconducting materials prepared by
solid-state reaction process. The experimental proce-
dures including XRD, SEM, EDX, TEM, MH, and R-T
measurements indicate that the presence of Pb in the
main matrix led to the enhancement in the connections
between grains, vortex pinning ability depending on
the formation of additive stress or strain regions under
an applied magnetic field strength, the average grain
size, and yields. Besides, the grain boundaries and
impurities were noted to diminish based on the PbO
addition [1]. Moreover, Algarni et. al. tried to enhance
the flux pinning ability by forming different effective
defects with the use of the main properties such as
concentration, electrical, and magnetic characteristics
of Dy,0; chemical addition in the crystal system [8]. It
was observed that the dysprosium oxide added YBCO
compounds were found to have higher connectivity
between the grains, intragranular and intergranular
superconducting critical parameters. Similarly, the
existence of impurity was found to prevent the vortex
motions and contribute to pinning ability. The similar
improvements in the YBCO ceramics were obtained by
the addition of optimum Ag20 chemical in the main
system [9]. Besides, in 2021 Erdem et al. indicated that
the substitution of optimum erbium impurity for the
yttrium cites in the YBCO superconductors led to the
refinement of fundamental characteristic properties
such as electrical, structural, physical, surface mor-
phology, superconducting, and crystallinity features
[10]. In all these kinds of studies, the main aim is to
produce a new designed YBCO superconducting sys-
tem with superior features to be used in much more
application areas such as heavy-industrial technology,
advanced engineering-related sectors, and large-scale
applications. However, to the best of our understand-
ing, in the features of Tb/Y or Zn/Cu partially replaced
Y-123 superconductors fabricated through the sol-gel
preparation route.

The powder XRD, R-T, SEM, EDS, and VSM meas-
urements were used in our previous study to conduct
an in-depth investigation into the magnetic, supercon-
ducting, morphological, electrical, and structural char-
acteristics of Zn-doped and Tb-doped bulk samples
[13]. The purpose of this investigation is to get infor-
mation regarding the basic mechanical performance
properties under various loads (0.245 N-2.940 N) and
mechanical modeling of ceramic samples. Addition-
ally, the original microhardness parameters obtained
in the saturation limit areas are semi-empirically mod-
eled by five available methods such as proportional
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sample resistance, elastic/plastic deformation, Meyer’s
law, indentation-induced cracking, and Hays-Kendall
models.

2 Experimental details

The current study is a continuation of the previous
publication [13] being interested in the influence of
divalent Zn/Cu and trivalent Tb/Y replacement on
orbital hybridization, structural, pairing mechanism,
stabilization, electrical, superconducting, and mag-
netization behaviors. The preparation procedure was
thoroughly given in Ref. [13]. All the experimental
methodological details as well as the experimental
findings related to the energy dispersive X-ray spec-
trometry, powder X-ray diffraction, scanning electron
microscopy, DC electrical resistivity, and DC magneti-
zation VSM measurements can be seen in Ref. [13]. The
XRD experimental results enable us to determine the
roles of substitution mechanism on the phase volume
fractions, lattice cell constants, crystallization sym-
metry, oxygen concentrations, O-T transition, crystal-
lite size growth, grain alignment orientations, lattice
strains, and grain distributions along the crystal sys-
tem. Similarly, from the electrical resistivity measure-
ments we determined the change in the onset/offset
critical transition temperatures, localization of elec-
tronic state densities transition width, homogeneities
of oxidation states, bipolarons formation, overlapping
mechanism, mobile hole carriers, orbital hybridization
mechanism, hole trap energy, and phase transition
regions. Besides, the SEM images showcased the evo-
lution of distribution of particles, surface morphology
appearance, grain alignments, crystallinity problems,
and grain boundaries of YBCO superconducting sys-
tems. Also, the EDS investigations indicated the suc-
cessful substitution for the Y and Cu-sites of YBCO
crystal systems. This study focuses sensitively on the
evolution of the main mechanical performance prop-
erties of YBCO structure with the Zn/Cu and Tb/Y
partial replacement in the main matrices using Vick-
ers hardness measurements. The small sample bars
are vertically placed in the tool. The experiments are
measured from the different positions on the surfaces
for 10 s using a digitally calibrated microscope (SHI-
MADZU HVM-2) at applied various forces. The micro-
hardness measurements are repeated ten times to find
the average indentation notch lengths with +0.1 um
accuracy. The Vickers microhardness quantities are
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calculated by using the conventional equation. Experi-
mental data are taken at normal ambient temperature.
The hardness curves enable us to discuss the changes
in the main mechanism. Moreover, the mechanical
characteristic properties of substituted YBCO com-
pounds are examined to determine the sensitivity
to the external test forces. Additionally, the Vickers
hardness parameters offer insights into various aspects
of material behavior including resistance to perma-
nent plastic deformation (elasticity of modulus), ini-
tiation of irreversible deformation (meaning the yield
strength), the ratio between the tensile and compres-
sive strengths (brittleness index), and resistivity to
the propagation of flaws under applied stress (frac-
ture toughness). Simultaneously, we explore Vickers
experimental data within the saturation region using
five mechanical modeling approaches.

