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ers hardness measurements (H,) and mechanical investigation models for the first
© The Author(s), 2024 time. All the findings are verified by the scanning electron microscopy (SEM)

examinations. Besides, the electron-dispersive X-ray (EDX) technique verifies
the successful substitution mechanism. Besides, the Vickers hardness parameters
improve systematically with the increment in the Co/Cu partial substitution (serv-
ing as a barrier) level due to formation of operable slip systems, ionic bond forma-
tions, and decrement of stress-amplified strain fields. Moreover, the Y-123 ceramic
produced by solid-state reaction method and molecular weight of 0.20% presents
the densest and smoothest surface morphology with the largest particle distri-
butions and well-linked cobblestone-like grains. On the other hand, the Y-123
ceramic compounds produced by the sol-gel method are more sensitive and
responsive to the indentation test loads. All the findings are wholly supported by
the mechanical performance properties, including the shear modulus, resilience,
and degree of granularity. Furthermore, the mechanical models indicate that
every compound prepared exhibits the untypical reverse indentation size effect
(RISE). Additionally, the modeling studies display that the induced cracking (I1IC)
approach is found to be the most appropriate method to examine true Vickers
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hardness parameters in the plateau limit regions. All in all, this comprehensive
study reports efficiently exploiting the process—structure—property relationships
in Y-123 ceramic material design for physical science and mechanical application
fields using the aliovalent partial substitution and preparation condition.

1 Introduction

The main factor making copper-based high-temper-
ature ceramics important is that they have supercon-
ductivity above the temperature of liquid nitrogen.
In this way, they can potentially be used in sectors,
such as magnetic bearings, liquid rocket engines, and
air-conditioned transport systems. For many of these
applications, the mechanical characteristics of the
material utilized are understood to be as significant
as the superconducting characteristics. As a result,
studying and developing the mechanical properties
of ceramic materials is becoming increasingly impor-
tant [1-3]. Many scientists conduct various studies on
the mechanical properties of ceramic products to pro-
vide information for obtaining the desired mechanical
properties for potential applications [4-9].

Xu et al. reported the results of partial replacement
of M =Al, Co, Fe, Ni, Cr, and Zn elements with Cu
at a ratio of x=0-0.1 wt. in the YB,Cu;_ M,O,_s sys-
tem. They concluded that the crystal structures of the
obtained materials do not deteriorate and the critical
temperature values are generally decreased [10]. In
a 2017 study, Dihom et al. partially replaced barium
with potassium in Y(Ba;_,K,),Cu;0,_s ceramics and
found that the crystal structure did not change and
the offset critical temperature value increased from
87 to 90 K [11]. In 2016, the YB,Cu;0;_s structure was
obtained using the sol-gel production technique and
the chemical Nd,O; was added to the structure. An
X-ray diffractometer (XRD) demonstrated that the
crystal structure remained unchanged. The supercon-
ducting and magnetic features of some structures have
also been studied extensively [12].

Various studies on the change of surface porosity
with doping processes have been published in the lit-
erature. In these studies, surface images obtained by
scanning electron microscopy are used to discuss the
granular structure, size, and surface porosity of the
sample. Sheng Xu et al. (2010) demonstrated that the
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additive process results in a reduction in grain struc-
ture. The critical temperature values also decrease
with the addition [13]. Rani et al. (2013) showed that
in the Ag-added YBCO ceramic samples, the additive
process reduces porosity and increases density. They
also reported that as the doping ratio increases, the
particle connections increase and the particles grow
by elongating [14].

We previously investigated the structural, supercon-
ducting, and mechanical properties of YBa,Cu;_,Co,0O,
and YBa,Cu; (CoFe,0,),0;, cuprate-layered perovs-
kite ceramics produced by the standard solid-state
reaction (SSR) and sol-gel (SG) methods [15-17].
Through the studies, it was noticed from the XRD
graphs that the doping substances (Co and CoFe,0O,)
and preparation techniques had an impact on the dif-
fraction line intensities and line widths. When the lat-
tice parameters and particle size values calculated for
both methods were compared, it was observed that
the samples produced by the SSR method were more
successful in preserving the orthorhombic structure.
Additionally, with an increase in the substitution
level, the average grain size parameters for the Y-123
compounds prepared by both methods were found to
increase remarkably. The measurements of electrical
resistivity revealed that all samples have a supercon-
ducting nature. With the increase in substitution ratio,
the offset critical temperature values were obtained to
decrease roughly from 90 to 30 K.

One of the issues to be determined in the properties
of ceramics in many studies is the mechanical charac-
teristic nature of the material. It is seen that two differ-
ent behaviors explain the link between the indentation
test load and the microhardness value. The behavior
in which the microhardness value decreases as the
applied test load increases are known as indentation
size effect (ISE), whereas the behavior in which the
applied load causes an increase in the hardness value
is known as reverse indentation size effect (RISE)
[18-20]. Furthermore, values such as elastic modulus



] Mater Sci: Mater Electron (2024) 35:1018

(E), yield strength (Y), brittle index (B;), and fracture
toughness (Kc) provide information about the materi-
al’s mechanical properties. The main goal of this com-
prehensive work is to establish a sensitive relation-
ship between the interesting key mechanical features
and process—structure—property in material design
depending on the aliovalent partial substitution and
preparation condition of functional Y-123 ceramics
via Vickers micro-indentation hardness tests at the
various loads range of 0.245 N-2.940 N. Besides, the
experimental findings enable us to determine which
mechanical modeling method such as Meyers law,
Hays—Kendall approach (HK), elastic—plastic defor-
mation (EPD) model, proportional sample resistance
model (PSR), and indentation-induced cracking (IIC)
approach is consistent with experimental results.

2 Experimental

In this study, the samples are separately produced
using sol-gel (SG) and solid-state reaction (SSR)
methods. It is well known that the differences in
superconducting sample preparation methods lead
to form some effects on the crystal structure. Previous
studies are examined to determine which application
procedure (SG or SSR) provides more quality results
for the structural, crystallinity, superconducting, and
mechanical properties [12, 21-25]. The sample prepa-
ration procedure is thoroughly described in the previ-
ous studies [15, 16]. For both preparation processes,
the cobalt powder with the 325 mesh and purity of
99.5% (Alfa Aesar) is added to the polycrystalline
YBa,Cu; ,Co,0;, 4 crystal system as the molecular
weights of 0, 0.05, 0.10, and 0.20%. In the SSR method,
the carbonates and oxides including Y,O; (high purity
of 99.99%), BaCO; (99.95%), and CuO (99.9995%) are
weighed accurately according to the traditional stoi-
chiometric ratios (1:2:3) by means of the electronic bal-
ance. The chemical powders are mixed in a grinding
machine for 9 h for reduction of the powder particle
size and increase in the homogeneity.

