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Theoretical and Experimental Comparison of Micro-hardness and Bulk 
Modulus of Orthorhombic YBa2Cu3-xZnxO Superconductor Nanoparticles 

Manufactured using Sol-Gel Method 
 

Elif AŞIKUZUN*1, Özgür ÖZTÜRK2 

 
Abstract 

In the present study, the sol-gel method was preferred for the production of superconductor 
materials since it is known that the sol-gel method is useful in producing nanoparticles. The Zn 
(Zinc) doped YBCO-123 superconductor samples (YBa2Cu3-xZnxO) were produced. The main 
objective in the present study was to examine the effects of both of Zn doping and sol-gel method, 
which was chosen as the production method, on the structural, electrical, and mechanical properties 
of Y-123 superconductor materials. Especially, the effects of the nanoparticles and doping on the 
mechanical properties of materials were discussed over the bulk modulus. It was aimed to obtain 
information about the mechanical properties by comparing the bulk modules calculated 
theoretically and experimentally. Besides that, the XRD, SEM, and resistivity measurements were 
performed in order to characterize the structural and electrical properties.   

Keywords: Sol-gel, vickers, bulk modulu, micro-hardness 

 

1. INTRODUCTION 

The mechanical behavior of the materials 
reflects the deformation or resistance of 
material against the force or load applied. 
Depending on the force applied to the 
material, two types of deformation occur; i) 
elastic (non-permanent change) and ii) plastic 
(permanent change). The elastic deformation 
refers to the change of distance between the 
atoms of material, on which the force is 
applied, without any separation between the 
adjacent atoms. When the applied force is 
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removed, then the object gains its previous 
form. If the stress created on the material by 
the force applied exceeds beyond the 
elasticity limit of the material, then the 
permanent deformation called plastic 
deformation occurs. In other words, the 
materials deform under the external forces. 
When the applied forces are removed, the 
deformation is called “elastic” (reversible) if 
the material gained its previous size and 
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shape, it is called “plastic” (permanent) if the 
previous form was not gained.  

The hardness is defined as the material’s 
resistance to the friction, scratch, cutting, and 
plastic deformation. The value obtained from 
the hardness measurements performed in the 
laboratories using special devices is the 
resistance of material against to the plastic 
deformation. 

The most common and effective experiment 
carried out in order to determine the 
mechanical properties of the materials is the 
hardness measurement. The main reasons for 
this are that the procedure is simple and that 
it damages the sample less than the other 
procedures do. The other advantage is that the 
hardness of a material is directly 
proportionate to the other mechanical 
properties [1-4]. For instance; the tensile 
strength of steels is directly proportionate to 
the hardness. Thus, it is possible to have an 
idea about the strength of the material by 
measuring the hardness. 

In the present study, the mechanical 
properties of the Zn doped YBCO-123 
superconductor nanoparticles (YBa2Cu3-

xZnxO) which were produced using sol-gel 
method, are reported by making use of both 
experimental and theoretical data. The 
microhardness and bulk module values 
obtained experimentally were compared with 
the theoretically obtained results. Moreover, 
in order to determine the crystal structure and 
lattice parameters of the superconductors, the 
X-ray diffraction (XRD) measurements were 
performed, whereas ρ-T measurements were 
performed in order to examine the 
superconductor characteristics.  

2. EXPERIMENTAL DETAILS 

In the present study, the sol-gel method that 
is one of the methods most widely used for 
obtaining nano-sized samples was used. 
YBa2Cu3-xZnxO samples were prepared by 

using yttrium (III) acetate hydrate, barium 
acetate, copper (II) acetate, and zinc acetate 
dihydrate powders, as well as the acetic acid 
and methanol as solvents. 3 g powder 
mixtures (Y, Ba, Cu and Zn) were prepared 
for each sample and the zinc acetate dihydrate 
powder was added by 1%, 5%, 10%, 20%, 
and 50%. The solutions that were prepared 
were stirred using a heated magnetic stirrer 
for 8 hours with closed cover until obtaining 
a transparent solution. Then, the stirring 
process was continued for approx. 12 hours 
until the solution gelled. Then, the samples 
were dried in muffle furnace at 300o for 30 
minutes. The powder samples were calcined 
for three times at 850o for 24 hours. The 
produced powder samples containing Zn 
were named Zn0.01, Zn0.05, Zn0.10, Zn0.20, and 
Zn0.50, whereas the undoped sample was 
named Zn0.00.  