3 Results and discussion

This study included two main parts: The first part
gives short summaries of the scanning electron micros-
copy, powder X-ray diffraction, DC electrical resistiv-
ity, and DC magnetization VSM tests deduced from
Ref. [13] to provide insight into relations between the
key mechanical design and the other characteristic fea-
tures. The second part focuses on the differentiation of
the mechanical quantities, strength, durability, resist-
ance to failure, and general mechanical characteristic
features of YBCO ceramics with replacement mecha-
nism. Additionally, we compare the load-independ-
ent Vickers microhardness findings semi-empirically
obtained in the saturation regions to different mechan-
ical model calculations to determine which model is
the most adequate for the Zn-doped and Tb-doped
crystal structure. In this respect, this paper aims to
present a concise introduction to the structural and
superconducting properties, followed by a detailed
analysis of the key mechanical performance proper-
ties and semi-empirical mechanical modeling.

3.1 Structural, morphological,
and superconducting properties

It was based on the XRD experiment results in Ref.
[13] that each of the Zn-doped and Tb-doped materi-
als produced exhibits crystallization in orthorhombic
crystal structure but with slight deviation. Neverthe-
less, the basic crystal structure properties were noted
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to diminish systematically due to the replacement
mechanism. With the increase in the doping ratios, the
intensities and of shifts (to larger/smaller angles) of
diffraction lines were found to vary remarkably (espe-
cially for the Zn-replaced materials). Hence, impurity
dopants seriously damage the crystallite size, lattice
cell constants, oxygen concentration level, and otho-
rombicity of system. Accordingly, the impurity ions
(especially zinc particles) led to the enhancement of
weak connections between superconductive layers,
Cu-O, bond length, DOS localization, and microscopic
structural faults as a result of the reduced crystallin-
ity quality. Additionally, the foreign ions (notably
zinc ions) led to a dramatic reduction in the modula-
tion and pair wave function magnitude of the crystal
structure. Correspondingly, the electron—-phonon and
electron—electron pairing mechanisms were found
to diminish considerably. As a result, the significant
diminish in the TCOnset parameters of the Zn/Cu substi-
tuted ceramics was mostly due to a greater reduction
in the uniformity of oxidation states, the order param-
eter belonging to super electrons, the mechanism of
orbital hybridization, and the DOS localization.

The surface morphology of the YBCO supercon-
ductors was found to degrade regularly with increas-
ing the impurity Tb and Zn ions in the main matri-
ces. The grain orientations and distributions were
observed to be randomly oriented through the sam-
ple surfaces. However, it was noted that the Tb-doped
Y-123 ceramics exhibited better surface texture with a
more homogenous appearance, lower porous struc-
ture, smoother surface, and better crystallinity quality
and connection between well-linked cobblestone-like
superconducting grains. Further, the electron disper-
sive X-ray (EDX) examination showed that all the Tb
and Zn added Y-123 obtained different elemental com-
position distributions on the surface depending on the
successful replacement mechanism.

Based on the VSM tests, it was seen that the mag-
netization behavior of the materials worsened as the
dopant level (except for sample with 0.01 wt. % Tb
doping) increased regularly. The sample prepared by
0.01 wt. % of Tb exhibited the greatest ] value, meas-
uring 21 kA/cm? at a magnetic field strength of 0.5 T
and a temperature of 20 K. This is because the opti-
mum terbium particles acted as nucleation centers to
slow down the vortices and strengthen significantly
coupling of adjacent layers. As a result, the ceramic
compound demonstrated the highest level of resist-
ance to both applied magnetic field strengths and
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currents depending on the slower motion of vortices
in the main system.