At the same time, 15 mL of 99.85% pure acetic acid
serves as the solvent, while 15 mL of anhydrous meth-
anol (99.8%) is added to the barium acetate chemical
powder (99.999%) with periodic stirring to create a
homogeneous mixture. Subsequently, yttrium acetate
(99.9%) is introduced into the solution and stirred
thoroughly, ensuring the even distribution of the addi-
tive. Finally, 8 mL each of copper acetate (99.99%) and
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triethanolamine (99.0%) are added to accelerate the
dissolution of copper with particular emphasis on
the intrinsic quick oxidation characteristic of copper
acetate. The solution undergoes a color change to tur-
quoise and is left to stir for 12 h at room temperature
in a sealed beaker. After, the stirring process continues
at 80 °C to gel the solution. The gelled solution is then
heated in a programmable furnace, transforming the
homogeneous solution into powder form. After that,
all the preparation methods are the same. Namely,
the final powders obtained from both the SSR and
SG methods are manually ground in an agate mortar
with a pestle for an hour and subjected to intermedi-
ate calcination in a Protherm PLT-120/5 model pro-
grammable furnace at 850 °C for 24 h under normal
atmospheric pressure conditions. Following the initial
heat treatment, each resulting powder undergoes two
additional grinding sessions (a total of three times) in
the agate mortar with a pestle for an hour each, aiming
to achieve increased homogeneity. The combination
of ingredients is then pelletized into rectangular bars
using the cold press method. These solidified bars are
subsequently sintered at 930 °C for 24 h in atmospheric
air. The temperature is gradually reduced at a rate of
5 °C/min until reaching 500 °C, where all samples are
annealed for 5 h under an oxygen annealing ambient.

The bulk Co-replaced cuprate-layered perovskite
superconducting compounds prepared by SSR and
SG methods are referred to be A and B, respectively.
Besides, all of them are numerically marked based
on the doping ratio. Namely, the samples produced
by SSR and SG methods within the molecular weight
ratios of 0, 0.05, 0.10, and 0.20 are named A-0, A-5,
A-10, A-20, and B-0, B-5, B-10, and B-20, respectively.
Vickers micro-indentation hardness results are meas-
ured from the various locations on the sample surfaces
for 10 s employing a digital SHIMADZU HVM-2 tester
(calibrated microscope) under the different applied
test loads (0.245 N < F<2.940 N) at room temperature.
The experiments are repeated ten times to determine
the average impression lengths within an accuracy of
approximately + 0.1 um. The Vickers microhardness
parameters are calculated using the conventional for-
mula. As for the morphological confirmation of micro-
hardness findings, the scanning electron microscopy
(SEM) images are taken at x 20000

magnification using an FEI Quanta FE-SEM elec-
tron microscope under 20-kV external voltages.
Moreover, the role of aliovalent Co/Cu substitution
and preparation method on the microstructural and
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morphological properties as regards crystalline qual-
ity, surface morphology, texturing, granular crystal
structure, cobblestone-like appearance, microcrystal
coalescence orientations, partial melting regions, sur-
face uniformity, particle growth distribution, grain
alignment, micropores, internal structural defects,
voids, dislocations, cracks, and grain boundary cou-
pling-connection problems is extensively analyzed.
At the same time, the distribution of local elemental
compositions including Y, Ba, Cu, Co, and O elements
on the specimen surface is quantitatively investigated
by SEM equipped with an Oxford X-ray micro-probe
and IXRF System Model 550i analyzer.

3 Results and discussion

As well known that the type II high-temperature
ceramics exhibit low-key mechanical features (based
on the high brittleness nature) due to the presence of
few available or operable active slip systems (con-
taining the slip directions and planes) in their crystal
structure under the applied test loads [26]. The aca-
demic studies performed on the ceramic compounds
have been related to the improvement in the funda-
mental mechanical performance quantities, such as
impact resistance, mechanical strength, durability,
fracture toughness, stiffness, hardness, critical stress,
elasticity/shear moduli, resilience, ductility, tensile/
yield/flexural strengths, and brittleness index for
some decades. On this basis, the main focus points
are to eliminate the local crystallinity problems includ-
ing the micro-void/grain coalescences, impurity resi-
dues, grain alignment distributions, disorders, grain
misorientations, porosity, distortions, interior and
microscopic cracks, surface crack-initiating omnipres-
ent defects/flaws (acting as the nucleation of cracks),
stress raiser regions, partial melting parts, lattice
strains, grain coupling, and interaction problems in
the crystal structure. In this paper, the influence of Co/
Cu replacement in the multi-layered perovskite Y-123
ceramics fabricated by the SG and SSR methods on
the fundamental mechanical performance quantities is
experimentally and theoretically investigated depend-
ing on the mechanism of crack propagation with the
aid of Vickers measurements at 0.245-2.940 N test
loads and semi-empirical methods (i) Meyer’s law, (ii)
elastic/plastic deformation model, (iii) Hays—Kendall
approach, (iv) proportional sample resistance model,
and (v) indentation-induced cracking approach.
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Fig. 1 Variation of apparent Vickers microhardness with applied
load graphs of a Group A samples and b Group B samples

3.1 Change of mechanical performance
with Co/Cu partial substitution of bulk
Y-123 ceramics produced by SG and SRR
methods

Microhardness analyses are possibly the most desir-
able fundamental characteristic of ceramics. In the
current work, five different test loads (F = 0.245, 0.49,
0.98, 1.96, and 2.94 N) determined for the Vickers
microhardness analyses are applied for 10 s with a
pyramid-tipped indenter. The measurements are
taken at various locations on the surfaces and micro-
hardness values are determined from the average