3. RESULTS 

3.1. XRD and SEM Measurements 

X-ray diffraction method was used to 
determine the crystal structures and lattice 
parameters of the materials. XRD 
measurements were performed by Bruker D8 
Advance X-ray powder diffractometer using 
𝐶𝑢𝐾ఈ  (𝜆 = 1,541Å) radiation in the range of 
30≤ 2θ ≤900 at a scan speed of 4°/min. When 
XRD graph was examined, it was seen that 
the dominant phase in all samples was the Y-
123 phase (Figure 1). There were no peaks of 
Zn ion doped instead of Cu ion. This result 
was shown that Zn ions entered into the 
YBCO structure [5, 6]. In addition, the ionic 
radius (0.73 Å) of the Cu (+2) ion was 
comparable with the ionic radius of the doped 
Zn (+2) ion (0.74 Å). 
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Figure 1 XRD patterns for all samples 

In the literature, the lattice constants of the Y-
123 system which has orthorhombic 
symmetry (𝑎 ≠ 𝑏 ≠ 𝑐) are 𝑎 = 3.82 Å, 𝑏 =

3.89 Å ve 𝑐 = 11.7 Å. In this study, it was 
seen that the lattice parameters and crystal 
structure obtained for the Zn doped Y-123 
system conformed with the literature (Table 
1). In addition, grain sizes of the samples 
were calculated using the Warren-Scherrer 
equation [7]. As can be seen from Table 1, the 
Zn doping was decreased the grain size 
compared with the undoped sample. 

Table 1 
a, b, c lattice parameters and grain size values of 
samples 

Samples Lattice Parameters 
Grain 
Size 

(𝑛𝑚) 

𝑎 (Å) 𝑏 (Å) 𝑐 (Å) 

𝐙𝐧𝟎.𝟎𝟎 3.81 3.89 11.65 92.39 

𝐙𝐧𝟎.𝟎𝟏 3.85 3.83 11.02 77.96 

𝐙𝐧𝟎.𝟎𝟓 3.88 3.87 10.77 72.06 

𝐙𝐧𝟎.𝟏𝟎 3.81 3.80 10.98 63.67 

𝐙𝐧𝟎.𝟐𝟎 3.83 3.83 10.54 60.93 

𝐙𝐧𝟎.𝟓𝟎 3.82 3.79 10.99 60.71 

 

The surface morphology of the samples was 
examined by using FEI brand QUANTA FEG 
250 model scanning electron microscopy 
(SEM). The surface images obtained at 10000 
magnifications were given in Figure 2. 

According to SEM results, we can say that 
grain size decreased and inter-particle pores 
increased with increasing the Zn doping.  

 

          a) Zn0.00 
 

 
                           b) Zn0.05 
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c) Zn0.10      
 

 
                               d) Zn0.20 

Figure 2 SEM images for all samples 
 

3.2. Resistivity Measurements 

For electrical measurements, contacts were 
performed by a standard four-point method 
using a silver paste on the surface of samples. 
The He cooled closed-circuit cryostat system, 
the Lakeshore 336 temperature controller, the 
Keitley 2400 current source and the Keithley 
2182 A Nanovoltmeter devices were used. 

Above the onset transition temperatures 
(Tc

onset) of the samples were determined as the 
transition temperature from normal state to 
superconducting state were shown metallic 
behavior (Fig. 3). 𝑇௖

௢௡௦௘௧  were 89𝐾, 84𝐾, 
75𝐾, 56𝐾 and 54𝐾 for undoped, 
𝑍𝑛଴.଴ଵ, 𝑍𝑛଴.଴ହ, 𝑍𝑛଴.ଵ଴ and 𝑍𝑛଴.ଶ଴ samples, 
respectively. Zn0.50 sample showed insulating 
behavior. Zn doping negatively affected to 
𝑇௖

௢௡௦௘௧ . However, the effect of nanoparticles 
on the electrical properties of materials was 
not determined. 

