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Abstract In this study, we investigated the effect of the
Lutetium (Lu) addition on microstructure and mechanical
properties of the Bi-2212 superconductors annealed at 840 °C
for 50 h. The samples were prepared by the widely used
conventional solid-state reaction method. For comparison,
undoped sample was prepared in the same conditions. The
prepared samples were characterized using X-ray powder
diffraction (XRD), scanning electron microscope (SEM), and
microhardness measurements (H,). The volume fraction and
lattice parameters were determined from the XRD measure-
ments. The microstructure, surface morphology and orienta-
tion of the grains were investigated by SEM. In this study we
have focused on microhardness measurements to investigate
the mechanical properties. Vickers microhardness, load
independent hardness, Young’s modulus, fracture toughness
and yield strength values were calculated separately for doped
and undoped samples. Experimental results of hardness
measurements were analyzed using the Meyer’s law, pro-
portional sample resistance (PSR)model, modified propor-
tional sample resistance (MPRS) model, Elastic—Plastic
deformation model (EPD), and Hays-Kendall (HK) approach.
Finally, the Hays-Kendall (HK) approach was determined as
the most successful model describing the mechanical prop-
erties of our samples. Moreover, lattice parameter ¢ and vol-
ume fraction of Bi-2212 phase decreased with increasing Lu
content. SEM measurements show that not only the surface
morphology and grain connectivity were obtained to degrade
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but also the grain sizes of the samples were found to decrease
with the increase of the Lu addition, as well.

1 Introduction

The mechanical properties of high temperature supercon-
ductors are as important as the superconducting properties
like critical temperature, critical current density, and crit-
ical magnetic field for industrial applications in the form of
wires and tapes.

The superconducting wires and tapes are prone to
mechanical stress when they are wound to form coils.
Under mechanical stress, micro cracks form and thus the
critical current density and critical magnetic field decrease
abruptly. Therefore, investigation of the mechanical prop-
erties of superconductors is important for practical appli-
cations [1-4]. Indentation hardness testing is a generally
used technique for investigation of mechanical properties
of materials. The principle of indentation hardness testing
is composed of application of load to the indenter and
forming an indentation on the surface of the material. The
hardness is calculated using the sizes of the formed
indentation. Indentation hardness test is nondestructive
since it produces only a small indention on the surface of
the material.

Hardness is related to the structure and composition of
materials, therefore it is a popular method to characterize
materials [5]. Three properties of materials are effective in
indentation; (1) the crystal structure of the grains, (2) grain
orientation, (3) porosity among grains [6]. Hardness is a
measure of porosity. Smaller values of hardness are
obtained where porosity is high [7]. Therefore, the results
of the hardness values must be endorsed by XRD and SEM
measurements.
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In this study, Vickers microhardness measurements are
made to investigate the mechanical properties of Lutetium
added Bi-2212 superconducting samples prepared by solid
state reaction method. XRD measurements are made to
analyze lattice parameters and phase composition, and
SEM measurements are used to analyze surface structure
and grain orientation. The results of these measurements
are used to analyze the mechanical properties using various
models on Lu added Bi-2212 superconductor.

2 Experimental details

Conventional solid state reaction method is used to prepare
the Lu added Bi-2212 samples. Lu,O3 (Alfa Aesar Co.,
Ltd., 99.9 % purity) powder is added to Bi-2212 super-
conductor powder in the ratios of 0.1 % (Lu0.1), 0.3 %
(Lu0.3), 0.5 (Lu0.5), 0.7 % (Lu0.7), and 1.0 % (Lul.0).
The resultant powders are mixed for 5 h to obtain homo-
geneity. The obtained powders are pressed into tablets of
13 mm diameter and 1-1.5 mm thickness under at 10 tons.
Then the tablets are sintered at 840 °C for 50 h with 5 °C/
min heating and 3 °C/min cooling rates. In addition to the
Lu added samples, an undoped sample is produced using
the same conditions to make comparison.