] Mater Sci: Mater Electron (2024) 35:1018

of ten readings. One can see the variation of Vickers
microhardness experimental results in Fig. 1a and b.
As seen from the curves, the Vickers hardness param-
eters enhance gradually depending on the Co/Cu
substitution (serving as a barrier) level for the two
groups. Namely, the cobalt impurity changes harshly
the deformation degree until the plateau limit region,
and the control mechanisms for the crack growth size
and crack velocity are facilitated due to the decrement
in the stored internal strain energy. Therefore, funda-
mental mechanical features are positively affected. The
Vickers hardness values for the Y-123 ceramics pro-
duced by the SSR method are rather higher than those
of every compound prepared by the SG method at the
low applied indention test loads. Previously [16], sim-
ilar results were extensively discussed. Namely, the
SSR method presented much more superior character-
istic properties, including the electrical conductivity,
surface morphology, crystallinity quality, supercon-
ducting, coupling probabilities between the adjacent
layers, mobile carrier concentrations in the in-plane
Cu-0, layer x*~y* bands, and weak interaction prob-
lems as compared to the SG method. Correspond-
ingly, it is deduced that there is a strong correlation
between the fundamental mechanical performance
findings and other basic characteristic properties.
Several studies performed for the different supercon-
ducting materials have in-depth addressed the rela-
tionship between mechanical properties and other
characteristic features [27-29]. For example, Abden
et al. investigated the change of mechanical and elec-
trical features of bi-based superconducting material
with various holmium addition mechanism. The com-
pounds prepared were characterized by XRD, I-V, H,,
and SEM measurements. Besides, the measurement
findings were discussed by different semi-empirical
mechanical models, namely, Hays—Kendall, Meyer’s
law, proportional specimen resistance, and elastic/
plastic deformation models. It was found that the
Bi-2223 material produced with x =0.025 molar ratio
possessed the main characteristic properties. In fact,
the same sample was noted to have the best surface
morphology with the largest particle distributions and
well-linked platelet-like grains. That is exactly why the
material produced by x =0.025 holmium addition was
found to exhibit the largest mechanical performance
properties [27]. Similar results were also observed for
Bi-2212 superconducting ceramic material. Namely,
Turkoz et al. proposed that homovalent Bi/Ga sub-
stitution in the Bi-2212 crystal system developed the
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mechanical performance properties due to both the
evaluation of new operable slip systems and the dec-
rement in the propagations of flaws, dislocations and
crack in Bi-2212 superconducting ceramics [28]. Fur-
ther, a study performed by Toplu et al. in 2015 investi-
gated the role of zinc ions on the true hardness param-
eters in the saturation limit regions [29]. It was found
that the original hardness parameters improved with
increasing Zn% amount in the Bi-2212 crystal system
because of the recovered regularities depending on the
bond strength in the superconducting system.

As for the numerical values for our study, the A-0
sample exhibits the microhardness value of 2.881 GPa,
whereas the B-0 material presents 2.126 GPa at 0.245
N test load. Similar observations can be noted for the
other material groups. Accordingly, the A-20 sample
possesses the maximum H,, of 3.677 GPa at 0.245 N.
Likewise, in Group B the B-20 ceramic product exhib-
its the highest H, (2.881 GPa) under 0.245 N. In this
respect, the materials in Group A are harder than those
in Group B. Thus, the SSR material production proce-
dure much more positively contributes to the texturing
of crystal structure (grain alignment distributions) and
coupling probabilities between the adjacent layers.
The Vickers hardness parameters observed are mor-
phologically verified by the SEM images given in the
following section. Moreover, the Vickers microhard-
ness parameters of Group B are obtained to enlarge
as compared to those of Group A with the increment
in the applied indention test load toward 2.94 N. On
this basis, among the materials, the B-20 compound
with the 4.688 GPa value possess the highest micro-
hardness parameter under 2.94 N. This means that
the SG method is more sensitive to the applied loads.
In other words, the SSR production route is noted to
more support the resistant to the failure, mechanical
strength, and durable tetragonal phase. Namely, the
SSR method enables us to eliminate the local crystal-
linity problems (meaning the improvement in the crys-
tallinity quality) depending on induction of new lattice
strain fields, associated forces, and surface residual
compressive stress regions in the bulk Y-123 ceram-
ics. The evidence is also supported by the scanning
electron microscopy, powder X-ray diffraction, and
temperature-dependent electrical resistivity measure-
ment results provided in Ref. [16].

Moreover, Fig. 1a and b shows that the basic
mechanical design performances are found to refine
gradually with the increment in the partial substitution
of Co**ions by Cu® ions in the Y-123 superconducting

@ Springer



1018 Page 6 of 19

ceramics prepared by the SG and especially the SSR
method. The cobalt ions lead to the formation of new
ionic bonds between the host and impurity atoms and
operable slip systems; accordingly, the movement of
cracks and dislocations is forced to block as much as
possible and begins to retard or divert seriously. In
more detail, the aliovalent Co/Cu substitution mecha-
nism diverts the dislocations, internal, and micro-
scopic cracks (grounded on the crack-initiating omni-
present flaws) within the different orientations and
regions. Further, the experimental results display that
the critical stress value for the pure Y-123 compound
enhances significantly because of the decrement in the
crack surface energy. Thus, the general mechanical
characteristic behaviors trend to strengthen consider-
ably with the Co/Cu partially replaced polycrystalline
Y-123 ceramics depending on the remarkable enhance-
ment of resistance to the mechanism of crack propaga-
tion. To sum up, it can be mentioned here that there
are much greater stresses to initiate the movement of
dislocations and cracks for the cobalt-added Y-123
samples [16]. The increase in the mechanical strength
of e Y-123 ceramics may be related to the change of
fundamental crystallinity quality discussed in Ref.
[16].

Additionally, Fig. 1a and b shows that the micro-
hardness parameters are observed to increase with the
applied test load due to the untypical reverse inden-
tion size effect (RISE). Besides, the Co/Cu substitution
mechanism makes the fracture cracks pass along with
the superconducting grains. Based on the enhance-
ment of the substitution level, the cracks and dislo-
cations much prefer to propagate through the tran-
scrystalline regions rather than propagation along the
intergranular regions. The main reason in the decrease
of mechanical performance features with the Co/Cu
substitution is related to the variation in the distribu-
tion of associated force regions and lattice strain fields
in the Y-123 main crystal structure, being already dis-
cussed in the parts of SEM investigations.

