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Abstract

In this study, zinc (Zn)-doped YBaCuO (YBCO)-123-based high-temperature superconducting samples were produced using the
sol-gel method, which is commonly used for preparing nanosize materials. Zn ions were substituted by Cu ions (YBa,Cu;_,Zn,0),
and Zn doping effects on structural, electrical, and mechanical properties of the YBCO-123 superconductors were examined in
detail. Undoped sample was prepared under same conditions. X-ray diffraction analysis (XRD) was used to determine phase
analysis and lattice parameters of the superconducting samples. To analyze the microstructure properties, scanning electron micro-
scope (SEM) measurements were performed. Resistivity and microhardness measurements were also carried out for
superconducting and mechanic properties, respectively. Vickers microhardness, young modulus, fracture toughness, and yield
strength values of the samples were calculated. Microhardness measurements were analyzed using the Kick’s law, proportional
sample resistance (PSR) model, EPD model, the Hays-Kendall (HK) approach, and indentation-induced cracking (IIC) model.
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1 Introduction

The critical transition temperature of the YBaCuO (YBCO)
system, discovered by Wu in 1987, is 92 K [1], which is above
the liquid nitrogen temperature (77 K). It is very important in
terms of technological applications [2—7]. The YBCO-123
superconductor is associated with the number of metal atoms
in the chemical formula of YBa,Cu;07.s (YBCO).
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Each YBCO unit cell is separated by a plane of yt-
trium atoms, and it has two CuO, planes between the
two BaO planes. In the YBCO system, the crystal struc-
ture and conductivity characteristics of the system vary
according to the amount of oxygen in the structure and
the heat treatment temperature. This indicates that the
system is structurally very sensitive to the amount of
oxygen. YBa,Cu;07_5 is also expressed as YBCO-123
superconductor due to the number of metal atoms in the
chemical formula. The symbol “5” in the YBa,Cu;07.4
compound shows the oxygen deficiency. The system
exhibits orthorhombic symmetry and superconductivity
for 0<9<0.5. The system passes from the orthorhombic
phase (Fig. la) to the tetragonal phase (Fig. 1b) and
loses its superconductivity property for 0.5<§<1. The
lattice parameters of YBa,Cu;O¢ system that has tetrag-
onal symmetry (a=b#c) are a =b=3.85 Aand ¢ =1
1.83 A whereas the lattice parameters of YBa,Cu3Og 95
system that has orthorhombic symmetry (a#b+#c) are
a=382A b=389 A and ¢ =11.7 A [8-10].

While working with YBCO materials, one of the most crit-
ical point to consider is to keep these materials away from
moist air and water. This is because YBCO can interact with
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Fig. 1 a) Orthorhombic and b) Tetragonal crystal structures of the YBCO
superconducting system
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water and consequently transforms into a non-superconductor
phase. Therefore, the YBCO materials should be stored in a
dry environment to prevent dissolution [11, 12].

Mechanical properties are mainly specified with the
interatomic bonding forces. In addition, with the internal
structural modifications, the internal structure of the ma-
terial and mechanical properties can be significantly im-
proved. For mechanical characterization of materials, sev-
eral parameters such as hardness, yield strength, elastic
modulus, fracture toughness, and brittleness vary widely
with different doping rates [13—16]. Determination of the
mechanical properties of nanobulk materials is essential
for many applications including glass materials for dis-
play, solar cells, liquid crystal displays, and heat mirrors.

With a combination of high strength and flexibility, the
nanostructured materials represent the ideal materials for a
wide variety of applications in aerospace and automotive in-
dustries, medicine, energy etc. Therefore, there has been an
increasing interest on research regarding the mechanical prop-
erties of nanoparticles. Nanoparticle materials have different
mechanical properties compared with microparticles and bulk
materials [17, 18]. However, in order to develop these mate-
rials for high technology and to achieve progress in the fun-
damental science of nanostructures, it is crucial to understand
the properties of these materials under different environments.
There are many features that can vary significantly when the
microstructure is nanoscale. The main aim of this study is to
identify the mechanical properties of nanostructured materials
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Fig. 2 XRD patterns of the samples

including elastic properties, ductility and fracture toughness,
and microhardness and strength.

In this study, Zn-doped YBCO-123 nanosamples were pro-
duced utilizing the sol-gel method. Structural, electrical, and
mechanical properties of the obtained superconducting sam-
ples were examined in detail. DC resistivity measurement,
XRD and SEM measurements, and Vickers microhardness
test were carried out to determine the superconducting prop-
erties, crystal structure properties, phase formation, lattice pa-
rameters, surface morphology, and mechanical properties of
the samples.