Vickers microhardness measurements are made at room
temperature using Shimadzu HVM-2 digital microhardness
tester. The load (F), was applied for 10 s in the range
0.245-2.940 N. The indenter was pressed on to different parts
of the surface of the samples making sure that the indentations
do not overlap. Vickers microhardness values are calculated
and various hardness models are analyzed. In addition,
the phase compositions are characterized by XRD investiga-
tion by Bruker D8 Advance XRD with CuK, radiation
(A= 15418 A) in the range 20 = 5-60° at a scan speed of
3°/min and a step increment of 0.02° at room temperature.
Phase ratio and lattice parameters a and ¢ are determined from
the XRD patterns. The accuracy in determining the lattice
parameters (a and c) is determined to be 4-0.0001 A. Addi-
tionally, the average particle sizes of the samples produced are
computed with the aid of the Scherrer—Warren approach.
Moreover, the grain size, grain connectivity and surface
morphology of the samples are identified using a Jeol scanning
electron microscope (SEM) JEOL 6390-LV, operated at
20 kV, with a resolution power of 3 nm.

3 Result and discussion

3.1 XRD analysis

The XRD peaks of the Lu0.0, Lu0.3, Lu0.5, and Lul.0 sam-
ples are shown in Fig. 1. As can be seen from the Fig. 1, all the
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Fig. 1 XRD patterns of the Lu0.0, Lu0.3, Lu0.5 and Lul.0 samples

samples studied exhibit the polycrystalline superconducting
phase. The intensities of peaks belonging to (Bi, Pb)-2212
phase are obtained to decrease and the 2201-phase volume
fraction increases with the increase in the Lu addition. But the
dominant phase is the Bi-2212 phase. The variation of a and
c lattice parameters and volume fraction of phases with Lu
addition are tabulated in Table 1. With the increase in Lu
addition, a parameter initially increases and then decreases
after a maximum, but the ¢ parameter monotically decreases
(Fig. 2). The change in the ¢ parameter is due to settling of
added rare earth elements into the crystal structure of Bi-2212
superconductor [8-10]. When +3 valency rare earth ions
substitute +2 valency Sr or Ca ions, one electron is added to
the crystal structure. This addition of extra electron to the
crystal structure causes an increase in oxygen content. This
excess oxygen is captured by oxygen deficient Bi—O double
planes. The positive charge in Bi—O planes decreases resulting
in a decrease of the repelling force among positive charges, the
binding between the planes increases. The distance between
the Bi—O double planes and the ¢ parameter decrease [11, 12].
Another possible explanation of ¢ parameter contraction is
due to the small ionic radius of Lu. Since Lu has the smallest
jonic radius among lanthanides, replacement of Ca™ or Sr™>
by Lu™> ions causes the ¢ parameter to decrease.