Figure 1a and b also enables to define the effect of
cobalt impurity and preparation method on the shear
(G) modulus, resilience (U,), and particular constant
of k, based on Hall-Petch equation. According to Pois-
son’s ratio, there appears a relationship between the
elastic and shear moduli as follows:

E =2G(1 +v) 1)
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In the formula, the shear modulus is determined
from the elastic moduli taken from Ref. [16]. In the
relation, the ratio of Poisson (v) for the polycrystal-
line is 0.25 [25] due to the isotropic structure. One
can see all the G modulus parameters in Table 1. As
seen from the table that the shear moduli enhance
monotonously as Co/Cu partial replacement level
increases up to x =wt 20%. Group A exhibits larger
G moduli as compared to those in Group B under
low test loads applied. The A-0 sample possesses
the smallest value of 94.443 GPa against the maxi-
mum value of about 120.537 GPa for the bulk A-20
ceramic sample at 0.245 N. Similarly, among Group
B, the lowest G modulus value is obtained to be
about 69.693 GPa for the B-0 sample, whereas the
B-20 compound shows the greatest G modulus value
of 94.443 GPa at 0.245 N. Conversely, the G modulus
parameters belonging to Group B are found to be
higher than those of Group A at relatively greater
applied loads. In this respect, the B-20 illustrates the
highest G modulus value (153.679 GPa) at 2.94 N.
The enlargement of G moduli with the increase in
the test loads stems from the decreased degree of
granularity and orientation and geometry of cracks.
The reductions are already confirmed in the SEM pic-
tures in the following part of paper.

Secondly, we also examine the role of the prepa-
ration procedure and cobalt addition level on the
absorb energy capacity (known to be resilience
and the capability of recovering elastic energy after
unloading). The area in the elastic region under
the stress—strain curve is attributed to elastically
absorbed energy per unit volume of material pre-
pared. The resilience can be calculated from the
following relation: U, = Y?/2E. In the equation, U,
declares the modulus of resilience, Y ascribes to the
yield strength (taken from Ref. [16]), when E shows
the elastic modulus parameter. The calculations are
tabulated in Table 1. Similar to the shear moduli, the
substitution level affects positively the U, values.
Accordingly, the U, values enhance from 1.952/1.443
MPa (for the A-0/B-0 sample) to 2.494/1.952 MPa
(for the bulk A-20/B-20 ceramic material) with the
increase in the substitution.

Thirdly, we investigate the differentiation in the
k, constants. It is well known that there is a formula-
tion containing the average grain size (taken from Ref.
[16]), yield strength (Y), and k, constants. The rela-
tion is called as Hall-Petch equation and is provided
below:
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Table 1 Some mechanical

Sample F(N) E (GPa) Y(GPa) U, (MPa) G (GPa) k, (MPa. m'?)
performance parameters ! Y
suchas E, Y, U,. G, and k, A-0 0.245 236.108 0.960 1.952 94.443 12.379
values for Co/Cu partially 0.49 257.580 1.048 2.132 103.032 8.723
added Y-123 superconducting 0.98 280.281 1.140 2318 112.112 4.857
materials 1.96 308.801 1.256 2.554 123.520 0.182
2.94 307.735 1.252 2.547 123.094 -
A-5 0.245 239.468 0.974 1.981 95.787 13.045
0.49 261.841 1.065 2.166 104.736 9.170
0.98 289.296 1.177 2.394 115.718 4415
1.96 313.718 1.276 2.595 125.487 0.185
2.94 314.783 1.280 2.602 125.913 -
A-10 0.245 271.512 1.104 2.244 108.605 13.771
0.49 286.182 1.164 2.367 114.473 10911
0.98 318.553 1.296 2.636 127.421 4.601
1.96 340.681 1.386 2.819 136.272 0.288
2.94 342.156 1.392 2.832 136.862 -
A-20 0.245 301.343 1.226 2.494 120.537 12.671
0.49 317.816 1.293 2.630 127.126 9.915
0.98 353.302 1.437 2.922 141.321 3.977
1.96 376.740 1.532 3.115 150.696 0.055
2.94 377.068 1.534 3.120 150.827 -
B-0 0.245 174.233 0.709 1.443 69.693 27.427
0.49 251.843 1.024 2.082 100.737 14.440
0.98 295.115 1.200 2.440 118.046 7.200
1.96 337.812 1.374 2.794 135.125 0.055
2.94 338.140 1.375 2.796 135.256 -
B-5 0.245 206.769 0.841 1.710 82.708 24.893
0.49 248.401 1.010 2.053 99.360 17.446
0.98 298.147 1.213 2.468 119.259 8.547
1.96 344.533 1.401 2.848 137.813 0.249
2.94 345.926 1.407 2.861 138.370 -
B-10 0.245 218.652 0.889 1.807 87.461 26.455
0.49 278.150 1.131 2.299 111.260 15.647
0.98 316.996 1.289 2.621 126.798 8.590
1.96 362.808 1.476 3.002 145.123 0.2680
2.94 364.283 1.482 3.015 145.713 -
B-20 0.245 236.108 0.960 1.952 94.443 30.349
0.49 290.771 1.183 2.407 116.308 19.147
0.98 336.009 1.367 2781 134.404 9.876
1.96 378.297 1.539 3.131 151.319 1.209
2.94 384.198 1.563 3.179 153.679 -
6, =0y + kyd—l/2 ) the microvoid/grain coalescences, impurity residues,

The computed k, constants are numerically tabu-
lated in Table 1. The main reasons for the calculation
of the k, parameter are to observe the variation in
the formation of local crystallinity problems, such as

grain alignment distributions, grain misorientations,
porosity, surface omnipresent defects/flaws, par-
tial melting areas, and internal microscopic cracks
in the crystal structure of Y-123 ceramics with the
applied test loads. According to the table, with the
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ascending loads the k, constants calculated decrease
regularly for all the samples prepared. Especially,
severe decrements are noted for the Group B com-
pounds. In this respect, the degree of porosity much
more reduces with the applied test loads. Moreover,
the effect of preparation procedures and cobalt addi-
tion level on k, constants can be seen in the table.
The cobalt substitution level affects positively the
k, parameters as a result of the considerable incre-
ment in the yield strength values. The k, constants of
Group A are larger at lower applied test loads. How-
ever, in the case of the higher external test loads, the
compounds of Group B exhibit greater k, parameters.

