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Abstract
The detailed comparison of the effects of Co and CoFe2O4 dopants and preparation methods (solid-state reaction method 
and sol–gel methods) have been studied on structural, electrical, superconducting, and mechanical properties of Y123 bulk 
superconductors. The doping amounts of Co and CoFe2O4 were chosen up to 0.10 wt. %. X-ray powder diffraction (XRD) 
method, temperature-dependent resistance measurement (R-T), and Vickers microhardness analyses were performed to char-
acterize prepared samples. XRD analysis showed that all samples have Pmmm symmetry of orthorhombic crystal structure; 
intensities and width of the diffraction lines were affected by doping material, but, independent of the preparation method. 
Although all samples crystallize in orthorhombic structure and exhibit superconductivity behavior, with increasing doping 
rate the critical transition temperatures of the samples showed a significant decrease and broadened to superconducting tem-
perature transition width. This is more evident in CoFe2O4-doped Y-123 samples produced by sol–gel method. As the applied 
force increased, it was observed that the microhardness values of the Co-doped samples increased while the CoFe2O4-doped 
samples decreased, regardless of the sample preparation method.

Keywords  Y-123 phase · Co and CoFe2O4 doping · Preparation methods of superconductors

1  Introduction

After the discovery of superconductivity [1], one of the most 
important enhancements for critical transition temperature 
of superconductor was appeared in LaBaCuO HTSs (high-
temperature superconductors) determined by Bednorz and 
Muller in 1986 [2]. Following this development, many new 
oxide type-2 superconductors have been prepared such as 
BiSrCaCuO, HgBaCaCuO, and YBaCuO with high criti-
cal transition temperature over the liquid nitrogen tempera-
ture (77 K) [3–5]. The use of liquid nitrogen in applications 
such as motors, transformers, heavy industry technology, 

material engineering, and industrial energy provides impor-
tant advantages such that the implementation is both cheaper 
and easier than liquid helium. The main goal of these kinds 
of applications is that high performance and low-cost opera-
tion. So that easily accessible and low price of liquid nitro-
gen is preferable. In this context, many research groups have 
extensively studied the improvement and examination of 
main characteristic properties of HTS including the electri-
cal, magnetic, mechanical, crystal structure quality, morpho-
logical, crystallinity, couplings, and grain boundary to get 
high performance. For these purposes, different methods of 
preparation, pelletization pressures, calcination, and sinter-
ing temperatures and durations, stoichiometric ratios, pre-
cursor powders with different purity, grinding time, adding, 
doping, and partial substitution/displacement in the crystal 
system were applied and these studies were given in the 
literature [6–13].

There are many different sample preparation methods 
such as solid-state reaction method, sol–gel method, ammo-
nium nitrate precipitation method, rapid thermal melting 
process, and microwave processing method in the production 
of superconductors. The well-known and most used meth-
ods are the solid-state reaction (SSR) method and sol–gel 
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(SG) method. In the former method, precursor powders are 
weighed in stoichiometric proportions, generally mixed in 
an agate mortar (using by ball-milling machine or by hand), 
and then annealed at certain high temperatures with proper 
times to attain the superconducting phases. Carbonate-based 
compounds and non-reactive metal oxides are generally pre-
ferred as starting materials for production of the HTSs [10, 
14, 15]. In latter method is a kind of wet chemical route 
which dissolves one or more metal components in solution 
[16] and can be a more suitable technique than the former 
because of easy to achieve chemical homogeneity, control 
particle size, and morphology [14, 15].

The main superconducting parameters such as critical 
transition temperature, critical current density, and critical 
magnetic field can be modified by partial substitution/dis-
placement in the crystal system. Non-magnetic and mag-
netic materials can be used for this purpose. Non-magnetic 
dopants can break the coupling and also degrade the lattice 
arrangement, such as the larger or smaller size of impurities 
can locate the space inside of the lattice or replace with the 
main atoms in the structure [17, 18]. The superconducting/
ferromagnetic interfaces can be formed by doping magnetic 
materials into the superconductors. These kinds of magnetic 
dopants can help to improve the current-carrying capacity 
of the superconductors utilizing act as a pinning center. On 
the other hand, a small amount of magnetic dopants can also 
reduce the flux pinning capacity and deteriorate the trans-
port properties of the superconductors [19]. Improving or 
destroying the performance of superconductors depends on 
lots of parameters such as the ratio and size of the dopants, 
the method of preparation of the sample, the presence of 
agglomeration, and the interaction between the dopant and 
superconductor.

