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ABSTRACT 
 

The current study reports on the effect of annealing temperature on the phase formation 
and electrical properties of YBa2Cu3O7-δ superconductor synthesised by thermal 
treatment technique. The specimens were separated into sets A, B, and C. The sets A and 
B were sintered at 980 °C for 24 h and then exposed to additional annealing at 650 °C 
and 500 °C for 12 h, respectively, during the sintering process while being cooled down 
to room temperature under oxygen flow. The set C was only sintered at 980 °C for 24 h 
in oxygen flow and without annealing. All prepared samples were analysed by X-ray 
diffraction (XRD) technique, field-emission scanning electron microscope (FESEM) and 
four-point probe measurement. The structural examination via the XRD technique 
showed an orthorhombic crystal structure with the main phase of YBa2Cu3O7-δ for all 
samples, besides a small amount of YBa2Cu3O7-δ as a secondary phase for samples B and 
C. According to the findings of the FESEM examination, the annealing of the samples 
caused an increase in the average grain size of the samples. The temperature-resistivity 
measurements showed that all samples exhibited metallic behaviour in the normal state 
with a high critical transition temperature (95.6 K) obtained after annealing at 650 °C for 
set A. Thus, the experimental results showed that further annealing at 650 °C may be the 
optimal heat treatment temperature for producing YBa2Cu3O7-δ superconductors with 
better superconducting properties. 
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INTRODUCTION 

 
The YBa2Cu3O7-δ (Y123) was discovered as the first high-Tc superconductor in the late 
1980s, with a critical transition temperature surpassing the boiling point of liquid nitrogen 
[1]. The YBa2Cu3O7-δ material has attracted significant interest across various fields of 
research, from fundamental to applied studies. Considerable attempts and efforts have 
been directed towards the synthesis of superconducting materials of YBa2Cu3O7-δ with 
optimum morphology and physical properties while maintaining the highest possible 
level of purity. The production of the YBa2Cu3O7-δ superconductor is commonly achieved 
through the solid-state reaction [2]–[4] or wet routes, including co-precipitation [5]–[7] 
and sol-gel [8]–[10].  

Recently, Dihom et al. [11] reported a new thermal treatment method that involves 
the use of high-purity metal nitrate powders as starting materials and polyvinyl 
pyrrolidone (PVP) as a capping agent. In addition to its cost-efficiency, simplicity of use, 
and environmentally-friendly, this synthesis method also offers the advantage of 
achieving homogeneous products and fine grain sizes [12-14]. Accordingly, several 
studies have been conducted on the fabrication of superconducting YBa2Cu3O7-δ 
specimens by employing the thermal treatment method [15-19]. The properties of 
superconducting materials can be improved by heat treatment processes, including 
calcination, sintering, and annealing. It is known that microstructure, crystal formation 
and sample densification can be altered by heat treatment conditions. Accordingly, during 
the preparation of target materials, it was observed that the superconducting transition 
temperature Tc of these compounds showed a significant dependence on their oxygen 
content. This dependence can be controlled by modifying the annealing temperature. 
Such behaviour was shared by several other groups [20, 21].  

In this work annealing at 500 °C and 650 °C were chosen to promote the formation 
of the desired YBa2Cu3O7-δ phase. This temperature is within the range that allows the 
precursors or starting materials to react and transform into the superconducting phase 
while minimizing the formation of unwanted secondary phases [22, 23]. Along with this 
finding, further study into the annealing process is essential. Therefore, it is important to 
develop an optimal additional oxygenation annealing process at low temperatures (500 - 
650 °C) in an oxygen rich environment to restore the oxygen stoichiometry and 
superconducting properties. The aim of this paper was to investigate the influence of 
annealing on the structure and superconducting properties of the YBa2Cu3O7-δ 
superconductor fabricated by the thermal treatment method. 

 
EXPERIMENTAL DETAILS 

 
A thermal treatment approach similar to that described by Dihom et al. [20] was used to 
produce YBa2Cu3O7-δ powder. To make an aqueous solution of metal nitrates, 
stochiometric amounts of Y(NO3)2.6H2O, Ba (NO3)2, and Cu N2O6.2.5H2O were 
dissolved in 300 ml of deionised water. 6 g of polymer (PVP) was added to the mixture 
before stirring and heating it at 80 °C for 2 h with a magnetic stirrer. To evaporate the 
water, the solution was dried in an oven at 110 °C for 24 h. The dried, solid green gel was 
ground in a mortar for 1 h to make a fine powder before being subjected to the first 
calcination at 600 °C for 4 h. The resulting powder was ground for 15 min before being 
calcined at 910 °C for 24 h. The obtained mixture was ground and pressed into 13 mm 
diameter pellets using a hydraulic press under a pressure load of three tonnes. The pellets 
were divided into three sets, namely, A, B and C. The three sets were sintered at 980 °C 



 
 

65 

for 24 h, with further annealing subjected to sets A and B at 650 °C and 500 °C for 12 h 
under oxygen flow, respectively. Whereas the set C was only sintered at 980 °C for 24 h 
in flowing O2 without annealing. 