Besides, we examine the relationship between
micro-indentation hardness results and external loads
for the samples by fitting equations based on the third-
order formulas. One can see all the computations in
Table 2. According to the table, the most depend-
ent terms (constant of x°) in the equation are found
to be in the range of 0.02494-0.06373 for the Group
A. On the other hand, the Group B possesses the x*
parameters between 0.29420 and 0.10997. Namely,
the sensitivity and responsiveness to the indentation
load seriously depend on both the cobalt doping level
and preparation methods based on the varied stress
amplification regions. According to x* findings, the SG
method is noticed to be more sensitive and respond to
the applied indentation test loads. Accordingly, the
SSR route is recorded to less result in local crystal-
linity problems in the superconducting system. As it
was discussed in literature, the SSR method provides

Table 2 Microhardness fitting parameters depended on the
applied test loads for Co/Cu partially added Y-123 superconduct-
ing materials

Materials “Fitting relations for the Co/Cu partially added
Y-123 superconducting materials

A-0 y=0.02494x> — 0.31779x%+1.09575x +2.64773
A-5 y=0.06373 x> — 0.51581x%+1.38073x + 2.62094
A-10 y=0.04671 x> — 0.42412x*+ 1.23666x + 3.01687
A-20 y=0.05408 x> — 0.48432x% + 1.38241x + 3.34742
B-0 y=0.2942x> — 1.90113x%+3.99141x + 1.35402

B-5 y=0.10997x> — 0.91577x*+2.50473x + 1.97908
B-10 y=0.16669x> — 1.21699x>+2.93314x +2.09156
B-20 y=0.19579x> — 1.33452x% +3.05949x + 2.25569

*Fitting parameters are determined to be the highest correlation
values for all the Co/Cu partially substituted Y-123 supercon-
ducting ceramic compounds
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considerable advantages as regards high crystallinity
quality material production, purity, reproducibility,
reliability, simplicity, low cost, and accurate control
for shape, size, and quality, and material prepara-
tion in the desired stoichiometry [30-32]. Similarly, in
the current study, Y-123 materials produced by SSR
method crystallized much better. The differentiations
in the crystallinity problems such as internal defects,
surface view, microcrystal coalescence orientations,
impurity residues, and interaction problems between
the grains with the preparation procedure are pictured
obviously in the SEM images.

At the same time, the change in the degree of gran-
ularities (porosity) is semi-empirically explored with
the aid of Young’s moduli of elasticity to determine
which prepared sample is the most appropriate for
the technological and industrial application areas
[29]. In the literature, the dependence of porosity
(P) on Young’s moduli of elasticity is quantitatively
described by the following equation [25],

E =Ey(1-19P +0.9P?) 3)

We use the equation to determine separately the rel-
ative porosity parameters. In relation, E, presents the
highest Young’s moduli of elasticity for the samples
at any applied test load. For example, under 0.245-N
applied test load, the E, values are used to be 301.343
GPa and 236.108 GPa (highest elastic moduli) for the
bulk A-20 and B-20 compounds to determine the sub-
stitution mechanism. Hence, the enhancement of alio-
valent Co/Cu replacement level decreases the poros-
ity value dramatically from 12.06 to 5.35% for Group
A and 14.83 to 3.97% for Group B. On this basis, the
granular structure (porosity) is found to much more
decrease for the latter group. Additionally, the reduc-
tion of porosity with the substitution stems from the
stabilization of the durable tetragonal phase [30]. In
more detail, the cracks and dislocations much more
propagate along with the transcrystalline regions
(dominant) instead of intergranular regions with the
increment in the substitution level.

We also determine the differentiation in the relative
volume fraction porosity parameters and provided the
values in Table 3. According to the table, the degree
of granularity tends to diminish with the applied test
load. However, the relative volume fraction porosity
values for the SG method are found to more decrease
as compared to those by the SRR method. In other
words, the SRR preparation method is more successful
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Table 3 Variation of relative volume fraction porosity (%)
depending on Co/Cu substitution level and applied indentation
test loads (V)

Samples Applied indentation test loads (V)
0.245 0.490 0.980 1.960 2.940
Relative volume fraction porosity (%)
A-0 12.06 10.52 11.52 9.94 10.17
A-5 11.41 9.71 10.00 9.19 9.07
A-10 5.35 5.40 5.29 5.18 5.01
A-20 -
B-0 14.83 7.31 6.63 5.79 6.52
B-5 6.74 7.99 6.13 4.79 5.40
B-10 3.97 2.29 3.04 2.18 2.77
B-20 -

to refine the Y-123 crystal structure, having already
been favored by the experimental findings shown in
Ref. [16].

3.2 Modeling of original Vickers
microindentation hardness parameters
for Co/Cu partially substituted Y-123
ceramics

We model the original (load-independent) Vickers
hardness results recorded in the plateau limit areas
of materials with the aid of five available mechanical
modeling methods: (i) Meyer’s law, (ii) Hays—Kend-
all approach, (iii) elastic/plastic deformation model,
(iv) proportional sample resistance model, and (v)
indentation-induced cracking approach. The modeling
results and discussions are given below.

3.2.1 Meyer’s law

The mechanical modeling proposed by Meyer is
based on an empirical formula that is used to explain
the main mechanical characteristic of ISE behavior
(regular reduction of H, with the applied forces) or
RISE (untypical enhancement of H, values over the
applied test loads). Shortly, the mechanical character-
istic feature is determined depending on the recov-
ery mechanism. Namely, providing that the material
shows the predominant character of elastic recovery
(confirmation of ISE nature), both the elastic and plas-
tic deformations instantaneously take place in their
system. Accordingly, the recoverable deformation
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is non-permanent through the crystal system. Con-
versely, the deformation in the material exhibiting
the RISE nature under the mechanical test load is only
permanent, irreversible, and non-recoverable (plas-
tic deformation). Meyer’s law is quantitatively com-
posed of Meyer constant (A;) and exponential power
of Meyer number (1) for indentation depth depending
on the stress applied on the surface,

F = Aldn (4)

in the equation and the Meyer number is directly
related to the mechanical characteristic nature of a
sample. 7 is found in three main scales (n1<2, n=2, or
n>2) to discuss the ISE or RISE behavior of material
[32]. The first scale is n <2 where the ceramic com-
pound presents the typical ISE behavior, whereas
the second scale is 1 >2 in which the sample exhibits
the untypical RISE feature. As the n is equal to 2, the
H, values are unrelated to the indentation test loads.
Differentiation of LnF as a function of Lnd curves is
illustrated in Fig. 2. With the extrapolation method,
the numerical calculations (A, related to the crossing
point of the y-axis and n deduced from curve slope)
are listed in Table 4. One can see from the table that
all the materials prepared by both methods possess n
values higher than 2. Namely, every material prepared
exhibits the untypical RISE behavior. Numerically, for
Group A, the n constant is computed to be between
2.257 and 2.217, while Group B presents the n values
in a range of 2.703-2.494. It is common for two groups
that as the Co/Cu replacement level increases, the n
constant decreases regularly and is closer to 2 due to
the refinement of general mechanical characteristic
properties depending on the decreased systematic
problems in the Y-123 ceramic structure.

