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Abstract

With the discovery of high-TC superconducting materials like Yttrium Barium Cupric Oxide, Bis-
muth Strontium Calcium Copper Oxide and Thallium Calcium Barium Copper Oxide, tremendous
interest has developed over the past two years in understanding these materials as well as utiliz-
ing them in a variety of applications. The thin films of these materials are expected to play an im-
portant role in the area of microelectronics, especially for interconnects in integrated circuits, Jo-
sephson junctions, magnetic field sensors and optical detectors. Here, the authors designed a
new nanocrystalline ceramic type II high-TC superconductor, Gadolinium Barium Copper Oxide
(GdBaCuO/GBCO). The GBCO perovskite phase structure was prepared by the conventional solid
state thermochemical reaction technique involving mixing, milling, calcination and sintering. In
GBCO system, the method for controlling microstructure and superconducting state is related to
oxygen content consideration because small changes in oxygen concentration can often lead to
huge change in Tc. In order to show the viability of the proposed method, super-conducting
powder was prepared in special furnace. The sample was analyzed by X-Ray Diffraction (XRD), an
indispensible non-destructive tool for structural materials characterization and quality control
which makes use of the Debye-Scherrer method. The comparison of XRD results with JCPDS files
confirmed the orthorhombic structure of the sample. Micro-structural features are studied using
Scanning Electron Microscopy (SEM) which revealed that its particle size is in the nanometer
range. It also confirmed the calculated value of particle size from Debye Scherrer’s formula. EDX
plot shows the presence of all the constituents. X-ray instrumental peak broadening analysis was
used to evaluate the size and lattice strain by the Williamson-Hall Plot method.
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1. Introduction

Ceramic materials are inorganic, non-metallic materials and things made from them. They may be crystalline or
partly crystalline. They are formed by the action of heat and subsequent cooling. They are brittle, hard and strong
in compression, and weak in shearing and tension. They withstand chemical erosion that occurs in an acidic or
caustic environment. Ceramics generally can withstand very high temperatures such as temperatures that range
from 1000°C to 1600°C (1800°F to 3000°F). The Gadolinium Barium Copper Oxide (GBCO) is a type of cuprate
ceramic superconductor. All superconducting cuprates are layered materials having a complex structure described
as a superlattice of superconducting CuO, layers separated by spacer layers where the misfit strain between dif-
ferent layers and dopants in the spacers induces a complex heterogeneity which is intrinsic for high-temperature
superconductivity in the superstripes scenario. A new era in the study of superconductivity began in 1986 with the
discovery of high critical temperature superconductor and introduced the outstanding challenges of theoretical
condensed matter physics [1]. Since there is a complete expulsion of magnetic flux, superconductors are perfectly
diamagnetic [2] [3]. High-voltage generator can be developed by using HTS inductor and electronic RCL series
resonant circuit [4] [5]. Before final heating at 900°C, the material GBCO is treated at different temperatures,
30°C, 500°C, 850°C and 900°C.

In this work the authors describe the preparation of GBCO ceramic material and it is characterized to show
good quality, homogeneity and the desired stoichiometry of the sample prepared. The results were analyzed by
X-Ray Diffraction (XRD), SEM, and EDX. The particle size was determined from XRD details by Debye
Scherrer formula. The SEM studies revealed that its particle size is in hundred-nanometer range. The EDX spec-
trum of GBCO gave the information on the elemental composition of the material. The particle size and strain of
the material were found by Instrumental Broadening and Williamson-Hall Plot method.

2. Materials and Methods

GBCO has perovskite structure. The perovskite structure is adopted by many oxides that have the chemical for-
mula ABO; [6]. The representative structure of perovskite compounds is cubic, the compounds in this family
may possess some distortion. The orthorhombic and tetragonal phases are most common variants. The sample
with the chemical formula GdBa,Cus0;_ (Figure 1) was prepared by the conventional solid state reaction tech-
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Figure 1. GABCO unit cell (CAS No. 110687-67-7).
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nique according to the molecular formula. For the prepared sample, the reagent grade chemicals of high purity
(99.99%) Gd,03, BaCO3 and CuO powders were used as the raw materials and weighed according to their mo-
lecular formula.