3.2 Grain size calculation
Using XRD analysis, the grain sizes can be calculated. The

following equation is used to estimate the average grain
sizes (Scherrer—Warren equation):
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Table 1 XRD and resistivity Samples a (A) [ (;\) Volume fraction (%) Grain size (A)
measurement results for the
samples 2212 2201
Lu0.0 5.38 30.67 85 15 5.032
Lu0.1 5.39 30.64 68 32 4.611
Lu0.3 5.40 30.45 65 35 3.765
Lu0.5 5.39 30.21 64 36 3.717
Lu0.7 5.37 30.01 62 38 3.236
Lul.0 5.35 29.59 59 41 3.164
@3 T T T T o the table it can be seen that the grain sizes decrease with Lu
. e addition. This result is compatible with our SEM results.
54 v ~ Lo
Yoo
- Lutl.0 3
539 | K R | 3.3 SEM analysis
5.38 |- . ] To analyze the surface structure, to detect possible pre-
) cipitations in the grain boundaries, and to estimate the
® 537| . i grain sizes of the samples SEM images are used. Figure 3
shows the surface images of Lu0.0 and Lul.0 samples. The
5,36 |- - images show that addition of Lu changed the surface
morphologies of the samples. Grain sizes and grain orien-
5,35 - - . tation decrease with Lu addition and the porosity increases.
Figure 3 shows that the pure sample without Lu addition is
5,34 OSSN S S N S TN TN T T T N S S T [N S TN S [N TN S S SO S} :
02 0 02 04 06 08 y 1.2 denser ?nd has lower porosity than the Lu added samplle.
Lu Concentration (%) Accordlpg to SEM results, the surface morphology, grain
connectivity and average crystallite size are found to
(b) 308 degrade with increasing Lu addition, which is supported by
306 o grain size calculation results.
304 v i 3.4 Microhardness and modelling
302 . | After application of different loads, Vickers microhardness
Z values are calculated using the following equation
o 4
30 1 H,=18544 (F/d2> (GPa) 2)
281, oo 7 The calculated results of load dependent H,, E, Yand K;c
.ol are given in Table 2.
2961 tugg ] Figure 4 shows the change in Vickers microhardness as
“ u0.
204 o a function of the applied load. The figure shows that the
0.2 0 02 04 06 08 1 1.2 microhardness increases monotically with increasing Lu

Lu Concentration (%)

Fig. 2 Variation of lattice parameter as a function of Lu

concentration

D =0.9414/f cos O (1)

Where D is grain size, 4 is the wavelength of X-ray, f is
FWHM (full width at half maximum) of the peak with the
highest intensity, and 0 is the angle of the peak. The results
of the calculated grain sizes are tabulated in Table 1. From

@ Springer

content. It can be seen that for all samples, the microh-
ardness values are load dependent—a phenomenon known
as ISE (Indentation Size Effect). The microhardness values
of all samples are higher at lower applied loads, but they
decrease as the applied load is increased. The hardness-
load curve shows a transition to a plateau for higher values
of applied load. The plateau values of microhardness are
argued to correspond to the load independent (intrinsic)
microhardness values [13]. Since microhardness changes
with applied load, the real value of microhardness is
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Fig. 3 SEM micrographs of a Lu0.0 and b Lul.0 samples

Table 2 The calculated load
dependent H,, E, Y and K¢ for
the samples

Samples Load (N) H, (GPa) E (GPa) Y (GPa) Kjc (Pam™1?)
Lu0.0 0.245 0.986 80.81 0.328 955.62
0.490 0.810 66.39 0.270 881.34
0.980 0.715 58.60 0.238 813.76
1.960 0.622 50.98 0.207 759.00
2.940 0.593 48.60 0.197 741.09
Lu0.1 0.245 1.094 89.66 0.364 1,024.26
0.490 0.878 71.96 0.292 917.58
0.980 0.790 64.75 0.263 870.39
1.960 0.717 58.76 0.239 829.20
2.940 0.681 55.81 0.227 808.12
Lu0.3 0.245 1.242 101.79 0.414 95291
0.490 1.068 87.53 0.356 883.64
0.980 1.027 84.17 0.342 866.51
1.960 0.951 77.94 0.317 833.83
2.940 0.910 74.58 0.303 815.66
Lu0.5 0.245 1.433 117.45 0.477 1,104.05
0.490 1.213 99.42 0.404 966.72
0.980 1.154 74.58 0.384 942.92
1.960 1.032 84.58 0.344 891.68
2.940 0.979 80.24 0.326 868.48
Lu0.7 0.245 1.587 130.07 0.529 1,274.07
0.490 1.374 112.61 0.458 1,185.48
0.980 1.235 101.22 0.411 1,123.93
1.960 1.110 90.97 0.370 1,065.55
2.940 1.052 86.22 0.350 1,037.34
Lul.0 0.245 1.687 138.27 0.562 1,342.77
0.490 1.455 119.25 0.485 1,247.00
0.980 1.312 107.53 0.437 1,184.14
1.960 1.220 99.99 0.406 1,141.87
2.940 1.163 95.32 0.387 1,114.90
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Fig. 4 Variation of load dependent microhardness H, with applied
load F

ambiguous. In literature, various models are proposed to
explain ISE behaviour. In this study, Meyer’s law, Hays-
Kendall approach (HK), Proportional sample resistance
(PSR) model, Modified proportional sample resistance
(MPSR) model, and elastic/plastic deformation (EPD)
model are used to analyze microhardness results of our
samples.