Besides, the parameters of A; point out that the
movements of dislocations and cracks proceed along
the transcrystalline regions. Thus, the fracture appears
in the trans-granular regions in the case of excess
external force greater than the critical stress value.
Similarly, the Group A is the least responsive and sen-
sitive to the indentation test load.

3.2.2 Hays—Kendall model

The model is used to examine the basic mechanical per-
formance and characteristic (especially ISE) features of
Y-123 ceramics. In the HK approach, the smallest criti-
cal load value that leads to the formation of permanent
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Fig. 2 Change of applied test load In F versus indentation diag-
onal length In d graphs of a Group A samples and b Group B
materials

deformation on the material is determined as W. The
test load value must be exceeded for the plastic defor-
mation in the crystal structure. Likewise, the mechanical
characterization is determined concerning the positive
or negative W parameter. Variation of indentation depth
size with the test load is, accordingly, inspected using
effective load, Fo¢ = F — W as given below.

F — Wiy = Ayd? (5)
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in the formulation and the A, parameter indicates the
H, value when W abbreviates the applied load. One
can see the variation of indentation diagonal lengths
(d) with the applied test loads in Fig. 3, and the A,
and W constants are inferred from the curves using
the data extrapolation approach. Numerical constants
are given in Table 4. As seen from the table that all the
Y-123 ceramic materials show the typical RISE nature
due to the negative W values. Hence, the perma-
nent, irreversible, and non-recoverable deformations
are proceeded in the crystal systems by the applied
test loads. Moreover, the response and sensitivity to
the applied test loads are observed to decrease con-
tinuously as the aliovalent Co/Cu replacement level
increases. In this context, the materials including
higher Co ions exhibit less response and are sensitive
to the applied loads. At the same time, the computa-
tions for the A, values reveal that there seems a sys-
tematic enhancement depending on the increment in
the substitution level. To conclude, the cobalt impurity
leads to an increase in the fundamental mechanical
performance as a consequence of the decreased and
refined stress-concentrated strain fields in the crystal
system. This means that the Co/Cu partial replace-
ment and preparation condition play important roles
in diverting and retarding the propagation of crack up
to the terminal velocity at the applied test load.

In the HK model, the original Vickers micro-inden-
tation hardness values in the plateau limit region are
also investigated by the following formula:

Hpx = 18544 « A, (6)

All A, values are listed in Table 5. It is visible from
the table that the numerical findings are higher than
the load-independent H, values in the saturation limit
regions. Hence, this model is inadequate in examining
the original microhardness values of Co-substituted
bulk Y-123 samples.

3.2.3 Elastic—plastic deformation approach

The mechanical modeling approach argues that
elastic deformation also occurs even if the load
applied to the material causes plastic deformation.
Hence, the model is preferred to research the general
mechanical characterization features. In the formula-
tion, a new term regarding irreversible deformation
appears as a correlation factor. For this reason, the
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Table 4 Microhardness characteristic parameters deduced from 5 different theoretical calculation methods for Co/Cu partially replaced

Y-123 ceramic compounds

Sample Meyer HK EPD PSR 1IC
n A(GPa) A*10*(GPa) W*10>(N) A,*10° d,*10*(um) a*10°(N) p*10° (N/um) K m
N(3—5 m)/S/
pm(2_3 m)
A-0 2257  3.150 0.211 -10736 0233 —11.462 -0979 0230 83.841 2.950
A-5 2262 3.140 0.215 -10.811 0238 —11.622 -1.002 0235 87.815 2915
A-10 2227 3.093 0.233 -9.547 0254 —10.170 -0920 0252 74.954 3.115
A20 2217 3.042 0.256 -9.011 0279  —9.749 -0928 0277 75.999 3.155
B-0 2.703  3.153 —24.387 0.244 0309 —27.792 -2329 0293 308.834  2.096
B-5 2551 3.134  —22.269 0246 0301  —24.061 -2.081  0.290 228.012 2252
B-10 2519 3.101 —19.447 0257 0309  —21.640 -1927  0.298 221.811 2.283
B-20 2494 3.074 = —19.495 0270 0323  -21.108 -1936 0313 210.319 2.320

plastic component of the d, value should be added to
the deformation diagonal in H, calculations. Hence,

F=Ay(d+d,) (7)

in the relation and Aj; is a constant when d is the meas-
ured indentation depth size. The constants of A; and
d, parameters are deduced from the differentiation
of F2 over d curves as given in Fig. 4. Computations
performed are depicted in Table 1. It is seen that all
the d, constants are obtained to be negative. In this
respect, every material studied exhibits the untypical
RISE behavior within the different levels. Namely, the
d, constants augment systematically as the aliovalent
Co/Cu partial replacement level increases. Thus, the
A-20 and B-20 samples exhibit the greatest mechani-
cal performance quantities as a result of the reduction
in the stress-concentrated strain fields. Namely, the
samples present the least response and are sensitive to
the applied test load. Even, the constants of A; confirm
the improvement in the crystal quality depending on
the substitution level.

Moreover, the load-independent hardness values
determined are calculated by the following equation,

The calculated Hgpp values are tabulated in
Table 5. According to the table, the load-independ-
ent H, values calculated for the elastic deforma-
tion are found to be larger than those in the plateau
limit region and hence, the model is unsuccessful to
inspect the general mechanical performance quanti-
ties in the plateau limit region.