The powders of the required ceramics were mixed mechanically. Mechanical mixing is usually done by hand
mixing in agate mortar for very long time. Then ball milled with suitable balls to insure homogeneity and mil-
ling. Then the material calcined at different temperatures, 30°C, 500°C, 850°C and 900°C. After the furnace is
off, on cooling the oxygen is allowed to flow into the furnace at intervals (oxygen annealing). A final furnace
temperature of 900°C is maintained for the intermediate firings. A temperature much higher than this will result
in a material that is much harder to regrind. Temperatures above 1030°C may destroy the crystal structure. Then
X-ray diffraction spectrum of these materials was taken. For experimental conformation of the calculated par-
ticle size value, Scanning Electron Microscopy (SEM) photograph was taken. From EDX, the composition de-
tails of the prepared ceramics were determined.

3. Results and Discussion
3.1. XRD Analysis

X-ray diffraction pattern for the four different temperatures in steps for the sample was taken using Bruker AXS
D8 advance diffractometer. The diffractometer with radiations of wavelength 1.54184 A having Nickel filter,
equipped with X-ray generator 1140/90/96 having X-ray source KRISTALLOFLXE 780 KF, 4 KE with wide
angle goniometer PW1710/70 with single pen recorder pm 8203 and channel control PW1390 at 35 kV, 10 mA
is used for the purpose. The scanning speed of the specimen is 2 degree/minute. From the XRD results, the ob-
tained d values matching with the JCPDS (Joint Committee on Powder Diffraction Standards) file values. So that
it can be concluded that this crystal is found to be orthorhombic system:

A=3.837,b=3.677,c=11.786,a = B = y = 90’

From the XRD data, we can calculate the particle size of GBCO by using Debye Scherrer equation. Here the
authors studied the change of XRD spectrum of GBCO at different treating temperatures.

The XRD patterns of GBCO powder obtained for various annealing temperatures are shown in Figure 2.
XRD spectrum for the different temperatures gave a clear idea about the maximum intensity peak shifting cor-
responds to the different treating temperatures. And also get the maximum intensity peak difference. The tem-
perature increases, the highest peaks in the XRD spectrums shifts from left to right through the 26 axis and the
highest intensity peak decreases.

The atoms undergo thermal vibration about their mean positions even at the absolute zero of temperature, and
the amplitude of this vibration increases as the temperature increases. Increased thermal vibration of the atoms,
as the result of an increase in temperature, the unit cell expands, causing changes in plane spacing d and there-
fore in the 26 positions of the diffraction lines. And also the intensities of the diffraction lines decrease.

When a material heated from room temperature to high temperature, the amplitude of the thermal vibrations
increased. The amplitude is very higher than that at room temperature. After heating, the material cooled to
room temperature. The amplitude of the atomic vibrations of the material was decreased. But it couldn’t arrive at
the initial amplitude. The atomic vibration amplitude of the heated material was higher than initial amplitude.
That means, the atomic vibration amplitude increases, the intensity of the diffracted beam also decreases be-
cause it has the effect of smearing out lattice planes. Thus the reinforcement of waves scattered at the Bragg an-
gle by various parallel planes is not as perfect as it is for a crystal with fixed atoms. This reinforcement requires
that the path difference, which is a function of the plane spacing d, between waves scattered by adjacent planes
be an integral number of wavelengths. The thickness of the planes is 2u, where u is the average displacement of
an atom from its mean position. Under these conditions reinforcement is no longer perfect, and it becomes more
imperfect as the ratio u/d increases, i.e., as the temperature increases since that increases u, or as 6 increases,
since high-6 reflections involve planes of low d value. Thus the intensity of a diffracted beam decreases as the
temperature is raised. In intensity calculations, the temperature factor e 2™ decreases as 26 increases [7].

3.2. Particle Size Measurements

Crystal structures are solved by analyzing the intensities of diffracted X-ray beams. X-ray diffraction profile
may be used to measure the average crystal size in the sample provided the average diameter is less than 200 A.
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Figure 2. XRD of GBCO at temperatures (a) 30°C, (b) 500°C, (c) 850°C and (d) 900°C.