3.4.1 Analysis according to Meyer’s law

Meyer’s law is a generally used model to explain ISE. This
law is a simple expression between applied load F and
indentation depth d:

F=Ad" 3)

where n is Meyer number which is calculated from the
fitted curves of experimental data. Meyer number n is a
measure of ISE for values of n higher than 2, ISE behaviour
is not observed [13-15].

The slope of the graph in Fig. 5 gives ny, and the vertical
intercept is A g. For all of our samples, Meyer number is
less than 2 which proves that load dependent displacement
has ISE behaviour. The results obtained from the graph are
tabulated in Table 3.

3.4.2 Analysis according to PSR model

Another model to analyze ISE behaviour is proportional
sample resistance (PSR) model. Li and Bradt reported that
PSR model is suitable to explain ISE behaviour in various
materials [16]. The following expression is used in this
model:

@ Springer

Fig. 5 Variation of applied load InF with diagonal Ind for the
samples

F = ad + pd* (4)

where o gives the surface energy, and f§ gives load inde-
pendent hardness value. The values of o and f are calcu-
lated from the F/d versus d graph of Fig. 6. The change in «
is associated with the energy distribution of the surface
cracks [17].

The load independent microhardness value according to
PSR model is calculated using;

Hpsp = 185448 (5)

From Table 4 it is seen that the values of o are positive
for all samples. This result shows that there is elastic
deformation in the samples along with plastic deformation.

Equations (6-8) and load independent Hpgr is used to
calculate load independent elastic modulus (Eyp), tensile
stress (Yy), and fracture toughness (K;c) values which are
tabulated in Table 5. Hy, E, and Y, values increase with Lu
concentration. This is an expected result since microhard-
ness increases with Lu concentration. The increase in K¢ is
related to the increase in o the surface energy. Fracture

Table 3 Best-fit results of experimental data according to Meyer’s
law

Samples ny In A x (GPa)
Lu0.0 1.660 —6.520
Lu0.1 1.689 —6.534
Lu0.3 1.656 —6.265
Lu0.5 1.743 —6.447
Lu0.7 1.717 —6.276
Lul.0 1.931 —17.046
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Fig. 6 Plots of F/d versus d for the samples

toughness (K;¢) is an important parameter for technological
applications.

E = 81.9635H, (6)
Y~ H,/3 (7)
K. = +\/2Ey (8)

3.4.3 Analysis according to modified PSR (MPSR) model

According to PSR model, when d = 0 the resistance of the
sample (W = A,d) becomes zero [18, 19]. That means the

Table 4 Best-fit results of experimental data according to PSR model

minimum amount of applied load needed permanent
deformation is zero. Gong et al. [19] proposed that the
sample subject to mechanical treatments like surface pol-
ishing can be considered as a compressed spring rather than
a relaxed one. MPSR model is defined with the following
equation;

F = Wypsg + Aompsrd + A1ypsrd”

©)

The load independent microhardness value due to MPSR
model can be calculated using;

Hypsg = 1854.4A 1 ypsg (10)

The values Wy,psg and A, psg calculated from fitting of
the curve in Fig. 7 and the associated load independent
microhardness values are given in Table 6. From the table
it can be seen that the microhardness values calculated
using the MPSR model are far from the values of the
plateau region.

3.4.4 Analysis according to elastic/plastic deformation
(EPD) model

According to Bull et al. [20, 21], the dependence of
indentation size on the applied load is given as;

F=Ayd, +d,)* (11)

where A, is a constant, and d, is related to d, plastic
deformation. The values of A, and d, can be calculated
from F'? versus d graph (Fig. 8).