3.2.4 Proportional samples resistance model

PSR theoretical approach is another method found by
Li and Bradt [33] to investigate the original microhard-
ness values of a material exhibiting the ISE behavior
and especially to show the variation in the crystal
structure quality depending on the substitution mech-
anism. The value of surface energy (positive or nega-
tive) plays an important role in the mechanical char-
acterization of materials, and the relationship includes
two main parts: (I) elastic deformation and (II) plastic
deformation. The positive surface energy presents the
typical ISE behavior (dominant character of recovery
mechanism). Conversely, the negative surface energy
ascribes to the RISE nature (production of irrevers-
ible deformations at the external forces in the crystal
system). The relation of the PSR approach includes the
surface energy («) and micro-indentation hardness (f)
parameters as provided below [34]:

F =yd + pd* ©)

The surface energy and H, constants are extracted
from the differentiation of F/d against d graphics in
Fig. 5 using the data extrapolation method. The a and
B parameters are numerically displayed in Table 4.
As seen from the table that all the materials show
the untypical RISE behavior due to negative a value.
Generally, the o enhances gradually as the aliova-
lent Co/Cu partial replacement level increases in the
Y-123 ceramics. On this basis, among Group A, the
A-20 ceramic compound has the highest a value of
-0.928 x 10? N/um. Similarly, the value of —21.108 x 10?
N/pm is obtained to be the maximum « value for the
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Table 5 Comparison of Vickers micro-indentation hardness
parameters in plateau limit regions to model findings of H,, Hyy,
Hgpp, Hpsg, and Hyc

Sample Hy (Plateau Region) Hyx  Hgpp Hpsr Hic

A-0 3.420-3.755 3.907 4313 4.265 3.646
A-5 3.530-3.841 3992 4416 4365 3.729
A-10 3.887—4.175 4319 4716 4.674 4.065
A-20 4.311-4.601 4756 5.180 5.136 4.494
B-0 3.601-4.126 4516 5.731 5428 3.965
B-5 3.638-4.221 4571 5591 5370 4.018
B-10 3.868-4.427 4758 5.733 5.535 4.253
B-20 4.100-4.688 5.013 5994 5799 4.470
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B-20 material in Group B. Accordingly, the increase
in the replacement level improves dramatically the
mechanical performance quantities. Similarly, the
variation (increase/decrease) of § parameters even
confirms the improvement in the crystal structure.

Moreover, the load-independent microhardness
parameters in the plateau limits are examined by the
PSR model as follows:

Hpgg = 1854.4 % § (10)
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One can see all the load-independent micro-
indentation values in Table 5. It is found that the
data obtained are determined to be rather larger
than the true Vickers hardness parameters for all
the materials. Thus, it can be mentioned here that
although the PSR approach exhibits superior behav-
ior to discuss the general mechanical characteristic
feature of Co/Cu partially replaced Y-123 super-
conductors, it is inadequate to investigate the load-
independent micro-indentation parameters.
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3.2.5 Indentation-induced cracking approach

The mechanical modeling calculation is used to
explore the general mechanical characteristic proper-
ties. In the model, the formation of indentation diago-
nal lengths is mainly based on four factors: (I) indenter
friction; (II) and (III) elastic and plastic deformation;
and (IV) crack mechanism, and the relation is symbol-
ized by the following equation:

F5/3 m
Hye = K<?>

(11)
where m and K constants show the original Vickers
H, constants inferred from In(Hv) over In(F>3/d%)
curves as pictured in Fig. 6. The computed constants
are depicted in Table 4. As observed that generally
the K constants decrease systematically as the Co/Cu
substitution enhances. In this respect, it is found that
the enhancement in the cobalt atoms leads to improve
crystallinity quality of materials. It is another probable
result deduced from this recent work that all the sam-
ples possess an m constant higher than 0.6, meaning
that the ceramic compounds show the untypical RISE
behavior. The increment trend in the m value stems
from the improvement in the crystal quality depend-
ing on the substitution level. In other words, higher
Co-substituted Y-123 materials display much greater
mechanical performance with the new formation of
available and operable slip systems. Thus, the cobalt
impurity makes the movement of cracks and disloca-
tions retard or divert considerably, and the fracture
realizes in the transcrystalline regions at enough test
load [35].

Further, the original Vickers hardness parameters in
the saturation limits are theoretically examined with
Eq. 11. One can see the calculated Hj; - parameters
in Table 5 where every calculation is realized to be
closer to the real H, parameters. In this regard, the IIC
approach is noted to be the most important candidate
to investigate the mechanical performance and char-
acteristics of polycrystalline Y-123 ceramic materials.

All in all, the semi-empirical mechanical models
used are found to be successful to understand both
the general mechanical characteristic behavior and
the attitudes toward the preparation conditions,
substitution level, and applied test loads of Co-
replaced bulk Y-123 materials. However, the mod-
els exhibit the different successful on the investiga-
tion of load-independent hardness features in the
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saturation limits. To illustrate, EPD model shows
the H, parameters much larger than the original
H, values and thus the largest deviations in values.
Similarly, PSR model presents rather greater H,
parameters than the load-independent H, values.
On the other hand, the IIC semi-empirical mechani-
cal model with the closest H, findings to the origi-
nal ones indicates the importance of four factors
(indenter friction, crack mechanism, elastic, and
plastic deformations) for the calculation of micro-
hardness parameters in the saturation limits.
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3.3 Scanning electron microscopy
investigations

In this part of paper, we conduct scanning electron
microscope (SEM) examinations to support all the
results and discussion performed in the Vickers hard-
ness findings of aliovalent Co/Cu-replaced Y-123
ceramics. The SEM analyses are carried out to provide
valuable insights into various aspects of the materi-
als, including crystalline quality, surface morphology,
texturing, flaky layered structure, microcrystal coales-
cence orientations, partial melting regions, surface uni-
formity, particle growth distribution, grain alignment,
micropores, internal structural defects, voids, disloca-
tions, cracks, and grain boundary coupling-connection
problems. We depict the SEM micrographs belonging
to only the pure (for the control samples), A-10, A-20,
B-10, and B-20 ceramic compounds with the highest
mechanical performance features in Fig. 7a—e. One can
see from the SEM pictures that every material shows
similar surface morphology (granular crystal struc-
ture and randomly aligned cobblestone-like appear-
ance but with different grain growths). It is visible
from the micrographs that the Co impurity level sig-
nificantly affects the specimen surface quality, particle
size growth, and surface morphology appearance of
Y-123 crystal system. Consequently, both the replace-
ment mechanism and preparation method lead to the
dramatic change in the surface morphology. As the
cobalt substitution level increases, the formation of
cobblestone-like appearance and grain alignments is
obtained to strengthen remarkably (shown by green
circles in the images). Due to the closure of particles to
each other (reduced porosity, improved crystallinity
quality, texturing, or elimination of the local crystal-
linity problems), new and strong chemical bonds are
formed between foreign and host atoms. Besides, the
increment in the cobalt ions results in the reduction of
partial melting regions (depicted by red circles in the
pictures), porous structure (indicated by purple circles
in the images), microcrystal coalescence orientations,
and grain boundary coupling-connection problems on
the surface. Among the microstructural images, the
bulk A-20 ceramic possesses the most uniform surface
view and densest surface morphology (least porous
structure) with the smoothest surface, largest particle
distributions, and well-linked cobblestone-like super-
conducting grains of the main matrix (Fig. 7b). Accord-
ingly, the A-20 material exhibits the best connection
between the superconducting grains. Thus, the A-20
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ceramic compound exhibits the least sensitive and
responsive to the indentation test loads. Namely, the
combination of SSR production method and molecular
weight of 0.20% is noted to be an important solution
to overcome the grain boundary coupling-interac-
tion problems between adjacent layers. Even, all the
findings (the highest general mechanical characteris-
tic behavior and mechanical durability) are already