3.2 Key mechanical performance properties

The cuprate superconductors such as BSCCO and
YBCO, typically found in hard ceramic form, are
prone to brittleness due to numerous tiny cracks, dis-
locations, irregular grain orientation distributions, and
boundary weak links between the adjacent stacked
layers. Especially, foreign impurities introduced
into the crystal structure can degrade or improve the
problems mentioned above. Consequently, the critical
stress threshold decreases or increases significantly,
leading to a change in dislocation movement, void
formation, and crack propagation along the system.
In other words, introduction of new impurities into
main matrix facilitates the straightforward propaga-
tions along the entire material. In essence, this means
that the propagation of cracks and voids becomes
uncontrollable, leading to immediate sample failure.
However, sometimes dopants can mitigate inherent
flaws in the crystal lattice, suppressing stress-ampli-
fied regions and crack initiation sites. This suppres-
sion results in a considerable diversion or slowdown
of crack initiation and propagation. The variation of
the main mechanism discussed above is totally deter-
mined by standard hardness tests which are one of
the simplest and most common methods used to
define basic mechanical performance properties. The
response or resistance of a material against the applied
force or load summarizes the mechanical behavior of
that material. Three main factors enable us to deter-
mine the key mechanical performance properties of
a material: (i) ability to form strong chemical bonds,
(ii) strong crystal structure, and (iii) any imperfec-
tions present. Hardness is defined as a measure of
the resistance of a material to a load applied to its
surface or the resistance to indentation. The minimal
damage to the material during the measurement is
another important feature of hardness measurement.
It is also very important for researchers due to the
correlation between the hardness of the material and
other mechanical properties. Microhardness, modu-
lus of elasticity, tensile strength, fracture toughness,
and flexibility used in the analysis of superconducting
materials are examples of mechanical qualities. The
key mechanical performance properties are as impor-
tant as electrical, flux pinning, magnetic, and micro-
structural properties to determine the application
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areas and service time of the superconducting mate-
rials. Additionally, since microhardness is affected
by the structure, composition, and manufacturing
method of materials as well as the hardness of the
material and other mechanical qualities are related to
one another, it is very important to know the numeri-
cal values of the microhardness parameter. In the cur-
rent work, the Vickers microhardness test method was
selected both to take more precise measurements and
to describe basic mechanical performance properties
of the Zn-replaced and Tb-replaced Y-123 ceramic
structures. Microhardness experiments of the super-
conducting bulk compounds were found by a test
load stemming from a conical notching tip immersed
in the material at an angle of 136°. The samples were
then measured for their response for 10 s under five
distinct loads including F = 0.245, 0.490, 0.980, 1.960,
and 2.940 N. To achieve very high levels of precision
and to reduce the impact of sample surface imperfec-
tions, ten measurements were carried out for each load
value, and an average value was recorded for every
measurement. To determine the Vickers microhard-
ness values, the load values and their corresponding
d (d=(d; +d,/2))(d; and d, are diagonal lengths of
the trace left by the tip) values were calculated using
Eq. 1 shown below;

H, = 18544( ;) (1)

The obtained Vickers microhardness values are used
to find the other valuable mechanical performance
features of a cuprate superconducting material. Addi-
tionally, the hardness curves enable the researchers to
define the typical mechanical characteristic behavior:
ISE (indentation size effect) and RISE (reverse inden-
tation size effect) feature. The sign of surface energy
enables us to decide the mechanical characteristic of
a compound. Thirdly, the H, experimental curves
are used to model the real microhardness parameters
using semi-empirical mechanical modeling methods to
obtain the best theoretical approach for the Zn-doped
and Tb-doped ceramic structures.

Figure 1 a-b displays the variations in microhard-
ness values in un-doped, Zn-doped and Tb-doped
Y-123 ceramics with the applied test loads. As seen
from the curves, the hardness parameters reduce reg-
ularly as the applied test load increases. The decre-
ment trend in the H, parameters is due to the standard
ISE phenomenon. As for the substitution effect, it is
obtained that the microhardness values are observed
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to enhance systematically as the replacements of
Tb* particles by Y*" ions increase in the Y-123 crys-
tal matrix. In fact, the substitution of Zn by Cu ions
makes microhardness values augment considerably.
In this respect, the foreign impurity ions serve as
strong barrier regions depending on the reduction in
stored internal strain energy and surface tensile stress
to delay the propagation of the dislocation, cracks,
and voids along the crystal system. That is to say,
the control mechanisms regarding crack growth size
and crack speed become easier due to the decrease
in stored internal strain energy. The differentiation
with the substitution mechanism clearly improves
the durability phase. Moreover, with the increment in
the substitution impurity amount new slip systems are
induced in the crystal structure to change as much as
possible the orientations of dislocation movement and
crack propagation along the crystal structure so that
entanglement of cracks and dislocations are prevented.
Stress-augmented phase is suppressed. In this respect,
the propagations are restricted as much as possi-
ble. Furthermore, presence of foreign impurity ions
remarkably differs the deformation degree until the
plateau limit regions (slight change of hardness values
with the applied loads). Besides, at the atomic level
the foreign (Tb and Zn) particles with different elec-
tronegativity support to formation of new chemical
bonding (especially ionic bond formation based on the
extension of bond directions through specific angles)
between the host atoms. Considering all the explana-
tions, the presence of impurity ions (especially Zn par-
ticles) stabilizes tetragonal phase. The similar result
was seen in the Ho/Bi substituted Bi-2212 ceramic
superconductors. In fact, Ulgen et al. displayed the
considerable development in the mechanical strength
of the superconducting system [19]. Besides, Mercan
et al. demonstrated the positive effect of impurity ions
on the operable slip systems and related mechanical
performance properties [20]. Moreover, Asikuzun
et al. examined the role of different zinc dopant ratios
intervals 0%—-20% on the fundamental characteristic
properties of YBCO system. It was indicated that the
microhardness values increased with the highest Zn
impurity ions based on the penetration of Zn ions
between intergranulars [21].