The load independent microhardness due to this model
is calculated as;

Samples o x 107 (N) p x 107° (N/pm) Load independent Load dependent
hardness Hpgr (GPa) hardness H, (GPa)
Lu0.0 5.65 25.46 0.472 0.593-0.622
Lu0.1 5.85 29.37 0.544 0.681-0.717
Lu0.3 4.46 42.45 0.787 0.910-0.951
Lu0.5 4.70 47.29 0.877 0.979-1.032
Lu0.7 6.24 48.43 0.898 1.052-1.110
Lul.0 6.52 52.00 0.964 1.163-1.220
iTn’;‘il;;ee: d;}t‘eHco’:‘lgiaZdaﬁa‘}% Samples Hy (GPa) E, (GPa) Yo (GPa) K. (Pa/m"?) H, (GPa)
for the samples Lu0.0 0.472 38.686 0.157 661.17 0.593-0.622
Lu0.1 0.544 44.588 0.181 213.68 0.681-0.717
Lu0.3 0.787 64.505 0.262 758.54 0.910-0.951
Lu0.5 0.877 71.881 0.292 675.68 0.979-1.032
Lu0.7 0.898 73.603 0.299 958.41 1.052-1.110
Lul.0 0.964 79.012 0.321 1,015.04 1.163-1.220
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Fig. 7 Variation of applied load with the indentation diagonal length
for the samples

Hgpp = 1854.4A, (12)

As seen from Table 7, the value of d, is positive for all
samples. That means for this range of applied loads elastic
deformation is observed along with plastic deformation.
For all samples elastic relaxation is present. Presence of
elastic deformation along with plastic deformation is the
reason of ISE behaviour for our samples.

3.4.5 Analysis using Hays-Kendall approach

Hays—Kendall [22] reported that in the microhardness
measurements of various materials, only elastic deforma-
tion is observed for applied loads less than a critical value,
but above the critical value plastic deformation is observed.
Gane and Bowden [23] observed that for various materials,
the indenter does not penetrate into the sample until the
applied load reaches a critical value and then abruptly
penetrates into the sample for applied loads above this
critical value. Moreover, although the applied load
increases the size of the indentation does not increase until
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Fig. 8 Plots of diagonal length versus square root of applied loads for
the samples

the applied load reaches the critical value. Hays-Kendall
suggested that the indentation size is related to an effective
load Fy = F — Wy rather than the applied load itself.

(13)

where A, is a load independent constant. The values of
Wyk and A,pgare calculated from F versus d” graph
(Fig. 9). The curves are linear for all samples. The slope of
the graph in Fig. 9 gives the value of A yk. The load
independent microhardness value due to this model is;

Hyx = 1854.4A 1y (14)

F — Wik = Apxd®

In Table 8, the values of Wy, Ajgx and the load
independent microhardness values are tabulated. The
values of Wy are positive for all samples which can be
interpreted as the applied load is enough to create both the
elastic and plastic deformation [24].

For all samples exhibiting ISE behaviour, among the
models used the values of microhardness calculated using
HK model are the closest to the values of the plateau

Table 6 Best-fit results of experimental data according to MPSR model

Samples Waprs (N) Aomprs X 107° Aiyprs X 107° Load independent H, (GPa)
(N/pm) (N/pum?) hardness Hyprs (GPa)

Lu0.0 —0.025 734.6 24555 0.455 0.593-0.622
Lu0.1 —0.019 663.42 29.600 0.548 0.681-0.717
Lu0.3 —0.058 769.39 40.185 0.745 0.910-0.951
Lu0.5 —0.077 1,041.8 40.259 0.746 0.979-1.032
Lu0.7 —0.056 1,024.8 43.617 0.808 1.052-1.110
Lul.0 —0.031 815.27 51.594 0.956 1.163-1.220
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Table 7 Best-fit results of experimental data according to EPD
model

