J Mater Sci: Mater Electron (2020) 31:20578-20588

o')

Check for
updates

Characterization of the CoFe204/Cu displacement
effect in the Y123 superconductor matrix on critical
properties

S. Safran'* @, F. Bulut?, A. R. A. Nefrow®, H. Ada*, and O. Ozturk®

" Department of Physics, Ankara University, 06100 Ankara, Turkey

2Sinop University, Scientific and Technological Research Applications and Research Center, 57000 Sinop, Turkey
3 Department of Electrical and Electronics Engineering, Kastamonu University, 37100 Kastamonu, Turkey
“Department of Mechanical Engineering, Kastamonu University, 37100 Kastamonu, Turkey

ABSTRACT

In this study, CoFe,O4 (x =0, 5, 10 and 20 wt%) doped YBa,Cu;_.(CoFe;Oy),.
Oy_; bulk samples were produced using solid state reaction (SSR) method and
sol-gel(SG) methods. Oxide-form and acetate-form powders were preferred for
SSR method and SG method, respectively. The heat treatment of the produced
samples was carried out in two stages. Firstly, the samples were annealed at
950 °C for 24 h, after which they were kept in oxygen at 500 °C for 5 h and
allowed to be cooled down to room temperature. Characterization of all samples
was performed using methods such as X-ray diffraction, scanning electron
microscopy, energy dispersive spectroscopy, temperature-dependent resistance
measurement (R-T) and Vickers microhardness analysis. Superconducting
behavior was observed in all the produced samples, but as a result of the
addition, a decrease was observed with the increase of the doping ratio at the
critical transition temperature. As a result of the characterization, it is concluded
that the doping ions can be replaced with Cu atoms in Y123 structure. In
addition, doping led to significant changes in Vickers microhardness results.
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transformers, material engineering, heavy industry
technology and industrial energy etc. To use super-
conductors in technological applications, structural,

1 Introduction

One of the most important advantages of YBa,CuzO;.

s (Y123) superconductor structure is that it has a
transition temperature above the liquid nitrogen
temperature as in other high temperature supercon-
ductors (HTS). In this way, superconductors can be
used in many technological areas related to motors,
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electrical, magnetic and mechanical performance of
materials are very crucial. In this context, different
studies have been conducted to examine and
improve the production methods and properties of
YBCO, which has one of the copper-layer
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superconductors [1-5]. Different methods of pro-
duction [6-9], displacement [10, 11] or adding to the
structure at certain stoichiometric rate [12, 13] were
applied and the properties of the samples produced
were investigated.

The SSR method is one of the most common
methods in the production of polycrystalline YBCO
superconductors. This method involves mixing of the
powdered chemicals in stoichiometric proportions
and annealing the mixture at high temperatures and
at certain times. This method, where multiple
grinding processes are applied to homogeneously
mix the samples, is simple and frequently used. Non-
reactive metal oxides or carbonate based components
are often preferred as precursor materials [14-16]. In
the SG method; achieving chemical homogeneity,
ease of controlling particle size and its morphology
have made this method a preferable method com-
pared to solid state reaction method [14-17]. This wet
chemical process is carried out by dissolving one or
more metal components in solution [18].

In the study of Slimani et al. [19] in 2014, the effect
of CoFe,O, addition on phases of Y123 and Y358 was
investigated. The samples produced by SSR method
were shown to have single phase perovskite
orthorhombic structure and the changes in the
parameters of crystal lattice were evaluated. In this
study, it has been concluded that the increase in
CoFe,O, additive decreases the critical temperature
value and this situation is valid for both phases.
While Y123 structure shows superconducting prop-
erties with 2 wt.% CoFe,O, addition, another result
achieved in this study is that the structure of Y358
does not show superconductivity of the same amount
of additive sample. Similar results are observed in
other studies examining the CoFe,O, addition
[20, 21]. The effect of CoFe,O,4 addition on the Y123
and Y358 phases was studied as structural and
electrical.