The lines in a powder diffraction pattern are of finite breadth but if the particles are very small, the lines are
broaden than usual. The broadening decreases with the increase in particle size. The particle size for GBCO was
calculated from X-ray diffraction profiles of strong reflections with intensity% by measuring the Full Width at
Half Maximum (FWHM). The Debye Scherrer equation for calculating the particle size is given by [8]

K1
pcosé

where K is the Scherrer constant, A is the wavelength of light used for the diffraction, g is the “full width at half
maximum?” of the sharp peaks, and 6 is the angle measured. The Scherrer constant (K) in the above formula ac-
counts for the shape of the particle and is generally taken to have the value 0.9. The results reveal that the par-
ticle size is less than 100 nm. The particle size of GBCO at different temperatures is shown in the Table 1.

From Figure 2, the peak broadening in the XRD patterns clearly indicated the nature of the very small nano-
crystals. From the width of the XRD peak, the mean crystalline size can be calculated using Debye Scherrer’s
equation. From Table 1, particle size of the material GBCO increases with respect to the treating temperature
increasing. And also it is realized that, & increases with temperature. The results revealed that the particle size is
less than 100 nm. The diffraction data revealed that the material belongs to orthorhombic symmetry. The results
were compared with JCPDS data.

Heat treatment causes the particles to anneal and form larger grains, which of course indicates that the par-
ticles become larger. Hence, the large particle size of sample at 900°C is expected. This also agrees with the
higher crystallinity, as having larger grains means more long-range order, and hence more crystallinity [9] [10].

3.3. XRD-Instrumental Broadening

When particle size is less than 100 nm, appreciable broadening in X-ray diffraction lines will occur. Diffraction
pattern will show broadening because of particle size and strain. The observed line broadening will be used to
estimate the average size of the particles. The total broadening of the diffraction peak is due to sample and the
instrument. The sample broadening is described by

Kx4 +4xstrain xsin @

FW 0=
(s)xcos e

The total broadening g; equation is described by

2
ﬁfz{ 0.9 } +{4gtan9}2+ﬂ02

Dcosé

()
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Table 1. The particle size of GBCO at different temperatures, calculated by Debye Scherrer formula.

Data of high intensity peak of XRD at different temperatures 6 (degree) /A (radian) (x107%) Particle size (nm)

GBCO—30°C 13.451 5.46 25.42
GBCO—500°C 15.963 5.22 27.64
GBCO—850°C 16.217 4.13 33.60
GBCO—900°C 19.245 3.80 36.52

where D is average particle size, ¢ is strain and S, is instrumental broadening. Instrumental broadening is pre-
sented in Figure 3.

The size and strain of the experimentally observed broadening of several peaks are computed simultaneously
using least squares method. When, particle size becomes smaller, due to size effect, the peaks become broad and
widths larger. The broadening of peak may also occur due to micro strains of the crystal structure arising from
defects like dislocation and twinning [11].

3.4. Williamson-Hall Plot

This method is attributed to G. K. Williamson and his student, W. H. Hall. It relies on the principle that the ap-
proximate formulae for size broadening, S, and strain broadening, S, vary quite differently with respect to
Bragg angle, 6. Williamson and Hall proposed a method for deconvoluting size and strain broadening by look-
ing at the peak width as a function of 26 [12].

KA
h= Lcosd
p.=Cetané

One contribution varies as 1/cosé and the other as tand. If both contributions are present then their combined
effect should be determined by convolution. The simplification of Williamson and Hall is to assume the convo-
lution is either a simple sum or sum of squares. Using the former equations, we get:

KA
P =P+ P =Cetand + Lcosd

If we multiply this equation by cosé we get:
Pyt COSE :Cgsin¢9+K—L/1

and comparing this to the standard equation for a straight line (m = slope; ¢ = intercept) y = mx + c.

We see that by plotting f:c0sé versus sind we obtain the strain component from the slope (Ce) and the size
component from the intercept (KA/L). Such a plot is known as a Williamson-Hall Plot. However the William-
son-Hall method has many assumptions: its absolute values should not be taken too seriously but it can be a
useful method if used in the relative sense; for example a study of many powder patterns of the same chemical
compound, but synthesized under different conditions, might reveal trends in the crystallite size/strain which in
turn can be related to the properties of the product. Figure 4 shows Williamson Hall Plot.