At the same time, according to the microhardness
curves the cracks/dislocations prefer to move along
transcrystalline rather than intergranular regions as a
result of the induced new strong chemical bond forma-
tions and enhanced interactivity between the adjacent
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stacked layers. Namely, the dislocations and cracks
can propagate under much higher external forces
because of the decrease of the failure and fracture.
Correspondingly, the new modified crystal structures
(especially decorated by Zn ions) are broken more
hard depending on the decrease in the responsibility
to the external test loads. The similar discussions can
be seen in [19, 20].

In the case of greater values of the applied test load,
the hardness-load curve exhibits a transition to a pla-
teau depending on the saturation. The plateau values
are believed to represent the Vickers hardness values
that are not affected by the applied test loads, also
known as the load-independent, real, true, or intrinsic
microhardness values [22]. The values of the hardness
saturation zones for the Zn-doped Y-123 ceramics are
greater than those of Tb-doped samples for all sub-
stitution ratios; nonetheless, the values are quite near
to one another (Fig. 2a-d). The increased load magni-
tudes on the Zn-doped samples lead to more decrease
in the hardness values as compared to the Tb-doped
ones. On this basis, the transition to the saturation
area for the former materials occurs more suddenly
as displayed in Fig. 2a-d. Specifically, doping signifi-
cantly alters the extent of deformation until reaching
the plateau limit zone. This, in turn, facilitates the con-
trol mechanisms for both crack development size and
fracture velocity by reducing the stored internal strain
energy. Namely, the response and sensitivity to the
applied test loads are found to decrease remarkably
with the substitution mechanism. To sum up, the Zn
replaced materials with higher ISE behavior are more
durable than the Tb-doped samples (more sensitive to
the applied loads). Numerical values help to visualize
and understand more easily. In this respect, the micro-
hardness values deduced are utilized to find the key
mechanical performance features including elasticity
of modulus (E), brittleness index (Bi), fracture tough-
ness (Kjc), and yield strength (Y). The elastic modulus
quantifies the ability of a material to withstand elas-
tic deformation when subjected to an external force.
Elastic deformation refers to the temporary alteration
in the shape of a material under an external force, and
the material reverts to its original shape once the force
is eliminated. Young’'s modulus of elasticity quantifies
the extent of elastic deformation. A material possess-
ing a high Young’s modulus tends to exhibit hardness
and brittleness due to its reduced ability to undergo
elastic deformations with flexibility. The E value of
a material is directly proportional to the value of the
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Fig. 2 Graphs comparing the microhardness of Y-123 samples with Zn and Tb doping at different molar ratios: a 0.01, b 0.05, ¢ 0.10,

and d 0.15 as a function of the applied loads

H, parameter. This value is computed using Eq. 2
based on the measured H, value. The value of the
proportionality constant for the elastic modulus var-
ies depending on the type of material being studied.

(2)

Kic is a quantification of the greatest possible
amount of energy that a material can take before a
crack forms. Thus, it can be described as the capac-
ity of a specimen to undergo irreversible deforma-
tion. Linear K¢ is obtained by identifying the point
at which cracks initiate in the material, as described
by Eq. 3.

E = 81.9635H,

@ Springer

K = V2Ea 3)

Bi refers to the property of a material that makes it
susceptible to persistent deformation, or plastic defor-
mation, as described by Eq. 4.

B; =H,/Kjc 4)

Y is the critical point at which a material transitions
from reversible deformation to irreversible deforma-
tion, as defined by Eq. 5.

Y~H,/3 (5)
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Table 1 Numerical values of
Hv,E, Y, K¢, and B, values
of Tb-doped, and Zn-doped
Y-123 ceramic samples

Page9of21 1334

Samples F () d H, E Y Kicx 1072 B;x 1072
(um) (GPa) (GPa) (GPa) (Pa/m'?) (m'?)

Y,,5.Un 0.245 8.08 6.964 570.738 2.321 472.155 1.475
0.49 12.47 5.848 479.230 1.949 432.651 1.352

0.98 20.38 4.374 358.494 1.458 374.203 1.169

1.96 30.97 3.789 310.559 1.263 348.288 1.088

2.94 38.68 3.643 298.587 1.214 341.508 1.067

Y125.Tbo 0 0.245 7.88 7.309 599.023 2.436 507.641 1.440
0.49 11.87 6.445 528.228 2.148 476.701 1.352

0.98 19.16 4.951 405.731 1.650 417.786 1.185

1.96 29.94 4.056 332.364 1.352 378.131 1.073

2.94 37.78 3.819 312.965 1.273 366.930 1.041

Y55.7h4.05 0.245 7.52 8.040 658.918 2.680 506.670 1.587
0.49 11.51 6.862 562.348 2.287 468.071 1.466