The main goal of the study is to analyze the effect
of CoFe,O, doping on structural, electrical, super-
conducting, and mechanical properties of Y123 bulk
samples produced by SSR and SG methods. The
effect of CoFe,O4 addition on YBCO produced by
SSR method was investigated [19-21]. However, no
studies have been conducted on CoFe,O, doping on
the mechanical properties of Y123 samples and also
any study related to CoFe,O, (x = 0, 5, 10 and 20 wt.
%) doped YBa,.,Cu3zOy7.5 prepared by SG method has
not been addressed.
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2 Experimental

In this study, two different methods were used for
the preparation of CoFe,O4 doping Y123 supercon-
ducting samples. CoFe,O, (nanopowder, 30 nm par-
ticle size (TEM), 99%, Sigma-Aldrich) was used as
doping material for the samples produced by SSR
method and SG methods. Y,05 (99.99%, Alfa Aesar),
BaCO; (99.95%, Alfa Aesar) and CuO (99.9995%, Alfa
Aesar) precursor powders were preferred to produce
samples by SSR method. In the SG method, 15 mL of
acetic acid and 15 mL of anhydrous methanol were
added to the barium acetate powder (99.999% trace
metals basis, Sigma-Aldrich) and mixed at room
temperature until a homogeneous mixture of barium
was obtained. The resulting solution was added to
yttrium acetate powder (99.9% metals basis, Sigma-
Aldrich) and mixed once more. After homogeneity
was achieved, the doping element and copper acetate
were added up the mixture with adding 8 mL of
triethanolamine (> 99.0, Sigma-Aldrich).  Tri-
ethanolamine is used for accelerating the dissolution
process of copper. The obtained turquoise homoge-
neous solution could stir 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 solu-
tion. The solution, which reached the consistency of
gel, was applied to heat treatment in the oven at
300 °C for 30 min.

In this study, starting powders were weighed
considering 1:2:3 stoichiometric ratios for sample
production in the determined phase. The doping
ratio for the structure of YBa,Cus;.,(CoFey,O4),O7.s
was made by weight at 0 < x < 0.20. The stoichio-
metrically weighed starting powders were initially
milled in an agate mortar for 1 h. The powder mix-
ture was placed in alumina boats and calcined at
850 °C for 24 h in furnace three times. CoFe,O4 was
added into mixed powders at 0 wt.%, 5 wt.%, 10 wt.%
and 20 wt.%. The powders were pressed into pellets
10 mm in diameter and 2 mm in thickness under
200 MPa pressure using a hydraulic press. The sam-
ples were annealed in air at 930 °C for 24 h and then
lowered to 500 °C and subjected to oxygen for 5 h.
The samples are called as SSR-0, SSR-5, SSR-10, SSR-
20 and SG-0, SG-5, SG-10 and SG-20. SSR and SG
mean solid state reaction method and sol-gel
method, respectively. The numbers following SSR
and SG represent the addition ratio in wt.%.
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XRD measurements were carried out by Bruker D8
Advance diffractometer with CuK, (A = 1.541A)
radiation between 20 = 3°-90° for scanning speed of
4°/min. SEM images were taken by JEOL JSM-5300
with x 2500 and x 10,000 magnitude and EDS anal-
ysis was obtained from SEM measurements for the
surface morphology. The electrical resistivity was
measured in Janis CCS-450 by conventional 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.

3 Results and discussion
3.1 Structural analysis
3.1.1 XRD analysis

XRD patterns of undoped and CoFe,O doped sam-
ples produced by SSR and SG method are shown in
Fig. 1a and b, respectively. The diffraction line
intensities are decreasing, and they are shifting to low
angles with increasing doping ratio produced in both
methods. In this case, it may conclude that doping
affects the crystallinity of the material. XRD patterns
also show that there are no impurity peaks associated
with Co and Fe atoms. It can be said that Cu*? ions
may have partly replaced by Co*> and Fe*? ions, the
electron density in the structure will increase and
superconductivity will be negatively affected. It is
seen from Fig. 1 that doped and undoped Y-123
superconducting materials crystallize in the
orthorhombic symmetry independent of the prepa-
ration method. The a, b and c lattice parameters
obtained from XRD data were calculated for
orthorhombic structure using the following formula
given by;