Here, Williamson-Hall Plot is plotted with siné on the x-axis and fcosé on the y-axis (in radians). A linear fit
is got for the data. From this fit, particle size and strain are extracted from y-intercept and slope respectively.
The extracted particle size is 35.01 nm and strain is 0.00488 from Williamson Hall Plot (Figure 4).

3.5. SEM Analysis

Morphology has been analyzed from JEOL Model JSM-6390LV Scanning Electron Microscope (SEM). The
SEM uses an electron beam for surface imaging. The advantages of SEM over light microscopy are greater
magnification and much larger depth of field. Different elements and surface topographies emit different quan-

()
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Figure 3. Typical instrumental broadening.
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Figure 4. Williamson-Hall Plot. Slope = 0.00488; Y intercept

= 0.00442; Correlation coefficient = 0.44011; Standard devia-
tion of the fit = 0.00117.

tity of electrons, due to which the contrast in a SEM micrograph (picture) is representative of the surface topo-
graphy and distribution of elemental composition on the surface. The SEM analyses the surface of solid objects,
producing images of higher resolution than optical microscopy. It produces representations of three dimensional
samples from a diverse range of materials. Figure 5 is the surface morphology of GBCO. The particle size
measurement through SEM reveals its maximum dimensions always less than 100 nm.

Figure 5 shows SEM image of GBCO. The SEM photograph revealed maximum dimensions of the particles
to be always less than 100 nm. This is an experimental proof of the theoretical calculation of particle size by
Debye Scherrer equation from XRD data.

3.6. Energy Dispersed X-Ray Spectrograph (EDX)

EDX (Figure 6) shows the composition details of the prepared ceramic powders. The instrument used for this
measurement is ISIS Link Oxford Instrument UK. This technique generally associated with Scanning Electron
Microscope (SEM). In this technique an electron beam of 10 - 20 KeV strikes the surface of a sample which
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Figure 5. SEM photograph of GBCO.
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Figure 6. EDX of GBCO.

causes X-ray to be emitted from point of incidence. The energy of the X-ray emitted depends on material under
examination. The energy of the characteristic X-ray emitted from the different elements is different and thus it
gives the unavoidable signature of the particular element. When an X-ray strikes the detector, it will generate a
photoelectron which in turn generates electron-hole pairs. A strong electric field attracts the electrons and holes
towards the opposite ends of the detector. The size of the pulse thus generated depends on the number elec-
tron-hole pairs created, which in turn depends on the energy of the incoming X-ray. In this method however
elements with low atomic number are difficult to be detected. The detector which is lithium doped silicon (SiLi)
is protected by a beryllium window and operated at liquid nitrogen temperatures. The absorption of the soft
X-rays by the beryllium decreases the sensitivity below an atomic number of 11.

EDX spectrum (Figure 6) of GBCO gave the information on the elemental composition of the material. The
elemental compositions agree with the stoichiometric relations of the prepared compound. The EDX spectrums
obtained give the material under investigation.

From the EDX spectrum, the four dominant peak positions at 6.056 keV, 4.465 keV, 8.04 keV, 0.525 keV
correspond quite well to the energy pattern of the corresponding materials (Gd, Ba, Cu and O) reported in the
EDAX international chart, giving the evidence that Gd, Cu, Ba and O are dominant in GBCO samples. Table 2
shows the percentage of the elements in the prepared GBCO sample.

()
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Table 2. Material content (EDX).

Material Content (%)
Gd 18.66
Ba 34.41
Cu 28.05
0 18.88

4. Conclusion

In this work, GBCO ceramics were prepared successfully by the conventional solid state thermochemical reac-
tion technique and characterized by XRD, SEM, EDX, and particle size measurement. XRD data confirmed the
formation of the perovskite phase structure and the average particle size. The XRD spectrums of the GBCO at
different temperatures indicate that, according to increasing treating temperature, the 6 value and particle size
also increase. From SEM analysis, the morphology images revealed the approximate size of the nanoparticles.
The value of particle size calculated from the Williamson-Hall Plot method is in agreement with that of the par-
ticle size measured from Debye Scherrer formula. The EDX analysis indicates the presence of the elements ex-
isting in the sample and it agrees with the stoichiometric relations of the prepared compound.
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