We investigated the effect of partial Fe/Cu and Co/Cu 
replacement on fundamental properties of Y-123 ceramics 
by substituting CoFe2O4 and Co [6, 7]. There are also sev-
eral studies related to CoFe2O4 and Co substitution to Y-123 
ceramics in the literature [20–25]. Our aim is to compare 
both the effects of CoFe2O4 and Co dopants and prepara-
tion methods on structural, electrical, superconducting, and 
mechanical properties of Y123 bulk superconductors. We try 
to define that which magnetic dopant (CoFe2O4 and Co) and 
production method (SSR or SG) is much more convenient 
to prepare the Y-123 ceramic superconductor with higher 
basic characteristics for new, unique, and applicable market 
application areas.

2 � Experimental Details

In this study, the Cu-site CoFe2O4 (nano-powder, 30-nm 
particle size (TEM), 99%, Sigma-Aldrich) and Co (cobalt 
powder-325 mesh, 99.5%, Alfa Aesar) partial doped 

YBa2Cu3−xO7−y superconducting samples (by weight at 
x = 0, 0.05, and 0.10) are fabricated by SSR and SG methods. 
Y2O3 (99.99%, Alfa Aesar), BaCO3 (99.95%, Alfa Aesar), 
and CuO (99.9995%, Alfa Aesar) starting powders were pre-
ferred for the production of samples by the SSR method. In 
the SG method, 15 mL of methanol anhydrous and 15 mL 
acetic acid were put into the barium acetate powder and 
stirred up at room temperature until a homogeneous mixture 
was attained. The homogeneous intermediate mixture was 
added to yttrium acetate powder and mixed once more. After 
homogeneity was achieved, copper acetate and the doping 
elements (CoFe2O4 and Co) were stirred up the mixture by 
adding 8 mL of triethanolamine which is used for accelerat-
ing the dissolution process of copper. The resulting solution 
was left in a sealed beaker at room temperature for 12 h, and 
then the beaker was opened and heated to 80 °C for gelling 
of the solution. The solution, which reached the consistency 
of a gel, was applied to heat treatment in the oven at 300 °C 
for 30 min.

The doping ratio for the structure of YBa2Cu3−xO7−y 
was made by weight at 0 ≤ x ≤ 0.10. The precursor powders 
weighed stoichiometrically and milled in an agate mortar for 
1 h using a ball-milling machine. The mixture was placed in 
an alumina crucible, calcined at 850 °C for 24 h in a tubu-
lar furnace three times, and milled between each calcina-
tion procedure. The dopants (Co and CoFe2O4) were added 
into mixed powders at 0 wt. %, 5 wt. %, and 10 wt. %. The 
powders were pressed into pellets 10 mm in diameter and 
2 mm in thickness under the 200-MPa pressure by using a 
hydraulic press. The samples were annealed in air at 930 °C 
for 24 h and then lowered to 500 °C and subjected to oxygen 
for 5 h. The bulk Co and CoFe2O4 Y123 superconducting 
compounds with different doping levels of x = 0.00, 0.05, 
and 0.10 will be called with respect to the preparation meth-
ods, doping materials, and doping level: SSR-U, SG-U, SSR-
C-5, SSR-C-10, SG-C-5, SGR-C-10, SSR-C-5, SSR-CF-10, 
SG-CF-5, and SG-CF-10, respectively (preparation method 
(SSR: solid-state reaction method and SG: sol–gel method), 
doping (U: undoped, C: Co doping, CF: CoFe2O4 doping), 
and doping ratio (5 and 10 wt. %)).