2 Experimental Details

In this study, the sol-gel method, which is widely preferred for
preparation of the high-temperature superconductors, was used.
Ten milliliters of acetic acid and 10 ml of methanol were added as
solvent. Three grams of powder mixtures were prepared for each
sample, and zinc acetate dihydrate were added at 1%, 5%, 10%,

Table 1 @, b, and c lattice parameters values of the samples

Samples a (A) b (A) c (A)
Zng 00 3.81 3.89 11.65
Zng o1 3.85 3.83 11.02
Zng s 3.88 3.87 10.77
Zng 1o 3.81 3.80 10.98
Zng 5 3.83 3.83 10.54
Zny 50 3.82 3.79 10.99
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20%, and 50% of the powder. Beakers were closed, and the
precursors and solvents were stirred at 60 °C for 8 h using a
heater magnetic stirrer until a transparent solution was obtained.
Next, the beakers were opened and solutions were evaporated at
60 ° C using the heater magnetic stirrer until a gelation was ob-
served. Finally, gelations were preheated at 300 ° C for 30 min in
air using a muffle furnace. Following this process, powders were
obtained for calcination process. The powder samples were cal-
cined 3 times at 850 °C for 24 h. The produced samples were
named as Zng o9, Z1g,01, Zo.0s, ZNo, 10, Z1g 20, and Zng 50 depend-
ing on the Zn doping ratio undoped (i.e., 1%, 5%, 10%, 20% and
50%).

XRD measurements were performed by a Bruker D8
Advance X-ray powder diffractometer using Cu-K,, radiation
in the range of 3° <26 <90° at a scan speed of 2°/min. Surface
morphology of samples were performed using a Quanta FEG
250 scanning electron microscopy. The electrical properties of
the samples were examined by DC resistivity against temperature
measurements using 5 mA DC current through the samples at a

temperature range of 20 to 150 K in a Janis brand closed-cycle
cryostat. In order to reduce contact resistance, both voltage and
current contacts were generated with silver paint contact. A
Keithley 220 programmable current source and a Keithley
2182A nanovoltmeter system were used for the conventional
four-probe measurements. The mechanical characterizations of
samples were carried out using a Shimadzu brand HM V-2 model
digital static microhardness tester.

3 Analyses and Obtained Results

3.1 XRD and SEM Analyses of Superconducting
Nanoparticles

The XRD patterns of the Zng oo, Zng o1, Z0g 95, Zg 19, Z1g 20,
and Zn 5o samples were given in Fig. 2. According to the
XRD graph, the dominant phase examined in the undoped
and Zn-doped samples was YBCO-123 phase. No peaks

Fig. 3 SEM images of Zng o9, Zng 1, and Zng 5o of the samples
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Fig. 4 Normalized resistivity as a function of temperature curves for the
samples

related to Zn ion were observed from Fig. 2. The fact that the
jonic radius of the Cu*? (0.73 A) ion is comparable with the
ionic radius of the doped Zn™* (0.74 A) suggests that this
substitution seems to be acceptable [19].

The lattice parameters a, b, and ¢ of all samples were cal-
culated, and given in Table 1. Table 1 indicates that the a
lattice parameter of the samples increased up to the Zng os
doping and decreased after reaching this value, while c lattice
parameter decreased up to the Zng os doping and then in-
creased. This result explains that the doping rate of 0.05 is a

@ Springer

Table 2 Variation of T, and AT, of the samples
Samples Critical temperature AT, (K)
( Tonset_ TUﬂS‘et )
Toﬁ‘set ( K) onset ( K) ¢ ¢
C C
Zl’lo'oo 87 89 2
ZnO.Ol 65 84 19
ZnO,OS 48 75 27
Zno'lo 46 56 10
Zno'zo 42 54 12

threshold value, and the structure of the sample varies slightly
at all doping rates after this value. Peak intensities first de-
creased and increased afterwards until the Zn, o5 doping rate
is reached. In the literature, the lattice parameters of YBCO-
123 system having orthorhombic symmetry (a #b #c) are a =
3.82A,b=3.89 A, and c=11.7 A. Our findings show that the
lattice parameters of Zn-doped samples produced in this study
are consistent with the literature data. When the crystal struc-
ture was examined, the increase in the x and y axes, associated
with the a and b lattice parameters, causes a decrease in the ¢
lattice parameter along the z axis (Table 1).