Samples Hgpp (GPa) d, (um) H, (GPa)
Lu0.0 0.492 0.148 0.593-0.622
Lu0.1 0.580 0.130 0.681-0.717
Lu0.3 0.817 0.090 0.910-0.951
Lu0.5 0.857 0.113 0.979-1.032
Lu0.7 0.905 0.125 1.052-1.110
Lul.0 0.980 0.109 1.163-1.220
3 I T YAp N
25 .
2 — -
Z 15) i
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Fig. 9 Applied load versus the square of the impression semi-
diagonal length for the samples

(saturation) region (Table 9). In literature it is indicated
that the load independent microhardness values should be
close to the values of the plateau region [19, 25-27].
Therefore, Hays—Kendall model is more suitable to deter-
mine the micromechanical properties and ISE behavior of
our samples.

4 Conclusion

The effects of Lu addition on the mechanical and super-
conducting properties of Bi-2212 superconductors are
studied in detail. To determine the mechanical properties,
Vickers microhardness measurements are made. The
results of the microhardness measurements are analyzed
using Meyer’s law, PSR, MPRS, EPD, and Hays-Kendall
(HK) approach. The following results are obtained;

e The XRD analysis showed that the a lattice parameter
and Bi-2201 phase ratio increased slightly, but c lattice
parameter and Bi-22]2 phase ratio decreased with Lu
addition. No other detectable phases are obtained which
indicate that majority of Lu ions settle into the crystal
structure.

e The SEM results indicate that the grain sizes decrease;
the grain connectivities and the surface structure
deteriorate with Lu addition. The decrease in grain
sizes is endorsed with the grain size calculations of the
XRD peaks.

e Vickers microhardness values increase with Lu addi-
tion. This result seems to be incompatible with our
SEM analysis since the grain connectivity and texturing
decrease and porosity increases with Lu addition. We
argue that a possible explanation is as follows: Lu itself
has a high value of microhardness. Actually Lu has the
highest hardness and density among lanthanides. Set-
tling of Lu in the intergranular spacing and interfaces of
the samples increases the microhardness of the Lu
added samples. Lu addition can also suppress micro-
cracking and thus improve the mechanical connections
among the grains.

e Elastic modulus, tensile stress, and fracture toughness
values for both load dependent and load independent
case increase with addition.

e The results of the microhardness measurements are
analyzed employing Meyer’s law, PSR, MPSR, EDP
models and Hays—Kendall approach. Hays—Kendall
approach is found to be the best model describing the
microhardness of our samples.

Table 8 Best-fit results of

experimental data according to Samples Ak Wk (N) Load independent H, (GPa)
hardness Hpg (GPa)

HK model
Lu0.0 30.631 x 107° 0.149 0.568 0.593-0.622
Lu0.1 35.455 x 107° 0.130 0.657 0.681-0.717
Lu0.3 47.925 x 1073 0.096 0.888 0.910-0.951
Lu0.5 51.196 x 107> 0.122 0.949 0.979-1.032
Lu0.7 54.819 x 107> 0.130 1.016 1.052-1.110
Lul.0 60.931 x 107° 0.111 1.127 1.163-1.220
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Table 9 The results of load dependent Vickers microhardness at the plateau region and load independent hardness values calculated using PSR,
MPSR, EPD and HK models

Samples H, (GPa) (in plateau region) Hpgr (GPa) Hypsr (GPa) Hgpp (GPa) Hpyx (GPa)
Lu0.0 0.593-0.622 0.472 0.455 0.492 0.568
Lu0.1 0.681-0.717 0.544 0.548 0.580 0.657
Lu0.3 0.910-0.951 0.787 0.745 0.817 0.888
Lu0.5 0.979-1.032 0.877 0.746 0.857 0.949
Lu0.7 1.052-1.110 0.898 0.808 0.905 1.016
Lul.0 1.163-1.220 0.964 0.956 0.980 1.127
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