XRD measurements were carried out by Bruker D8 
Advance diffractometer with CuKα (λ = 1.541Å) radiation 
between 2θ = 3°–90° for scanning speed of 4°/min. The elec-
trical resistivity was measured in Janis CCS-450 by con-
ventional four-probe method for the temperature range of 
10–300 K. SHIMADZU HVM-2 microhardness tester was 
used for microhardness test and measurements were per-
formed at room temperature. An indenter was implemented 
for 10 s using different load from 0.245 to 2.940 N, and 
the accuracy of these measurements were ± 0.1 μm. The 
mechanical measurement was carried out at different loca-
tions of sample surfaces with an average of 10 readings to 
get acceptable values for each load.
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Fig. 1   Comparative XRD 
graphs for the materials pre-
pared by two different methods: 
a undoped, b 5 wt. % doped, 
and c 10 wt. % doped
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3 � Results and Discussion

3.1 � Analysis of XRD Measurements

XRD patterns of undoped, Cu-site Co, and CoFe2O4 par-
tially doped Y-123 bulk superconductors prepared by SSR 
and SG methods are shown in Fig. 1a, b. Miller indices of 
YBCO superconducting phases are displayed in these fig-
ures. It indicates that most of the diffraction peaks belong to 
the orthorhombic structure of Pmmm symmetry for Y-123 
superconductor. There is no evidence of the presence of 
secondary phases in the XRD pattern due to the low dop-
ing level. Besides, the intensities of the diffraction lines are 
going down and also the width of the diffraction lines are 
narrowing with doping regardless of the doping material 
and preparation methods. This situation indicates that the 
crystallization of grains is getting bigger and bigger. One can 
take information about the approximate crystallite size of 
the samples from the well-known equation of Scherrer [26]:

Here D, θ, λ, and Bs represent average crystallite size, Bragg 
angle, the wavelength of the incident X-ray beam, and the 
full width half maximum (FWHM) value for the (103) dif-
fraction line, respectively, and Bm = 0.000007 [27]. The lat-
tice parameters (a, b, and c) of the orthorhombic structure 
determined from XRD data are calculated using the distance 
between the planes (d) and (hkl) Miller indices of the plane:

The calculated Scherrer average crystallite size and 
orthorhombicity value ( � = 100(a − b)∕(a + b) ) and lat-
tice parameters are given in Table 1 and Fig. 2a, b respec-
tively. The influence of Fe on the grain size refinement of 
sintered YBCO has been also studied in [28]. As stated 
earlier in the text, the samples are Y-123 superconductors 
with orthorhombic structures. However, the crystal structure 
of Y-123 can be tetragonal or orthorhombic depending on 
the stoichiometry. YBCO has superconducting properties 
when crystallized in an orthorhombic structure, but when 
crystallized in a tetragonal structure, it does not behave 
like a superconductor but acts as an insulator. The lack of 
oxygen and/or doping in the stoichiometry may cause the 
sample that needs to crystallize in orthorhombic structure 
to approach tetragonal structure. In determining whether 
the crystal structure of YBCO is closer to the tetragonal 

(1)D =
0.941 �

B cos �

(2)B2 = B2

s
− B2

m

(3)1

d2
=

h2

a2
+

k2

b2
+

l2

c2

structure or orthorhombic structure, it can be interpreted by 
analyzing the orthorhombicity value, lattice parameters, and 
diffraction peaks of XRD patterns. It can be said that when 
the orthorhombic value decreases and approaches zero and/
or when the lattice parameters a and b close to each other, 
the structure shifts to the tetragonal structure and does not 
show any superconducting properties (Tc, Jc, Hc). A com-
parison of the δ values given in Table 1 shows that undoped 
samples prepared by SG method may have better supercon-
ducting properties than SSR method. However, when dop-
ing is performed, the sample produced by the SSR method 
appears to have greater δ values, regardless of the doping 
material. A systematic behavior between doping materials 
(Co and CoFe2O4) and δ values could not be determined. 
But δ values of doped samples prepared by the SSR method 
are higher than the SG method. This is also compatible with 
lattice parameters. The lattice parameters, a and b, getting 
closer with doping but this approach is much more for the 
SG method (Fig. 2). It can be interpreted that SSR samples 
may have better superconducting properties than SG samples 
because of orthorhombicity value. In addition, the lattice 
parameters (a, b, and c) calculated for the SSR method are 
consistent with the literature. Although the lattice param-
eters for the SG method do not exactly match it [10]. The 
lattice parameters are changed very slightly with doping. 
This is due to the amount of doping being as small as 5 wt. 
% and 10 wt. %. But, some amount of doping material (Co 
and CoFe2O4) can partly replace or substitute by Cu+2 ions. 
This is possible because the ionic radius of Cu+2 (0.730 Å) 
is comparable with the ionic radii of Co3+ (0.745 Å) and 
Cu+2 ions replaced by Co3+ ions caused some changes in 
the crystal lattice parameters, but did not disturb the crystal 
structure. Besides, Fe2+ ions (0.820 Å) having a larger radius 
than Cu ions caused more changes in CoFe2O4-doped sam-
ples compared to Co-doped samples.