0.98 17.83 5.716 468.484 1.905 427.225 1.338

1.96 27.58 4.778 391.556 1.593 390.577 1.223

2.94 34.32 4.630 379.446 1.543 384.490 1.204

Y;55.0b, 10 0.245 7.33 8.446 692.167 2.815 503.872 1.676
0.49 11.39 7.001 573.758 2.334 458.753 1.526

0.98 17.75 5.770 472.834 1.923 416.456 1.385

1.96 26.83 5.048 413.699 1.683 389.544 1.296

2.94 33.17 4.957 406.217 1.652 386.006 1.284

Y;25.0b,15 0.245 7.18 8.813 722.251 2.938 461.276 1.911
0.49 10.84 7.730 633.502 2.577 432.007 1.789

0.98 15.99 7.111 582.797 2.370 414.357 1.716

1.96 24.13 6.242 511.536 2.081 388.199 1.608

2.94 29.81 6.137 502.968 2.046 384.934 1.594

Y 123.210,0; 0.245 6.76 9.933 814.012 3.311 616.426 1.611
0.49 10.52 8.205 672.447 2.735 560.266 1.465

0.98 16.56 6.624 542.827 2.208 503.380 1.316

1.96 25.49 5.593 458.361 1.864 462.561 1.209

2.94 30.92 5.703 467.387 1.901 467.093 1.221

Y 55.2105 0.245 6.68 10.175 833.869 3.392 603.242 1.687
0.49 11.33 7.081 580.319 2.360 503.241 1.407

0.98 17.51 5.930 486.008 1.977 460.537 1.288

1.96 26.86 5.038 412.850 1.679 424.462 1.187

2.94 32.99 5.010 410.626 1.670 423317 1.184

Y25.21 1 0.245 7.27 8.593 704.247 2.864 540.873 1.589
0.49 11.49 6.886 564.348 2.295 484.180 1.422

0.98 18.83 5.123 419.828 1.708 417.608 1.227

1.96 29.42 4.200 344.237 1.400 378.148 1.111

2.94 36.46 4.102 336.191 1.367 373.703 1.098

Y 25215 0.245 6.14 12.048 987.386 4016 686.857 1.754
0.49 10.16 8.797 720.949 2.932 586.915 1.499

0.98 15.45 7.616 624.136 2.539 546.088 1.395

1.96 23.82 6.404 524.834 2.135 500.765 1.279

2.94 29.72 6.173 505.874 2.058 491.637 1.256
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Table 2 n and In(A) values of Tb/Y partially replaced Y-123
ceramic samples

Samples Meyer model
n In(A) (in GPa unit)
Y 2;-Un 1.566 —4.687
Y 23-Tbg 1.563 —-4.618
Y 123-Tbg g5 1.622 —4.682
Y 25-Tbg 10 1.635 —4.686
Y 25-Tbg ;5 1.740 —4.848
Table 3 n an(.i In(A) Va.lues Ceramics  Meyer Model
of Zn/Cu partially substituted [ —
Y-123 compounds n InA (GPa)
Y,,;-Un 1.566 — 4.687
Y 3-Zng, 1.611 —4.506

Y 55-Znggs 1555 —4.423
Y p5-Zng o, 1519 —4.435
Y 55-Zny s 1.580 —4.322

The E, Y, Bi, and K¢ values are computed and one
can see all the calculations for the samples prepared in
Table 1. Based on the table, it is observed that E and Y
values exhibited a respective increase of 26% and 73%
for materials prepared by 0.05 wt. Tb and 0.05 wt. Zn
impurities in compared to the un-doped sample when
subjected to a minimum applied force of 0.245 N. It is
commonly accepted that the improvement in mechani-
cal performance properties of a material can be inferred
from an increase in both the E and Y parameters. When
subjected to increased stress levels, the material becomes
more rigid and can tolerate the applied test loads with-
out incurring plastic deformation. Therefore, Table 1
indicates that Zn-doped samples prepared are harder
than Tb-doped samples, and hence can handle more
stress without permanently changing shape. Analo-
gous behavior is also observed in both the B; and K¢
parameters. The enhanced brittleness index parameter
implies a greater tendency to break without substan-
tial plastic deformation. This is especially noticeable in
materials exhibiting low plasticity and a tendency to
break abruptly. It can be interpreted that YBCO ceram-
ics prepared by the Zn ions possess greater brittleness
indices compared to those doped with the Tb impuri-
ties. In this respect, the zinc ions present much stronger
barrier regions. The findings are similar to the change
in the flux pinning ability depending on the artificial
nucleation centers for the vortices deduced from the
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previous study [13]. This discussion was also verified
by in Ref. [19, 20].

3.3 Semi-empirical mechanical modeling

The load-independent Vickers hardness parameters are
semi-empirically modeled by five available methods: (i)
Meyer's law (ML), (ii) elastic/plastic deformation (EPD),
(iii) proportional sample resistance (PSR), (iv) indenta-
tion-induced cracking (IIC), and (v) Hays-Kendall (HK)
approach. The modeling results and related discussions
are provided below.