1 KW kP
2 2 rta ()
and the crystallite size of the samples
0.9414
- " 2
Bcos0 @)
B2 =B2-B? (3)

was also calculated using Eqgs. (2) and (3). Here 0 and
B, represent Bragg angle, the full width half maxi-
mum (FWHM) value for the (103) diffraction line,
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Fig. 1 XRD graph and miller indices of samples produced by
a solid state reaction, b sol-gel methods

respectively and B,, = 0.000007. B value considerably
vary, depending on the crystallite size geometry and
distribution. D are only estimated values calculated
using the FWHM of diffraction lines. The calculated
grain sizes, lattice parameters and orthorhombicity
value (6 = 100(a — b)/(a + b)), reduction in diffraction
line intensities and the shifting of peaks to low angles
are consistent with the orthorhombicity values given
in Table 1. A significant decrease on b lattice
parameter of the materials depending increase on
doping can also explain the decrement of
orthorhombicity value. The inset of Fig. 1 shows (013)
and (103) diffraction lines which give information
about orthorhombicity of YBCO structure. In the
orthorhombic structure of the YBCO compound, the
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intensity of the (013) peak is smaller than the inten-
sity of the (103) peak and these peaks are very close to
each other [22]. In the tetragonal structure of the
YBCO compound, (013) and (103) peaks are over-
lapped. It is apparently seen that diffraction peaks of
(013) and (103) merge with doping. From the inset of
Fig. 1 and decreasing values of ¢ (Table 1) show that
orthorhombic structure starts to convert tetragonal
structure. This negatively affects superconducting
properties. Critical temperature (T,) values of SSR-20
and SG-20 which are the highest wt % doped samples
are 50.94 K and 25.31 K, respectively, these values are
far below the 90 K which is the T, value of undoped
sample. In the literature, the values of lattice
parameters for the standard Y-123 phase are given as
a=38A, b=38A and c=1169 A [14, 15].
According to the values of lattice parameters given in
Table 1, it is seen that the values of the samples
produced for SSR method is in accordance with the
literature. However, it is clear that the doping leads
to changes in the lattice parameters for SG method.
Doping process in samples produced by SSR method
has caused changes in particle size values. Particle
size values in samples except that SSR-20 slightly
increased with rising doping ratio. Although the
particle size increased with doping in the SSR
method, highest wt % doped sample caused a
decrease in the particle size. There is no systematic
change in particle size in samples produced by SG
method.

3.1.2 SEM and EDS analysis

The surface morphology, particle distributions, par-
ticle boundaries and particle sizes of the produced
samples were examined by SEM images. Figures 2a-
d and 3a-d illustrate the SEM images of SSR and SG
samples, respectively. These images are taken
with x 2500, the inset of figures illustrates x 10,000
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magnification. For both methods, the porous struc-
ture of the doping samples and the changes on the
surface of the adding process can be seen from the
figure. However, it can be said that the samples
produced by the SSR method have a more porous
surface than the samples produced by the SG
method. The samples contain randomly oriented and
granular structures in both methods. We consider
that CoFe,O can be able to re-arrange the YBCO
crystal structure which includes elements (Y, Ba, Cu,
O) due to the convenience of ionic radius. As given in
Table 2, ionic radius of Fe** and Co’" is comparable
with ionic radius of Y?>* and Cu®*. Substitution can
be possible with convenient ionic radius. Cobalt and
iron impurities entering the structure with the
increase of the doping ratio cause a decrease in
porosity in the structure and play a role in the change
of particle boundaries. However, there is an optimal
value of addition (5 wt.%), after this addition the
surface morphology is adversely affected, and grain
boundaries are deteriorated.