supported by the semi-empirical mechanical models
used. Besides, the A-20 sample with the stabilized
typical Y-123 crystal structure exhibits the highest
durable tetragonal phase and main mechanical perfor-
mance properties because of the degradation of stress-
induced phase transition. To sum up, the SEM images
may point out how the control mechanisms for the
crack growth size and crack velocity improve with the
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presence of the optimum cobalt impurity in the Y-123
ceramic system, having already been supported by the
mechanical modeling part. The main reasons are both
the decrement in the stored internal strain energy and
stress-amplified strain fields and the formation of new
ionic bonds in the crystal system.

3.4 Electron-dispersive X-ray investigations

The distributions of local elemental compositions
(Y, Ba, Cu, Co, Ba, and O) are extensively investi-
gated by the electron-dispersive X-ray (abbreviated
as EDX) measurements to point out whether the
YBa,Cu;_,Co,0,_s samples are prepared homoge-
neously and uniformly. One can see the numerical
values for the composition distributions of samples
in Table 3. The numerical values for the local ele-
ment compositions are graphically given in Fig. 8
to investigate the results in detail. It is visible
that every chemical composition is located in the
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Fig. 8 Variation of local element contributions with respect
to Co/Cu partial substitution amount for all the YBa,Cu;0,_,
ceramics
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well-oxygenated ceramics. This means that all the
Y-123 ceramic compounds are thoroughly produced
within the desired stoichiometries. In this context, all
the chemical components used during the prepara-
tion process are detected to enter successfully into
the main matrix of bulk YBa,Cu;0;_s superconduc-
tors. At the same time, as the cobalt substitution level
increases up to the molecular weight of 0.20%, the
local distribution for cobalt element augments regu-
larly. The increment in the system causes to the for-
mation of new and strong chemical bonds between
the foreign and host atoms, having already been seen
in the Vickers hardness and SEM investigations. In
more detail, the signals detected from the K, and L,
lines for the compounds in Table 3 indicate that the
pure material is composed of the molar weights of
11.91% for the yttrium content, 29.91% for the copper
content, 43.59% for the barium content, and 14.56%
for the oxygen content. The distributions of local ele-
mental compositions show the successful production
of Y-123 superconducting phase. As for the Co/Cu-
substituted ceramic materials, the yttrium, barium,
and oxygen compositions are nearly constant (or ran-
domly change), while the distribution of copper con-
tent decreases monotonously for both group com-
pounds depending on the cobalt substitution level. It
is related to the fact that the cobalt atoms are mostly
replaced by the copper ions in the Y-123 crystal sys-
tem as expected. The replacement of cobalt ions for
copper ions (leading to the formation of new and
strong chemical bonds between the foreign and host
atoms) is responsible for the variation in the surface
morphology view, crystal quality, and fundamental
mechanical performance behaviors (Table 6).

Table 6 Electron-dispersive Component  Line

Distribution content (wt%)

X-ray findings for local

elemental composition Pure (SSR) A-5  A-10 A20 Pure(SG) B-5 B-10 B-20

distributions 0 K, 1459 1581 1667 1597 1548 1481 19.12 1791
Y L, 1191 942 1125 979 11.63 1174 11.07 1075
Ba L, 4359 4023 4411 4506 4485 4561 44.14  43.09
Cu K, 2991 2893 28.15 27.05 28.05 2784 2715 26.15
Co K, - 071 102 213 - 080 L1l 210

@ Springer



] Mater Sci: Mater Electron (2024) 35:1018

4 Conclusion

In the present work, the effect of the aliovalent Co/
Cu partial substitution on the basic mechanical per-
formances of the polycrystalline Y-123 system is
inspected using the crack propagation mechanism.
Throughout the study, it was found that the solid-
state reaction method was a superior preparation
method compared to the sol-gel method. Moreo-
ver, the mechanical characterization properties are
investigated in the plateau limit regions employ-
ing available semi-empiric mechanical models. The
EDX results reveal that the cobalt ions in the crystal
structure enhance monotonously with increasing
the substation level as desired. The experimental
measurement results show that the Co/Cu substitu-
tion leads to improve dramatically the microhard-
ness values due to the formation of new ionic bonds
and operable slip systems. The materials in Group
A with higher crystallinity quality are also observed
to be rather harder than those in Group B. In fact,
the A-20 ceramic compound with the most uniform
surface view, smoothest, and densest surface mor-
phology (least grain boundary coupling-interaction
problems) is found to show the greatest mechanical
performance quantities as a result of the reduction
in the stress-concentrated strain fields in the crystal
system. The finding was supported by the change in
the porosity value from 12.06 to 5.35% for Group A
compounds. On the other hand, the microhardness
parameters belonging to Group B are observed to
exhibit more sensitive and respond to the test loads.
Accordingly, the B-20 compound demonstrates
greater shear modulus, resilience, and ky param-
eters at the highest applied test load. Numerically,
the A-20 sample possesses the maximum H,, of 3.677
GPa, G of 120.537 GPa, and U, of 2.494 MPa at 0.245
N. As for the modeling results, the IIC approach
shows the closest Vickers values in plateau areas. All
in all, this comprehensive work indicates the power
and importance of theoretical modeling studies in
the investigation of fundamental mechanical perfor-
mance and mechanical characterization quantitates
in plateau limit regions. Similarly, we conclude that
there seems a strong link between the interesting
mechanical performance features and process—struc-
ture-property in material design using the aliovalent
replacement in Y-123 ceramic structure and different
material preparation conditions.
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