3.3.1 Meyer’s law model

ML is a hardness analysis technique that seeks to char-
acterize the response of materials to external forces, spe-
cifically the characteristic ISE/RISE behavior [23]. The
pertinent information can be found in Eq. 6.

F=Ad" 6)

whereas the constant n represents the Meyer number,
used to explain ISE/RISE behavior, the constant A rep-
resents the conventional hardness constant. ISE fea-
ture is observed for the compound when n is less than
two, as the hardness value rises with reducing applied
load. According to Quinn et al. [24], the hardness value
increases with increasing applied stress, and RISE
behavior is observed when the value of n exceeds 2.
Besides, if the value of the n coefficient changes from
1 to 1.6, the compound is hard; if n > 1.6, the sample is
soft. When n equals 2, the microhardness is independ-
ent of the external forces applied, and this condition is
called the Kick’s law (Eq. 7).

F = Apgd?(Kick's Law) 7)

The values of the Meyer index are determined by
calculating the slope of the graph depicting the change
in In(F) as a function of In(d) for new prepared Y-123
ceramics in Fig. 3.a-b. The values of the hardness con-
stant are found by analyzing the points at which the
graph encounters the vertical axis to determine the
values. A linear regression analysis is performed on
the values obtained from Fig. 3a-b, and the results are
presented in Tables 2, 3, respectively. It is visible that
the values of the Meyer index for all the ceramic struc-
tures are found to be lower than 2. Therefore, the con-
clusion that the item demonstrates the standard ISE
behavior is supported by this evidence. In addition,
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Table 4 Apx and Wiy

. Materials HK approach
values of Tb/Y partially
replaced Y-123 ceramics Aygx107% (GPa) Wix1072 (N) Hy (GPa) Hyy (GPa)
Y,,;-Un 0.186 17.544 4.374-3.643 3.442
Y 23-Tbg o 0.194 20.051 4.951-3.819 3.596
Y 55-Tby o5 0.237 16.631 5.716-4.630 4.386
Y 23-Tbg 1o 0.254 14.405 5.770-4.957 4.715
Y ,,5-Tby 5 0.319 11.527 7.111-6.137 5.908
Table S Ay and Wi Ceramics HK approach
parameters of Zn-doped
Y-123 ceramics Auxx1072 (GPa) Wyx1072 (N) Hy (GPa) Hyg (GPa)
Y,»;-Un 0.186 14.509 4.374-3.643 3.442
Y 3-Zng 0.289 15.677 6.624-5.703 5.362
Y 23-Zng o5 0.255 19.235 5.930-5.010 4.724
Y 23-Zng o 0.207 16.802 5.123-4.102 3.835
Y 3-Zng 5 0.315 17.544 7.616-6.173 5.851

n values of pure and 1% Tb-doped materials are cal-
culated between 1 and 1.6 (hard ceramic samples).
On the other hand, the 5% Tb-doped or more doping
materials might be called soft because their n values
are more than 1.6. Furthermore, in samples doped
with Zn, the n value is somewhat greater than 1.6 for
the sample with a 1% doping rate, and is about 1.6 in
the other samples, but less than 1.6. Consequently, the
materials reach the maximum level of microhardness.
The similar results can be seen in Ref. [21].

3.3.2 Hays-Kendall model

In HK approach, the lowest load value (W) has the
potential to induce persistent deformation in a sam-
ple [25]. If the force applied is below the resistance
threshold, no permanent deformation can occur, and
only elastic deformation takes place in the following
relation. Hays and Kendall approach introduces Eq. 8
to analyze behavior of the sample in terms of ISE/RISE
behavior.

F—wyg = AHKdz (8)

Equation 8 defines Ay as the load-independent
hardness constant determined using the HK method
for a particular sample. The numerical Wy and Ay
values are derived from the F - d? graphs (Fig. 4.a-b).

The load-independent hardness constant Ay is
determined by calculating the slopes of the graphs.
The sample resistance pressure Wy is also obtained
by identifying the point where the graph meets the
y-axis. The HK method is employed to calculate the
load-independent microhardness using Hyx Eq. 9.

The Wyk, Apk, and Hyy values computed are
listed in Tables 4, 5. It is seen from the tables that all
Wik values are greater than zero. Hence, the exerted
force resulted in both elastic and plastic deforma-
tion (recovery mechanism) in the specimens [26].
Namely, all the materials exhibit the typical ISE
behavior. The load-independent microhardness val-
ues obtained using the HK technique are found to
be significantly different from the saturation zone
values of the actual microhardness parameters.
Thus, it can be concluded that the HK method is an
inadequate model for explaining the microhardness
properties of materials.