SEM analyses were performed in order to examine the
surface morphology, grain size, and accumulation in grain
boundaries of Zn-doped YBCO-123 system. In Fig. 3,
SEM images of Zng o9, Zng o1 and Zng sy samples were
given at 10000 magnification. According to the results,
the grain sizes decreased and porosity increased with in-
creasing Zn doping. When Zn (o and Zng 5o samples were
compared, it was found that grains of Zn, 5, sample were
smaller, and the surface of the sample was more porous. In

6

H, (GPa)
w
I

F (N)
Fig. 5 Microhardness values as a function of the applied load
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Table3 H,, E, Kic, and Y values of the samples 1,5 e 71000
-%— Zn0.01
Samples F(N) H,(GPa) E(GPa) Y(GPa) K, (Pa/m'") — — Zn0.05 ,
4| --%--zn0.10 ol
Zno.00 0245  2.126 17427 0.708 ~2.963 o4 Zn0.20
0.490 3.073 251.92 1.024 —3.563
0.980  3.401 278.78 1.133 —3.748 0,5 B
1.960 4.121 337.84 1.373 —4.126
2940 4.186 343.11 1.395 —4.158 =
Zng o1 0.245  0.728 59.72 0242 -1.867 E or ]
0490 1979 162.23 0.659 —3.078
0.980 2.245 184.08 0.748 —3.278 05 - |
1.960  2.687 220.30 0.895 —3.586
2.940 2.621 214.87 0.873 —3.542
Znoos 0245  0.672 5510 0224 ~1.889 A 4
0490 1.715 140.56 0.571 -3.017
0.980 2.173 178.14 0.724 —3.397 < o me a
1960 2.478 203.12 0826  —3.627 s, 25 \ e 4
2940 2513 205.99 0.837 —3.653 Ind (pm)
Zng.10 0.245 0576 47.21 0.192 —1.332 Fig. 6 Plots of InF versus Ind of the samples
0.490 1.651 135.32 0.550 —2.255
0.980  2.105 172.54 0.701 —2.547
1.960  2.224 18228 0.741 —2.617 an insulative behavior (Fig. 4b). These results showed that
2.940  2.360 19343 0.786 —2.696 the transition temperature (7,°™") to superconductivity de-
Zng 20 0245  3.658 299.85 1219 —3.058 creased with Zn doping (Fig. 4a).
0490  4.416 362.02 1.472 —3.360 According to the resistivity-temperature change, it was
0.980  4.808 394.10 1.602 —3.506 observed that there was a double step only on the Zng 5q
1.960 5377 440.72  1.792 —3.708 sample. This transition can be associated with the pres-
2940  5.385 44138  1.795 -3.710 ence of impurity phases which cause a weak link at grain
Zno.50 0.245  3.753 307.64 1.251 —-3.507 boundaries [20]. It was found that room temperature re-
0.490  4.503 369.09 1.501 —-3.842 sistivity increased with increasing the Zn doping.
0.980 5.019 411.44 1.673 —-4.056 Moreover, the grain size decreased with Zn doping,
1.960  5.608 459.69 1.869 —4.288 while the contact points of the grains increased with
2.940  5.882 482.16 1.960 —-4.391 decreasing grain size that also caused an increase in re-

addition, plate-like structures commonly observed in the
YBCO-123 high-temperature superconductors were ob-
served in the undoped and Zn-doped samples.

3.2 Electrical Resistivity Analyses of Superconducting
Nanoparticles

The resistivity of the samples as a function of temperature was
measured, and onset transition temperatures (7.°"*") of the
samples were determined as the transition temperature from
normal state to superconducting state.

The variation of resistivity with temperature was given
in Fig. 4 for all samples. Findings indicate that all samples
show metallic behavior above T,°™" temperature. 7.°"
was 89 K for the undoped sample, while it was 84 K,
75 K, 56 K, and 54 K for Zl’lo_()l, ZH0.0S, Zn()'l(), and
Zng »o samples, respectively. The Zng 5o sample exhibited

sistivity. As shown in Fig. 4, the transition temperature
width (AT,) increased in the doped samples when it was
compared with the undoped sample (Table 2). This was
likely due to the fact the impurity levels and the lattice
defects of the doped samples [21].