 
Figure 3 Normalized resistivity as a function of 

temperature curves for all samples 
 

3.3. Microhardness measurements 

The mechanical characterizations of samples 
were carried out using Shimadzu brand 
HMV-2 model digital static microhardness 
tester. The hardness is generally determined 
by measuring the resistance of material 
against a standard conic or spherical tip. The 
tip that is chosen appropriately leaves a trace 
on the material when it is pushed on the 
material under a constant load. In general, the 
hardness of the material is inversely 
proportional to the size of this trace [8-10]. 
The hardness measurements, which are 
performed in laboratories by using special 
devices, are classified based on the tip being 
used, the force being applied, the size of trace, 
and the method of measurement. The most 
widely used microhardness measurement 
methods are Brinell, Rockwell, Knoop, and 
Vickers methods. 
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In the present study, the Vickers 
microhardness measurement method, in 
which a diamond tip is used in order to 
prevent the negative consequences of the 
change of the geometrical shape of trace 
observed in Brinell experiment, was 
preferred. In the Vickers method, the pyramid 
stinging tip with 136° of apex angle between 
the counter-surfaces of the pyramid having 
square base is stung onto the sample for 10 
seconds under force (F). Five different levels 
of force (0.245, 0.490, 0.980, 1.960, and 
2.940 N) were applied to the superconductor 
samples during the procedures. After 
removing the load, two diagonal length of the 
trace (d1 and d2) on the material are measured 
using a microscope and the arithmetic mean 
(d) is calculated. This procedure is repeated 
for minimum 10 times for each load and the 
mean value is calculated. Vickers hardness 
value is the proportion of load expressed in 
gram to the area of trace expressed in µm2. 
Vickers microhardness value is calculated 
using the formula below, 

        HV= 1854.4 
 ୊

ୢమ                      (1)      

The microhardness values obtained 
experimentally are presented in Table 2. 
Moreover, the diagram of the change in 
microhardness depending on the force 
applied (Hv-F) is presented in Figure 4. As 
seen in the figure, the microhardness values 
increased in parallel with the load applied. 
This behavior is defined as RISE (Reverse 
Indentation Size Effect) in the literature. 
These materials exhibit only the plastic 
deformation. No elastic deformation is 
observed or it is at much lower levels when 
compared to the plastic deformation. 
Furthermore, as it can be seen in Figure 3, the 
hardness values did not change when the 
loads higher than 1N were applied. In and 
after this region that is called the saturation 
region, there would be no significant change 
in the hardness value even if the load applied 

is increased [11-14]. While calculating the 
microhardness values, the bulk modules of 
the material were calculated by using 
Equation (2).  
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  Figure 4 Vickers microindentation hardness 

variation as a function of indentation test load for all 
samples 

 

       𝐵 = 81.9635 𝐻௏                                  (2) 

The bulk module is an elastic characteristic 
that defines the decrease in a material 
exposed to a applied force. The results 
obtained are presented in Table 2. As it can be 
seen in the table, the microhardness value of 
the material did not change in parallel with 
the Zn doping when compared to the undoped 
sample. The microhardness values decreased 
in Zn0.01, Zn0.05, and Zn0.10 samples and 
decreased in Zn0.20 and Zn0.50 samples. The 
decrease observed here is related with the 
status of impurity phases and irregularity. 
These factors lead the strong bonds to weaken 
and, thus, the microhardness to decrease. 
Moreover, the decrease in value of Hv causes 
increase in resistivity between the particles, 
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reduction in the interparticular transmission 
surface, and weakening in the borders of 
particles. Here, the material behavior did not 

change but the microhardness values were 
observed to change in parallel with the Zn 
doping.  

Table 2 
The experimental values of Hv and B weakening in the borders of particles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to be able to compare the 
experimental results that we obtained to the 
theoretical results, an empirical approach was 
developed for the bulk module [15]. In this 
approach, it is possible to obtain a projectable 

value in examining the bulk modules of all the 
compounds consisting of elements between I 
and VII [15]. Given the results, there is an 
approx. scale for these materials. 