Table 1   Crystallite size and orthorhombicity parameters for undoped 
and CoFe2O4 and Co-doped Y-123 ceramic superconductors

Sample D (nm) δ (orthorhombicity)

SSR-U 28.95 0.78
SG-U 28.21 1.04
SSR-C-5 29.53 0.78
SSR-CF-5 30.16 0.65
SG-C-5 31.59 0.13
SG-CF-5 30.27 0.26
SSR-C-10 37.63 0.78
SSR-CF-10 30.78 0.78
SG-C-10 32.90 0.26
SG-CF-10 29.25 0.39
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3.2 � Analysis of Electrical Resistance Measurement

To determine the critical transition temperature of undoped 
and Cu-site Co and CoFe2O4 partially doped Y-123 bulk 
superconductors prepared by SSR and SG methods, we 
have measured resistance versus temperature dependence 

between 40 and 100 K as shown in Fig. 3a, b. The onset 
critical transition temperature at which superconductivity 
begins to occur and offset critical transition temperature at 
which the sample is fully superconducting are given as Tonset

C
 

andToffset

C
 , respectively.Tonset

C
,Toffset

C
 , and the superconducting 

temperature transition width (ΔTc) of samples are given in 

Fig. 2   Lattice parameters versus 
wt. % Co/CoFe2O4 doping ratio 
graph prepared by a solid-state 
reaction methods and b sol–gel 
method
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Fig. 3   Comparative temperature- 
dependent electrical resistance 
measurements of materials 
prepared by two different 
methods: a undoped, b 5 wt. %  
doped, and c 10 wt. % doped
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Table 2. ΔTc or the sharpness in transition to superconduc-
tivity on the graph of R-T give information about the capac-
ity of the weak link. A sharper transition or a smaller ΔTc 
implies a strong intergranular connection. When doping is 
applied, ΔTc values increase from 2.7 K to 16.7 K in the 
SSR method; this increment is bigger from 2.5 K to 21.5 K 
in SG method. The samples prepared by SSR method have 
sharper superconducting transition than samples prepared 
by SG method. Independent of the preparation method, the 
behavior of room temperature resistance,Tonset

C
, T

offset

C
 , and 

ΔTc values of undoped samples are almost the same. As can 
be seen from Fig. 3a and Table 2, undoped samples have 
higher Tc values and narrower ΔTc than Co and CoFe2O4 
partially doped Y-123 bulk superconductors. Tonset

C
andT

offset

C
 

values tend to decrease and ΔTc values are getting bigger 
with Co and CoFe2O4 addition. Additionally, compared the 
ΔTc values of the doped samples, it was determined that 
the ΔTc values of the CoFe2O4 doped samples in the SSR 
method are lower than SG method. The same situation is 
true for cobalt-doped samples. Co and Fe ions may partially 
replace with Cu ions or the same impurities because dop-
ing can settle in the space between the grains in the Y-123 
matrix. The presence of these impurities affects the funda-
mental superconducting properties. The deterioration of 
critical temperature values can be the sign that Co and Fe 
ions penetrate the YBCO crystal structure. This may disrupt 
electron–phonon-electron coupling and these imperfections 
decrease the mean free path of the electrons, increasing the 
depth of penetration and decreasing the coherence length. 
The widening of ΔTc and decrement of Toffset

C
 is more remark-

able for CoFe2O4-doped Y-123 bulk superconductors than 
Co-doped samples. Although we do not see any diffraction 
peaks of impurities and/or secondary phases in the XRD 
graphs because of small doping ratios, the study of Wimbush 
et al. [29] showed that the addition of CoFe2O4 negatively 
affects the formation of the Y-123 phase. Y(Fe, Co)O3 phase 
is formed in CoFe2O4-doped Y-123 samples. This secondary 
phase causes yttrium deficiency and disrupts the supercon-
ducting properties.