The elements in the structure and percent distri-
butions of these elements by EDS analysis are given
in Table 3 and EDS analysis of SSR-5 and SG-5 are
shown in Fig. 4a and b, respectively. From the graphs
and tables, it is seen that O and Ba ratios are almost
constant and with increasing ratio of doping, how-
ever, the amount of Cu and Y decrease while Fe and
Co increase by weight. Increasing the ratio of
CoFe,O, addition clarifies the broadening of super-
conducting transition interval (0 Tc (T2 — T2™)
(Table 4). Because Fe and Co ions enter the structure
instead of Cu and Y ions with the addition. The dif-
ference electronegativity of Fe and Co to Cu and Y
can be reason for this substitution (Electronegativity
values of elements are given in Table 2). If Cu and Y
substitutes for Fe and Co, electronegativity of the
YBCO matrix is raised and this can be increased the

Table 1 Crystallite size and

lattice cell parameters for all Sample  Crystallite size (A) a(A) b@A) c(A) Volume (V)  Orthorhombicity ()
g;ia;i”;;;*cgiiﬁ‘g*07’5 SSR-O 29 382 388 1168  173.02 0.87

SSR-5 30 382 387 1163 17211 0.66

SSR-10 31 381 387 1163 17178 0.79

SSR-20 25 381 386 1161  170.58 0.59

SG-0 28 382 390 1162 173.10 0.98

SG-5 30 388 386 1163 17430 0.26

SG-10 29 387 384 1162  172.88 0.40

SG20 28 387 384 1161  172.68 037
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Fig. 2 SEM images for

a SSR-0, b SSR-5, ¢ SSR-10,
d SSR-20 superconducting
materials produced by solid
state reaction method

Fig. 3 SEM images for a SG-
0, b SG-5, ¢ SG-10, d SG-20
superconducting materials
produced by sol-gel method

mobile hole density so CuO, planes is increased [23].
We can deduce from that some cobalt and iron atoms
may partly be displaced properly by the copper and
yttrium sites in the Y-123 crystal lattice. In addition,

@ Springer
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remaining CoFe,O, atoms without displacement can
accumulate at grain boundaries and causes weak
links. This situation also supports the changings in
superconductivity properties like Tc.
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Table 2 Ionic radius and electronegativity values of elements
used in this study

Atom No Element Ionic radius (pm) Electronegativity
8 0% 73 3.4
39 Y3+ 90 12
56 Ba?*t 135 0.9
29 Cu** 77 1.9
26 Fe** 70 1.8
27 Co** 60 1.9

Table 3 Local percent distributions of elements measured by
EDS

Sample name  Weight %

OK YL BaL CuK  FeK CoK

SSR-0 15.59 1191 4459 2991

SSR-5 14.85 9.65 4650 29.19 048 023
SSR-10 15.13 938 4159 2883 0.72 034
SSR-20 15.31 927 4623 2742 126 0.74
SG-0 1548 11.53 4485 28.05

SG-5 15.54 10.70 45.18 2752 144 0.22
SG-10 13.88 948 4670 27.19 1.62 023
SG-20 17.60 8.64 4528 26.60 243 045

3.1.3  Electrical resistance analysis

It is important to measure the electrical resistance
based on temperature to determine whether the
produced samples show superconducting properties.
In this study, the electrical resistance dependence of
temperature graphs of the samples produced in
YBa,Cu30;.5 system with two different methods are
given in Fig. 5a and b. Electrical resistance measure-
ments were performed by applying = 5 mA current
during 1000 ms to the sample surface by standard
four-point contact method. It is seen that the
undoped sample produced by SSR method (SSR-0)
has higher critical temperature values than the
undoped sample produced by SG method (5G-0). In
addition, critical temperature value of the samples
produced by SSR method are higher than SG method.
As an example, T2™! value of SG-20 is the lowest
among all produced sample. Besides, the decrease in
the critical temperature value of the samples by the
doping ratio, the value of the superconducting tran-
sition interval increases (Table 4). It can be
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Fig. 4 EDS results of a SSR-5, b SG-5 superconducting materials