     𝐵=550𝑑−3                                              (3) 

Samples 
 

F (𝐍) Exp. 
𝐇𝐯 (𝐆𝐏𝐚) 

Exp. 
B (GPa) 

𝐙𝐧𝟎.𝟎𝟎 0.245 2.126 174.27 
0.490 3.073 251.92 
0.980 3.401 278.78 
1.960 4.121 337.84 
2.940 4.186 343.11 

𝐙𝐧𝟎.𝟎𝟏 0.245 0.728 59.72 
0.490 1.979 162.23 
0.980 2.245 184.08 
1.960 2.687 220.30 
2.940 2.621 214.87 

𝐙𝐧𝟎.𝟎𝟓 0.245 0.672 55.10 
0.490 1.715 140.56 
0.980 2.173 178.14 
1.960 2.478 203.12 
2.940 2.513 205.99 

𝐙𝐧𝟎.𝟏𝟎 0.245 0.576 47.21 
0.490 1.651 135.32 
0.980 2.105 172.54 
1.960 2.224 182.28 
2.940 2.360 193.43 

𝐙𝐧𝟎.𝟐𝟎 0.245 3.658 299.85 
0.490 4.416 362.02 
0.980 4.808 394.10 
1.960 5.377 440.72 

2.940 5.385 441.38 
𝐙𝐧𝟎.𝟓𝟎 0.245 3.753 307.64 

0.490 4.503 369.09 
0.980 5.019 411.44 
1.960 5.608 459.69 
2.940 5.882 482.16 
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The d here refers to the bond length of the 
crystal structure. The doping applied to the 
materials may cause local planar defects on 
the samples. These defects cause extra 
reflections arising from n different planes 
differing from the XRD patterns. These 
changes create changes in the mean length of 
bond.  

As known, different crystal structures have 
different lengths of bond. The lengths of these 
bonds vary depending on the lattice 
parameters of the crystal. The YBCO 
superconducting materials have body-
centered orthorhombic crystal structure. 
Some of the important characteristics of 
orthorhombic structure are provided below; 

Lattice parameters 𝑎≠𝑏≠𝑐 

Bond angles 𝛼=𝛽=𝛾=90 

Bond length   𝑑 = ට௔మ

ଽ
+ 𝑐ଶ ቀ

ଵ

ସ
− 𝑢ቁ

ଶ

      (4) 

𝑢 is related with 𝑐/𝑎. 

      𝑢 = 0.24 ඥ1 − 𝑎ଶ/𝑐ଶ                        (5) 

Using the theoretical B values calculated with 
Equation 3, the theoretical microhardness 
values were calculated (Eqn.2). All of the 
calculated values are presented in Table 3. 
The calculated values are different from the 
experimental values. This can be explained 
with the difference of samples’ porosity from 
the estimated values. Moreover, the 
theoretically calculated B value depends on 
the bond length. The bond length depends on 
the lattice parameters. Since the crystal 
structure of examined materials did not 
change with the doping, no significant change 
was observed in the lattice parameters and 
consequently the bond lengths. The crystal 
structures of samples with and without 

doping are body-centered orthorhombic. This 
crystal structure is also seen in data cards 
obtained from the XRD measurement. 
Besides that, the bulk module values obtained 
experimentally are calculated with a force 
applied on the surface of sample. The possible 
accumulation at the particle borders or 
porosity changing with the doping directly 
affects the hardness measurements. Detecting 
this difference is almost impossible in 
theoretical calculations. Thus, the difference 
between the theoretically calculated values 
and the experimentally obtained ones can be 
explained.  

Moreover, in the literature, there are the 
mathematical models used in microhardness 
analysis. As specified in previous studies, 
these are Meyer’s law, proportional sample 
resistance (PSR) model, elastic/plastic 
deformation (EPD) model, Hays-Kendall 
(HK) approach, and indentation-induced 
cracking (IIC) model [16, 17]. The main 
purpose of applying these models is to 
achieve the theoretical model that is closest to 
the experimentally obtained microhardness 
values. Among these models, the model that 
is most appropriate for the materials 
exhibiting RISE behavior is generally 
reported to be the IIC model [18, 19]. In the 
present study, only the IIC model is explained 
in supporting the theoretical calculations. 
 Mechanic Analysis according to the 
Indentation Induced Cracking (IIC) Model 

This model is a model developed to explain 
RISE behavior [20]. It is about the reaction of 
the sample at maximum depth against the 
load applied to the surface of the material. 
There are different reasons of the reaction of 
the material. The most important of these are 
the shift of the tip or sample on the interface, 
the elastic and plastic deformation or the 
cracks formed in the sample. According to Li 
and Bradt, the cracks cause to exhibiting 
RISE behavior of the sample [18]. The cracks 
prevent to exhibiting elastic deformation of 
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the sample and the material only shows 
plastic deformation. That is, elastic recovery 
is either absent or very small in samples 
exhibiting RISE behavior. The theoretical 
hardness value calculated by this model is 
given by Eqn. (7). 