3.3.3 Elastic/plastic deformation semi-empiric model

Typically, the notch size is measured once the indenter
tip takes off the surface of the sample in most tests.
In such instances, the magnitude of the indentation
surrounding the notch mark diminishes to a specific
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Fig. 5 F"%d curves a Tb
doped and b Zn doped Y-123
advanced ceramic structures
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Table 6 Agpp and d values of Tb-doped Y-123 samples

Compounds  EPD Semi-empirical Model
Agppx1072 dyx 102 Hy (GPa)  Hgpp (GPa)
(GPa) (um)
Y5-Un 0.154 19.103  4.374- 2.862
3.643
Y 03 Tbyy,  0.161 20469  4.951- 2.982
3.819
Y 25 Thges  0.202 17323 5.716- 3.738
4.630
Y,»3-Tby,, 0218 15.854  5.770- 4.047
4.957
Y 05 Tby s 0.286 11.886  7.111- 5.308
6.137

Table 7 Agpp and d values of Zn-doped Y-123 compounds

Materials EPD Semi-empirical Model
Agppx1072 dyx 1072 Hy (GPa)  Hgpp (GPa)
(GPa) (um)
Y 53-Un 0.154 19.103 4.374— 2.862
3.643
Y 3-Zng,; 0.245 16.688 6.624— 4.538
5.703
Y 23-Zng 55 0.212 18.153 5.930- 3.933
5.010
Y, 23-Zny o 0.168 21.137 5.123- 3.118
4.102
Y 3-Zng 5 0.266 18.050 7.616— 4.928
6.173

value. Incorporating the factor, an additional param-
eter is added to quantify the notch size in load-inde-
pendent hardness calculations conducted using the
EPD methodology [27-29]. According to the EPD
model, Eq. 10 summarizes the relation between the
external forces and sizes of notches.

F=Ay(d+d,) (10)

In Eq. (10), A, represents a fixed value and d,
denotes the adjustment performed to d. A, and d,, are
determined utilizing the d-dependent alteration graph
of F2. The value of d, is calculated at the y-intercept
of the graph while A, is obtained by squaring the slope
of the graph. Equation 11 is also utilized to compute
the load-independent hardness values.
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The correlation between the applied load and the
notch size is illustrated in the F¥2-d graphs in Fig. 5a-b.
The computed Agpp, dy, and Hgpp values for Zn-added
and Tb-added Y-123 superconductors are presented in
Tables 6, 7. As encountered, all samples have positive
d, values, indicating occurrence of reversible deforma-
tion in the materials [30]. Since the load-independent
microhardness values (Hgpp) do not fall within the
saturation zone range of the Vickers microhardness
value, the EPD model is not an appropriate model for
this particular study.

3.3.4 Proportional sample resistance model

The PSR model is a methodology employed to exam-
ine the ISE/RISE behavior of ceramic materials [31].
Based on the semi-empirical mechanical modeling
approach, the resistance of the sample increases in
direct proportion to the depth of the notch. The micro-
hardness behavior in the PSR technique is determined
by the equation of F = ad + 3d? where F represents the
microhardness, d represents a variable, and a and (3
are coefficients. Equation 12 incorporates the param-
eter o, which determines how the Vickers microhard-
ness is affected by the load, and the term ad, which
represents the surface energy. The constants a and
are associated with the elastic and plastic characteris-
tics of the material. The real Vickers hardness value in
the PSR approach is determined using the Hpgy coef-
ficient given in Eq. 12.

The a constant in the PSR model is determined
from the graphs indicated in Fig. 6a-b by intersecting
the y-axes. Similarly, the 3 constant is calculated by
analyzing the slopes of the graphs. The first constant
belongs to elastic deformation while the second one
relates to plastic deformation [31].

Tables 8, 9 demonstrate that o is consistently posi-
tive in all the ceramic samples. Hence, it may be
asserted that materials exhibit both elastic and plastic
deformation (recovery mechanism). In addition, the
microhardness values computed according to the PSR
model are below the real microhardness saturation
regions, and hence the PSR semi-empirical method is
not a suitable model for this investigation.
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Fig. 6 F/d-d graphs of a Tb
doped and b Zn doped Y-123

ceramics
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Table 8 « and f values of Tb-doped Y-123 ceramic structures

Materials PSR model
ax 102 (N) Bx102(N/ Hy (GPa) Hpgy (GPa)
pm)

Y,;-Un 1953 0.144 4.374- 2.672
3.643

Y3 Thyg 2.151 0.149 4.951- 2.769
3.819

Y23 Thyos 1.948 0.192 5.716- 3.558
4.630

Y- Thy o 1.834 0.209 5.770- 3.876
4.957

Y3 Tbg s 1.473 0.281 7.111- 5.205
6.137

Table 9 « and f values of Zn-doped Y-123 products

Materials PSR model
ax 102 (N) Bx102(N/ Hy (GPa)  Hpg (GPa)
um)

Y,-Un 1953 0.144 4374 2.672
3.643

Y 53-Zngo 2.077 0.233 6.624— 4.316
5.703

Y 53-Zngos 2.182 0.198 5.930- 3.673
5.010

Y 05-Zng o 2.334 0.154 5.123- 2.849
4.102

Y 53-Zng s 2.389 0.250 7.616— 4.637
6.173

3.3.5 Indentation-Induced cracking model

The Vickers hardness constants in the IIC model speci-
fied by Li and Bradt [32] are found using Eq. 13.