All samples show metal-like behavior over the critical tran-
sition temperature. The doped samples appear to have higher 
resistance in the normal state, while the behavior of room tem-
perature resistance of undoped samples is almost the same as 
independent of the preparation method. Impurities entering 
the structure by doping, partial displacements of Co/Cu and/
or Fe/Cu in the Y-123 matrix, porosity, presence of second-
ary phases, and grain boundary coupling problems also may 
increase the normal state resistance by reducing the average 
free path of electrons. It can be stated here that CoFe2O4-doped 
Y-123 samples have lower Toffset

C
 values and lower room tem-

perature resistance comparing with Co-doped Y-123 samples 
except for SSR-C-5. These results are compatible with the 
XRD measurements.

3.3 � Analysis of Microhardness Measurement

Microhardness measurements are generally applied with 
microprobe to determine the mechanical response of mate-
rials. The analysis of the mechanical features of supercon-
ducting samples is very crucial for the potential usage in 
application fields, i.e., energy technology, the industrial, 
potential metallurgical, and materials science engineering of 
superconductors [30]. The fracture toughness, elastic modu-
lus, stiffness, impact resistance, yield strength, mechanical 
durability, brittleness index parameters, etc. are determined 
by mechanical measurements. In this respect, Vickers hard-
ness, Knoop, Rockwell, and Brinell tests are applied [31, 
32]. Among these methods, the most common way to deter-
mine the mechanical properties of superconducting materi-
als is Vickers hardness measurement because of low cost, 
fast, simple, reliable, non-destructive, small indentation 
trace, etc. [33, 34]. Vickers hardness measurements are taken 
by an indenter with the contact of the sample surface apply-
ing a proper load and time. The hardness values of samples 
are calculated by applying five different loads to the sample 
surface for 10 s. A diamond-like shape is formed on the 
sample surface after the applied load is removed. The area 
of the diamond-like shape is calculated by the measurement 
of the diagonals of this shape. The Vickers hardness (Hv) 
parameters are determined by

Here d2 = (
d1+d2

2
)
2

 is the area of indentation by measured 
diagonal length and F is the applied external load on the 
sample surface. The yield strength (Y), elastic modulus (E), 
and fracture toughness (KIC) parameters of samples are also 

(4)HV = 1854.4

(

F

d2

)

Table 2   The critical transition temperature and superconducting tran-
sition temperature interval for all prepared Y-123 samples deduced 
from temperature-dependent electrical resistance measurements

Sample Critical Transition temperature 
(K)

ΔTC(K)

Tonset
C T

offset

C
Tonset
C

-Toffset

C

SSR-U 93.0 90.3 2.7
SG-U 92.5 90.0 2.5
SSR-C-5 92.8 87.9 4.9
SSR-CF-5 89.5 83.2 6.3
SG-C-5 89.1 79.4 9.7
SG-CF-5 81.9 73.9 8.0
SSR-C-10 92.6 76.7 15.9
SSR-CF-10 89.3 72.6 16.7
SG-C-10 89.1 72.7 16.4
SG-CF-10 89.1 67.6 21.5
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Fig. 4   Comparative Vickers 
hardness parameters for samples 
prepared by two different 
methods: a undoped, b 5 wt. % 
doped, and c 10 wt. % doped
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determined by using HV values from the following formulas 
[32]:

Here � is the surface energy of the cracks in the sample dur-
ing the application of the load. The γ value is obtained from 
(F/d) − d graph and it is the value where axis intersected of 
the line. The value of α is negative for all samples. Negative 
α values confirm that the character of the displacement of 
these materials is in the form of the RISE behavior. Negative 
value relates only to material behavior. It is not a mathemati-
cal expression. This situation confirms that the plastic defor-
mations occur in these samples which show the RISE behav-
ior. For example, the F/dd graph of the SSR-U and SG-U 
samples is as follows. The γ values obtained are − 0.00979 
and − 0.0232. Fracture toughness ( KIC) values are calculated 
using these γ and elastic modulus (E) values. The calculated 
Vickers microhardness values versus an applied external 
load of undoped, 5 wt. % and 10 wt. %. CoFe2O4 and Co 
partially doped samples depending on preparation methods 
are graphically shown in Fig. 4a–c, respectively. HV, Y, E, 
and KIC parameters depending on applied are external load 
are given in Table 3 in detail. There are two types of behav-
ior generally observed in the HV − F graphs. In the former, 
the HV values increase as the applied forces increase, while 
in the other, it is seen that the HV values decrease as the 
applied forces increase. These behaviors are called Reverse 
Indentation Size Effect (RISE) and Indentation Size Effect 
(ISE), respectively [35, 36]. The undoped samples, SG-U 
and SSR-U (prepared by either the SG or SSR techniques), 
show RISE behavior. However, CoFe2O4-doped samples 
exhibit ISE while Co-doped samples have RISE behavior 
independent of the preparation method. Although RISE 
behavior has been observed in various examples, the reason 
is still not fully explained. There are different approaches in 
the literature. It is stated that metallic specimens can harden 
during loading (when force is applied) and that some cracks 
may occur in the brittle specimens during the loading of 
the indentation. According to Feltham and Banerjee, this 
behavior is related to energy loss due to some disintegra-
tion around the indentation [37]. Higher microhardness 
values can be obtained by applying a load during the inden-
tation process, as the cracks in the sample cause smaller 
size formation. The formation of cracks in the sample dur-
ing indentation causes the elastic deformation energy to be 
released. This reduces the resistance to sample indentation. 
As a result, it increases the hardness values. Among the 

(5)Y ≈ HV∕3

(6)E = 81.9635 HV

(7)KIC =
√

2E�

Table 3   HV, E, and Y values for every material at different applied 
test loads

Sample F (N) HV (GPa) E (GPa) Y (GPa) KIC (Pa/m1/2)

SSR-U 0.245 2.881 236.15 0.960  − 2.151
0.490 3.143 257.63 1.048  − 2.247
0.980 3.420 280.28 1.140  − 2.343
1.960 3.768 308.80 1.256  − 2.460
2.940 3.755 307.80 1.252  − 2.456

SG-U 0.245 2.126 174.25 0.709  − 2.849
0.490 3.073 251.87 1.024  − 3.425
0.980 3.601 295.15 1.200  − 3.708
1.960 4.122 337.85 1.374  − 3.967
2.940 4.126 338.18 1.375  − 3.969

SSR-C-5 0.245 2.922 239.47 0.974  − 2.166
0.490 3.195 261.87 1.065  − 2.265
0.980 3.530 289.31 1.177  − 2.381
1.960 3.828 313.75 1.276  − 2.479
2.940 3.841 314.84 1.280  − 2.484

SSR-CF-5 0.245 3.510 287.712 1.170 2.374
0.490 3.437 281.695 1.146 2.349
0.980 3.302 270.670 1.101 2.303
1.960 3.155 258.617 1.052 2.251
2.940 3.198 262.109 1.066 2.266

SG-C-5 0.245 2.523 206.77 0.841  − 3.103
0.490 3.031 248.45 1.010  − 3.402
0.980 3.638 298.16 1.213  − 3.727
1.960 4.204 344.59 1.401  − 4.006
2.940 4.221 345.93 1.407  − 4.014

SG-CF-5 0.245 4.415 361.883 1.472 4.106
0.490 3.943 323.204 1.314 3.880
0.980 3.658 299.799 1.219 3.737
1.960 3.366 275.896 1.122 3.585
2.940 3.384 277.343 1.128 3.594

SSR-C-10 0.245 3.313 271.51 1.104  − 2.306
0.490 3.492 286.23 1.164  − 2.368
0.980 3.887 318.59 1.296  − 2.498
1.960 4.157 340.73 1.386  − 2.584
2.940 4.175 342.20 1.392  − 2.589