Table 4  Experimental data according to Meyer Law and PSR model
Samples Meyer ax107? 1] x107# Hpsr H, (GPa)
number n N) (N/um) (GPa)
Zngoo  2.68 -2.52 29.93 5.550  4.121-4.186
Zngo; 298 -2.92 21.07 3907  2.621-2.687
Znges  3.14 -3.24 20.96 3.886  2.478-2.513
Zngo 299 —1.88 18.85 3.495 2.224-2.360
Zngsy 236 -1.56 34.31 6362  2.377-5.385
Zngsg 242 —2.00 38.16 7.076 5.608-5.882
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Fig. 7 Plots of F/d versus d of the samples

3.3 Vickers Microhardness Analyses
of Superconducting Nanoparticles

The Vickers microhardness test was developed to measure the
hardness of materials. This test has one of the widest scales
among the hardness tests, and it can be used for all materials.
Different loads were applied in the range of 0.245-2.940 N for
10 s on the surface of the samples, and the Vickers microhard-
ness values (H,) were calculated using the Eq. 1.

1854.4 F
g, - 1844 F

GPa (1)
%
dZ
3 VA%
v
/L
/
2,5 K -
2 | - —
Z 1,5 _
(1
1 - .
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Fig. 8 Plots of F versus ¢ of the samples
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where F is applied load on the surface of material, and d is the
diagonal length of trace that is formed indenter.

The variation of the load dependent microhardness values
as a function of the test loads were shown in Fig. 5. While the
microhardness values decreased for Zny o1, Zng o5, and Zng ;¢
superconducting samples, they increased for Zng , and Zny 50
samples (Table 3, Fig. 5). The observed reduction is related to
impurity phases as well as irregularity of the crystal structure.
These factors lead to weakening of the strong bonds and re-
duction in microhardness. The observed increase is associated
with Zn atoms between intergranulars. It is likely that Zn
atoms penetrated between the grains after 20% doping rate.

Furthermore, the microhardness values increased with ap-
plied load [22, 23]. This nonlinear case is known as reverse
indentation size effect (RISE) in the literature [24-27]. A
smaller indentation load shows a smaller hardness value. As
can be seen from Fig. 5, all samples exhibited a RISE behav-
ior. In addition, it was observed that the microhardness values
reached a plateau (saturation region) at around 1.5 N for all
samples. In this study, material behavior was unchanged, but
only microhardness values changed with Zn doping.

There are many models developed for analyzing the micro-
hardness of materials in the literature [28, 29]. These models
have been used to determine the behavior (ISE or RISE) of
these materials against the applied load for mechanical
characterizations.

In this study, parameters such as elastic modulus (), yield
strength (), and fracture toughness (Kjc), which are considered
as important as the hardness of the mechanical characterizations
of materials, were also calculated. The values of these parameters
were given in Table 3 indicating that £, ¥, and K¢ values, which
are related with hardness, changed with Zn doping.

3.3.1 Meyer Law and PSR Model

The ISE (indentation size effect) or RISE (reverse indentation
size effect) behavior of materials can be explained by Meyer’s
law:

F =Kd" (2)

where F, d, n, and K are applied load, diagonal length, Meyer
index and constant, respectively. For analysis of this model,
InF-Ind graph (Fig. 6) was drawn. The slope of the graph gives
the value of # for Meyer’s law and we can see that n values were
found to be greater than 2 for each sample in this study. As a
result, according to Meyer’s law, all samples exhibited a RISE
behavior (Table 4). It is recommended that n > 2 means a RISE
behavior while n < 2 refers to an ISE behavior.

Eq. 3 was used for the proportional sample resistance
(PSR) model. The « is the value where (F/d)—d axis
intersected (Fig. 7), and [ is the slope of the line:

Fld= o+ fd (3)
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Table 5 Experimental data N

according to HK approach and Samples Ank x10 7 (GPa) Wak (N) Hyk (GPa) m Hyc (GPa) H, (GPa)

1IC model
Zi.00 24.84 -027 4.606 047 3.581 4.121-4.186
7ng o1 16.62 —0.44 3.082 0.56 1.547 2.621-2.687
Zig0s 28.89 ~0.62 5357 0.56 2.944 24782513
Zng 19 14.95 —0.51 2.772 0.56 3.732 2.224-2.360
Zng o0 30.58 -0.14 5.670 0.39 4.883 2.377-5.385
Zng 50 33.52 -0.19 6.215 0.41 4.981 5.608-5.882

In this model, load-independent microhardness values were
calculated with the Eq. (4):

Hpgr = 1854.473 4)

The « values of the samples were negative (Table 4).
Negative « value confirms that the character of the behavior
of these materials is in the form of a RISE behavior. This
indicates that only plastic deformation is present in all samples
without elastic deformation. Finally, given the comparison of
Hpgr hardness values with the value that corresponds to the
plateau region, it can be clearly seen that these microhardness
values were quite far from the plateau region (Table 4) [29].
Therefore, it is clear that the PSR model is insufficient to
determine the true microhardness values for samples showing
a RISE behavior.