HU=21K1<F)+K2<F5/3> (13)

& &

In the equation, A, K;, and K, indicate constants.
K, varies with the applied test load F whereas K; is
a constant determined by the geometric structure of
the notch. Equation 14 provides the hardness rela-
tion for a perfect plastic structure.
H, = Ky (F/d?) (14)

Equation 5.29 provides the hardness relation for
an ideal brittle material when A, equals zero.
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H, = K,(F*/3/d%) (15)

Due to the high brittleness of the samples, the
hardness values are calculated using Eq. 16, which
was derived from Eq. 15.

E5/3\™
H= ()

(16)
m and K constants in Eq. 16 are found by examining
the In(H,) and In(F*®/d%) curves. The m value charac-
terizes the hardness features of the compound studied.
The material exhibits ISE behavior when the m value
is higher than 0.6. On the other hand, RISE behavior is
observed in the sample when m is less than 0.6 [33, 34].

The IIC model utilizes constants K and m, which
are derived from the logarithmic graphs of In(H,)
and In(F*?/d®%) in Fig. 7a-b. The m value is deter-
mined by calculating the slope of the graph while
In(K) is obtained by identifying the point of inter-
section between the graph and the vertical axis.
Based on the data shown in Tables 10, 11, it can be
observed that the value of m is more than 0.6 in all
the replaced Y-123 superconducting materials. Con-
sequently, the materials exhibit a hardness char-
acter that confirms the ISE behavior. Furthermore,
upon comparing the saturation region of the Vick-
ers microhardness values obtained for the doped
structures with the Hy- values evaluated from the
IIC model, it is evident that the model computations
align with the microhardness values in the satura-
tion regions. Based on the data, it is determined that
the IIC model is the best suitable for interpreting the
microhardness values of Zn/Cu and Tb/Y partially
substituted compounds.

In conclusion, the semi-empirical mechanical
models preferred in the present study exhibit a suc-
cessful trend both in inspecting the general mechani-
cal characteristic behavior (ISE or RISE nature) and
in explaining the effect of dopant type, substitution
amount, and applied test loads on the microhardness
parameters.

4 Conclusions
This research examines the role of Zn and Tb impu-

rity on the ceramic structures by studying the mecha-
nisms of crack propagation through experimental
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Fig. 7 In(H,)- In(F>¥3/d%)
graphs a Tb doped and b
Zn partially replaced Y-123
ceramic samples
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Table 10 In(K) and m values of Tb/Y partially replaced Y-123
samples

Compounds  IIC approach
InK m Hy (GPa) Hy (GPa)
(NG-5 3
pm =3 ™)

Y 2;-Un 11.271 1.084 4.374-3.643 3915

Y 23-Tbg 11.291 1.092  4.951-3.819 4.257

Y 123-Tbg g5 12.613 1.254 5.716-4.630  5.032

Y 25-Tbg 10 12.676 1.266  5.770-4.957 5.255

Y 25-Tbg ;5 20.813 2256 7.111-6.137  6.604

Table 11 In(K) and m results of Zn/Cu partially substituted
Y-123 ceramics

Compounds IIC approach
InK m Hy (GPa) Hjc (GPa)
(NG-5m/3;
MIn(2—3 m))

Y 53-Un 1.084 1.084 4.374-3.643 3915

Y ;3-Zn,, 1171 1.171 6.624-5.703 5.981

Y 25-Znyys  1.025 1.025 5.930-5.010 5.376

Y 3-Zng,, 1.010 1.010 5.123-4.102 4.456

Y, 23-Zng s 1.096 1.096 7.616-6.173 6.781

Vickers microhardness measurements under differ-
ent applied test loads. It is concluded that the load-
dependent values of B;, Y, E, and K- parameters for
newly produced Y-123 ceramic matrices (especially
prepared by the homovalent partial replacement of
Zn*" ions in Cu-sites in the Y-123 crystal matrix) are
found to enhance remarkably with the substitution
mechanism. This is because the impurities act as new
strong barrier regions and thus the surface residual
compressive stress sites and interactivity between the
adjacent stacked layers are improved as much as pos-
sible. Additionally, the substitution mechanism leads
to the formation of new slip systems and ionic bonding
between the host ions. Consequently, the impurity ions
decrease responsibility and sensitivity to the applied
test forces depending on the increased ISE feature. To
sum up, new matrices produced have higher defor-
mation degrees, mechanical performance, strength,
durability, resistance to failure, and general mechani-
cal characteristic properties. Besides, the comparisons
performed for the load-independent microhardness
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parameters in the saturation limit regions show that
the IIC model is the most appropriate of Zn/Cu and
Tb/Y substituted ceramic superconductors.
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