SSR-CF-10 0.245 3.740 306.553 1.247 2.451
0.490 3.612 296.083 1.204 2.408
0.980 3.499 286.788 1.166 2.370
1.960 3.334 273.228 1.111 2.314
2.940 3.374 276.515 1.125 2.327

SG-C-10 0.245 2.668 218.66 0.889  − 3.191
0.490 3.394 278.19 1.131  − 3.600
0.980 3.868 317.02 1.289  − 3.843
1.960 4.445 364.37 1.482  − 4.120
2.940 4.427 362.88 1.476  − 4.111
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samples produced in our study, the microhardness values 
of all samples displaying RISE behavior were higher. HV 
values with respect to rising applied load tend to decrease 
with particular CoFe2O4 dopant level and reached to plateau 
region over 2-N applied load. It means that the surface layer 
of the sample is affected at small applied loads and the sur-
face response is very strong. However, as the load applied to 
the sample surface increases, the depth of the trace formed 
on the surface increases, so the reaction of the inner layers 
becomes more evident. After a while with increasing load, 
a saturation of hardness is reached.

It is observed that the microhardness value decreased as 
the applied load increased but increased with rising CoFe2O4 
doping from 5 wt. % to 10 wt. %. The increase in the micro-
hardness value of the materials with the dopant level can 
be associated with the reduction of the particle size and the 
increment of the porosity between the particles. In addition, 
it can be concluded that the samples produced by the SG 
route have far higher HV values than in comparison to all 
materials fabricated by the SSR technique independent of 
the doping materials and doping level.

As seen in Table 3, E and Y values change depending on 
the applied load and the doping material. These values rise 
with increasing Co-contribution and applied load. However, 
these reduce as the contribution of CoFe2O4 and the applied 
load increased. An increase in porosity, reduction in grain 
size, cracks, and decrease in microhardness may cause this 
situation. � is obtained from the point where the F/d − d 
graph intersects the y axis. While � values of materials 
exhibiting ISE behavior are positive, the values of samples 
exhibiting RISE behavior are negative. In materials exhibit-
ing RISE behavior, plastic deformation is observed, while 
elastic deformation is not observed or does not occur to the 
extent comparable to plastic deformation. The formation of 
plastic deformation means that when the load applied to the 
material is removed, there is no recycling and the formation 
of surface cracks. The change in value KIC corresponds to 
the change in the energy of the average surface cracks. In 
addition, it is not a mathematical case that this value is nega-
tive. It is only related to obtaining negative values of sam-
ples exhibiting RISE behavior. In other words, negative KIC 
means that the mechanical behavior of the material is RISE.

4 � Conclusion

In this study, the structural, superconducting, and mechani-
cal properties of the Co- and CoFe2O4-doped Y123 structure 
produced by solid-state reaction and sol–gel methods were 
examined and the obtained data were interpreted with vari-
ous comparisons. Findings discussed throughout the study 
are summarized below:

•	 The doping process caused a change in the diffraction 
line intensities and a narrowing occurred in the width of 
the diffraction line regardless of the doping material and 
preparation methods from the XRD results.

•	 We can conclude that CoFe2O4 doping more adversely 
affected the structural properties than Co doping and 
the SSR method is also a more convenient preparation 
method than the SG method for structural properties of 
Y-123 bulk superconductors.

•	 As a result of the resistance values taken depending on 
the temperature to determine the critical temperature 
value of the superconductor samples, it is seen that the 
increase in the doping ratio decreases the critical tem-
perature value. This is true for both methods and dopant 
materials. It is clearly seen that the samples prepared by 
the SSR method are less affected by the doping process 
on the critical temperature values compared to the sam-
ples prepared by the SG method.

•	 The hardness values of the samples produced by the SSR 
method were lower than the samples produced with SG 
method. In addition, the hardness values of the Co added 
samples are higher than the CoFe2O4-doped samples in 
the plateau region.

•	 The hardness behavior of the Co-doped samples 
was RISE as in the samples without doping. In the 
CoFe2O4-doped samples, the hardness value increased 
with the doping, but it was lower than the undoped sam-
ple. In addition, the CoFe2O4-doped samples exhibited 
ISE behavior different from the undoped sample.
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