3.3.2 HK Approach and IIC Model

Hays and Kendall suggested that minimum load value (W) can
create permanent deformation in a sample [30]. According to
the HK approach, if the applied load does not exceed this

2
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Fig. 9 Plots of InF, versus In(F”%/&) of the samples

resistance, permanent deformation does not occur and only
elastic deformation occurs. Based on the HK approach, Wy
and A pxvalues were calculated from F — d” graph. Ay is a
constant independent from the applied load.

F-Wyk = Apxd” (5)

In addition, independent of the load, the microhardness
value was calculated using Eq. 6 below:

Hyx = 1854.4Apx (6)

At the same time, according to the IIC model, the applied
test load is offset by the total resistance of the sample at max-
imum depth, whereas the friction and elastic effects led to
normal ISE behavior and indentation cracks led to RISE
behavior.

In(H,)-In(F>"/d*) graph (Fig. 9) was drawn according to
the IIC model. K and m values were independent of load, and
they were calculated from the graph. The microhardness
values of the samples were calculated using Eq. 7.

H, = K(i”> )

When HK approach and indentation-induced cracking
(IIC) model was analyzed, the following results were
obtained.

* A negative Wy value obtained according to the HK ap-
proach suggests that applied load is sufficient to produce
plastic deformation, but insufficient for elastic deforma-
tion. The microhardness values calculated by the HK
model using Fig. 8 were quite far from the plateau region
(Table 5). As a result, the HK model seems to be unsuc-
cessful to determine the true microhardness values.

* The m index obtained according to the IIC model (Fig. 9)
was used to explain ISE or RISE behaviors [31-33].
Given Table 5, the value of m was found to be less than
0.6. According to this result, we can conclude that the
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samples exhibited a RISE behavior. Since no elastic de-
formation was observed in the samples, this model would
be the most successful model for samples showing the
RISE behavior.

4 Conclusions

In this study, Zn-doped YBCO-123-based high-temperature
superconducting samples were produced using the sol-gel
method. The structural, electrical, and mechanical properties
of the superconducting samples were examined in detail. The
obtained results are summarized below:

* According to the XRD results, a second phase which
caused a remarkable change and a peak belonging to the
Zn ion were not found in the diffraction patterns. This
finding showed that most of the Zn atoms were located
in the YBCO-123 matrix.

* a and b lattice parameters increased until Zng o5, and then
decreased. However, c lattice parameter decreased until
Zng o5 and increased afterwards. This result explained that
the 0.05 doping rate was a threshold value because the
structure changed slightly after this doping.

* According to the SEM results, it was observed that grain
sizes decreased and porosity increased with increasing Zn
doping. When Zng oo and Zny 5o samples were compared,
it was observed that grains of the Zng 50 sample were
smaller and the surface of the sample was more porous.

* The p-T measurements showed that room temperature re-
sistivity increased with increasing Zn doping.

* The superconducting transition width, AT, was increased
when compared with the undoped sample. This may be
due to the higher impurity level and lattice defects of the
Zn-doped samples.

e The Tgffset were 87 K, 65 K, 48 K, 46 K, and 42 K for the
samples Zng oo, Z1g 01, ZNg 05, ZNg 10, and Zng 5, respec-
tively. The 79" was found as 89 K for undoped sample.
The transition temperatures to superconductivity were
84 K, 75 K, 56 K and 54 K for Zng ¢, Zng o5, Zng 10, and
Zngy o samples, respectively. As a result, the
superconducting transition temperature (79" ) decreased
with increasing Zn doping.

* The microhardness value increased with increasing ap-
plied load on the surface of the sample, which means that
the sample showed the RISE behavior. The calculated
microhardness value increased rapidly with increasing
load up to 1.5 N and remained nearly constant thereafter.

*  When the microhardness models were analyzed, the most
suitable model for the Zn-doped YBCO-123
superconducting samples exhibiting the RISE behavior
was determined as the IIC model.
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