Table 4 Characteristic parameters for produced superconducting
samples deduced from temperature-dependent electrical resistance

measurements
Sample Critical Temperature (K) ATc(K)
TaCnset T(éffset (Tgnsel _ Tgffsel)

SSR-0 92.96 90.29 2.67
SSR-5 89.54 83.15 6.39
SSR-10 89.26 72.61 16.65
SSR-20 83.97 50.94 33.03
SG-0 92.46 90.00 2.46
SG-5 81.89 73.93 7.96
SG-10 89.08 67.63 21.45
SG-20 65.14 2531 39.83

interpreted that the some cobalt and iron ions enter-
ing the structure affect the electron—phonon coupling
[24-26]. As a result, the doping process influenced
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Fig. 5 Temperature-dependent electrical resistance measurements
for a solid state reaction methods, b sol-gel method from 40 to
100 K

the hole concentration in the CuO; layer, this cause a
decrease in critical transition temperature with the
CoFe,O addition. Table 4 shows that AT¢ values of
SG method are larger when the values are examined.
In this case, it is concluded that the doping process is
more effective the SG method more than the SSR
method. Comparing normal state resistance values, it
is seen that the resistance values of the doped sam-
ples are at least four times higher than the undoped
sample values. It is also interpreted that the increase
in the rate of cobalt and iron ions in the structure
increases room temperature resistance for both
methods. This is expected to be caused by changes in
grain boundaries and permanent defects in the
structure [27-30].
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3.1.4 Microhardness analysis

The study and development of the mechanical
properties of superconducting samples is very
important for the evaluation of their use in industrial
materials science and other technological fields
[31, 32]. Vicker’s microhardness test is one of the
most frequently used methods for investigating the
microhardness properties of materials, since the
damage to the surface is minimal and can be easily
applied [33-37]. The sample production method and
the response of the sample surface to the applied load
are among the factors affecting the microhardness
properties. The hardness values of the samples pro-
duced in this study were determined by measuring
the diagonal lengths obtained by applying five dif-
ferent loads (F = 0.245, 0.490, 0.980, 1.960 and
2.940 N) to the sample surface for 10 s. Mechanical
properties were evaluated by calculating microhard-
ness (Hy), elastic modulus (E) and yield strength (Y).
Vickers microhardness (Hy) values were calculated
using these diagonal lengths by the formula;

Hy =18544 <€ll:2> 4)

where F is the applied load, d = 4% is the arithmetic
mean of the calculated diagonal lengths. Elastic
modulus (E) and stress (Y) values were calculated
using the following formulas [38];

E = 81.9635Hy (5)
Y ~ Hy /3 (6)

The graphs obtained from the Vickers microhard-
ness test and calculated values of Hy, E and Y values
for every material at different applied test loads are
given in Fig. 6a and b and Table 5, respectively.
Above 2 N applied load, no significant change was
observed in microhardness values and it is inter-
preted that the samples reached saturation. SSR-0
and SG-0 samples exhibit RISE (Reverse Indentation
Size Effect) behavior which microhardness values
increase with increasing applied load. However, as
the load applied to the surface of the doped samples
increases, the hardness values decreased and this
behavior is known as ISE (Indentation Size Effect)
[39, 40]. The change in microhardness behavior of
samples as a result of doping process; this is pre-
dicted to be due to the formation of weak bonding,
porosity and impurity phases at the particle
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Fig. 6 Variation of Vickers hardness parameters with applied test
loads for samples produced by a solid state reaction, b sol-gel
method

boundaries [41, 42]. The microhardness value of the
samples produced by the SSR method with the low-
est doping rate, although increasing with the doping
ratio, did not exceed the microhardness values of the
doping sample even at the highest doping rate.
Although similar behavior was observed in the
samples produced by the SG method, the hardness
value of the SG-20 sample with the highest doping
ratio was slightly higher than the undoped sample.
Comparison of microhardness graphs of samples
with same doping ratio are given in Fig. 7a—d. It is
clear that all of the samples produced by the SG
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method have a higher hardness value than the sam-
ples produced by the SSR method. As can be seen
from Table 5; The SG-20 sample had the highest
microhardness, the lowest elastic modulus and the
highest tensile strength values, while the SSR-5
sample had the lowest microhardness, the highest
elastic modulus and the lowest tensile strength
values.