          𝐻௩ = 𝐾൫𝐹ହ/ଷ/𝑑ଷ൯
௠

                         (7) 

The values K and m obtained from the 
𝑙𝑛 𝐻௩ − 𝑙𝑛൫𝐹ହ/ଷ/𝑑ଷ൯ graph are load-

independent constants (Figure 5). If m value 
obtained from the slope of the graph is greater 
than 0.6, the material exhibits RISE behavior. 
The microhardness values calculated 
according to the model were given in Table 4. 
As seen clearly from the table, the 
microhardness values were quite close to the 
values in the plateau region. This result is also 
in agreement with the theoretical results 
obtained using Eqn. (6). 
 

Table 3 
Calculated theoretical values

Samples 
 

Bond 
Length  

 

u Theoretical  
B 
 

Theoretical  
H 

Experimental 
B 

 (Average) 

Experimental  
H  

(Average) 
𝐙𝐧𝟎.𝟎𝟎 1.274 0.285 265.72 3.242 277.18 3.381 
𝐙𝐧𝟎.𝟎𝟏 1.297 0.290 251.84 3.072 137.29 2.052 
𝐙𝐧𝟎.𝟎𝟓 1.312 0.293 243.28 2.968 130.54 1.910 
𝐙𝐧𝟎.𝟏𝟎 1.282 0.290 260.49 3.178 120.32 1.783 
𝐙𝐧𝟎.𝟐𝟎 1.296 0.294 252.10 3.075 370.61 4.728 
𝐙𝐧𝟎.𝟓𝟎 1.286 0.290 258.29 3.151 394.90 4.953 
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Figure 5 Variation of In(Hv) with In(F5/3/d3) according 
to IIC model for  all samples 

 

Table 4 
Experimental microhardness values 

Samples 
 

m 𝐥𝐧 𝐊 HIIC 

𝐙𝐧𝟎.𝟎𝟎 0.47 5.72 3.581 
𝐙𝐧𝟎.𝟎𝟏 0.56 6.43 1.547 
𝐙𝐧𝟎.𝟎𝟓 0.56 6.42 2.944 
𝐙𝐧𝟎.𝟏𝟎 0.56 6.49 3.732 
𝐙𝐧𝟎.𝟐𝟎 0.39 5.08 4.883 
𝐙𝐧𝟎.𝟓𝟎 0.41 5.25 4.981 

 

4. CONCLUSIONS 

In the present study, the 𝑍𝑛 doped 𝑌𝐵𝐶𝑂-
based high-temperature superconducting 
samples were produced using sol-gel method 
and their structural, electrical, and 
mechanical properties were analyzed. The
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superconductivity characteristics of the samples 
were determined by using dc resistivity, the 
mechanical properties were determined using 
Vickers microhardness, and the surface 
morphology, crystal structure characteristics, and 
lattice parameters were determined using XRD and 
SEM measurements. The results obtained are 
summarized below. 
 
 

 In diffraction patterns obtained from XRD 
analyses, no remarkable second phase or 
peak related with Zn ion was observed. All 
of the phases obtained here are the 
characteristic phases of YBCO. 

 It can be seen that the a lattice parameters of 
the samples increased up to Zn0.05 and then 
decreased. c lattice parameter, however, 
decreased until Zn0.05 and then showed 
increase. This finding indicates that the 
doping ratio of 0.05 is a threshold and the 
structure changed in all the  doping ratios 
beyond this level. 

 According to SEM results, we can say that 
grain size decreased and inter-particle pores 
increased with increasing the Zn doping. 

 It can be said that room temperature 
resistance increased with increasing Zn 
doping using R-T measurements. 

 The microhardness values increased with 
increasing the applied load on the surface. 
That is, the material exhibited RISE 
behavior. 

 The microhardness results were 
experimentally and theoretically calculated. 
When the obtained results were compared, 
it was determined that the theoretical values 
are lower. This difference can be explained 
with the difference of samples’ porosity 
from the estimations and the result that the 
crystal structure did not change with the Zn 
doping. 
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