4 Conclusion

In this study, structural, superconducting and
mechanical properties of YBayCus (CoFe;O4)xO7.5
copper based superconducting samples produced by
solid state reaction and sol-gel methods with x = 0-
20% by weight were investigated. As a result of the X-
ray analysis, the crystal structures of the samples
were determined and lattice parameters were calcu-
lated. By comparing the lattice parameters and par-
ticle size values calculated for both methods, the
samples produced by SSR method were found to be
more successful in preserving the orthorhombic
structure. Particle boundaries and porosity were
examined by SEM analysis. Element distribution of
the samples was determined by weight and atomi-
cally. It is predicted that cobalt and iron impurities
enter the structure with doping and affect the
superconducting properties. The critical temperature
values obtained by temperature-dependent electrical
resistance measurements were examined and it was
concluded that the samples produced by SSR method
had higher critical temperature values for the same
doping ratios. While the critical temperature values
decreased due to defects caused by cobalt and iron
ions entering the structure and inter-layer compati-
bility disturbances, AT¢ values increased. The effects
of the addition and the production method on the
structure were also observed in microhardness anal-
ysis. While both undoped samples exhibited RISE
behavior, ISE behavior was observed in doped sam-
ples due to factors such as changes in particle
boundaries and porosity. The similar relationship
between doped samples showed that SSR method
could be preferred for softer sample.
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Table 5 Hy, E and Y values
for every material at different
applied test loads

Fig. 7 Comparison chart of
samples with same doping
ratios produced by different
methods; a undoped, b 0.05,
¢ 0.10 and d 0.20
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Sample F (N) Hy (GPa) E (GPa) Y (GPa) Sample F (N) Hy (GPa) E (GPa) Y (GPa)
SSR-0  0.245 2.881 236.15  0.960 SG-0 0.245 2.126 174.254 0.709
0.490 3.143 257.63 1.048 0.490 3.073 251.874 1.024
0.980 3.420 280.28 1.140 0.980 3.601 295.151 1.200
1.960 3.768 308.80 1.256 1.960 4.122 337.854 1.374
2.940 3.755 307.80 1.252 2.940 4.126 338.181 1.375
SSR-5 0.245 3.510 287.712 1.170 SG-5 0.245 4.415 361.883 1.472
0.490 3.437 281.695 1.146 0.490 3.943 323.204 1.314
0.980 3.302 270.670 1.101 0.980 3.658 299.799 1.219
1.960 3.155 258.617 1.052 1.960 3.366 275.896 1.122
2.940 3.198 262.109 1.066 2.940 3.384 277.343 1.128
SSR-10 0.245 3.740 306.553 1.247 SG-10  0.245 4.829 395.815 1.610
0.490 3.612 296.083 1.204 0.490 4.456 365.228 1.485
0.980 3.499 286.788 1.166 0.980 4.017 329.242 1.339
1.960 3.334 273.228 1.111 1.960 3.817 312.815 1.272
2.940 3.374 276.515 1.125 2.940 3.867 316.921 1.289
SSR-20 0.245 4.060 332.768 1.353 SG-20 0.245 5.410 443.425 1.803
0.490 3.907 320.243 1.302 0.490 4.656 381.617 1.552
0.980 3.707 303.875 1.236 0.980 4.449 364.685 1.483
1.960 3.516 288.216 1.172 1.960 4.165 341.396 1.388
2.940 3.480 285.246 1.160 2.940 4.172 341.944 1.391
42 = SSR-0 4 = SSR-5
* SG0 . = B 44 * SG5
404 4,3
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