The powder samples were analysed for phase composition and crystal structure 
using an X-ray diffractometer (XRD, Xpert Pro Panalytical Philips DY 1861), with peak 
positions ranging from 20° to 70°. The surface morphology and elemental composition 
of the sample were analysed using a field emission scanning electron microscope 
(FESEM) and an energy-dispersive X-ray spectrometer (EDX). The determination of the 
superconducting transition temperature (Tc) was carried out using the four-probe method. 
 

RESULTS AND DISCUSSION 
 

Figure 1 depicts typical X-ray patterns of sets A and B, annealed at 650 °C and 500 °C, 
respectively, and set C sintered at 980 °C without annealing. All indexed XRD diffraction 
peaks were related to a predominantly single phase with a perovskite-like YBa2Cu3O7-δ 
structure and symmetry Pmmm 47. The YBa2Cu3O7-δ phase formation, which is 
characteristic of the major intensity peaks (103) and (013), was confirmed in all sets, 
besides the presence of a minor quantity of secondary phase (indicated as YBa2Cu3O7-δ 
in the figure) observed in sets B and C. It was observed that the intensity of XRD 
diffraction pattern peaks was higher for the annealed samples (sets A and B) than the 
sample without annealing (set C) and was the highest for the set A that annealed at 650 
°C. This indicates that the annealing enhances crystal YBa2Cu3O7-δ growth along the 
direction of the (00l) plane by increasing the annealing temperature. The measured lattice 
constants a, b and c are listed in Table 1. It can be noticed that there is no significant 
variation in lattice value constants a and b. Furthermore, the lattice constant c of sets B 
and C was higher than set A. Meanwhile, the orthorhombicity factor (b-a/b+a) of the 
YBa2Cu3O7-δ phase is close to 7.3 × 10-3 for all samples. The calculation of the oxygen 
content (7-δ) in YBa2Cu3O7-δ samples was performed based on the c-axis lattice 
parameter, using the formula 7-δ = 75.25-5.856c [24]. The process of annealing promoted 
a rise in the oxygen content by reducing the value of the lattice parameter c, which is 
typically associated with an increase in the oxygen content. [25]. The Debye-Scherrer 
formula was used to determine the average crystallite size by measuring the higher 
intensity peak of the (103) peak [26]. 
 

𝐿 = 	
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃 
(1) 

 
where L is the crystalline size, k = (0.9), a numeric constant, λ = (0.1542 nm), the 
wavelength of the incident x-rays, β is the peak width at half maximum (FWHM) and θ 
is Bragg angle. The process of annealing promoted the growth of the crystalline size of 
the YBa2Cu3O7-δ samples. 
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Figure 1. X-ray diffraction patterns of the YBa2Cu3O7-δ samples: (A) annealed at 650 

°C, (B) annealed at 500 °C and (C) without annealing 
 

Table 1. Lattice constant a, b, and c, orthorhombicity, crystallite size, volume fraction 
and oxygen content of the YBa2Cu3O7-δ samples A, B and C 

 
The FESEM of the sample surface images for annealed samples A and B and non-
annealed sample C are shown in Figure 2. The images revealed that all the samples 
exhibited randomly distributed grains in various orientations. The annealing process has 
no obvious impact on the microstructure except for the existence of some pores, which 
appeared to be less for the samples annealed at 650 °C and 500 °C for 12 h under O2 flow 
compared with sample C was only sintered at 980 °C under O2 flow with no annealing. 
The grain size was determined from 100 randomly chosen grains by using ImageJ 
software. The average grain sizes for the samples were 1.59, 1.51 and 1.23 µm for sets A, 
B and C, respectively. Notably, the annealing led to a slight increase in the grain size. 
Nevertheless, sample A exhibited a higher degree of grain compactness and the best 
homogeneous structure, resulting in improved inter-grain linkage and enhanced grain 
connectivity. In the context of the quantitative investigation, it was confirmed through 
EDX spectra that the YBa2Cu3O7-δ phase was successfully formed and that the elements 
Y, Ba, and Cu existed in a ratio of 1:2:3 for all samples. 
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a (Å) b (Å)  c (Å) Ortho-

rhombicity 
(10-3) 

Crystallite 
size (nm) 

Y123:Y211 
volume 

fraction (%) 

Oxygen 
content 

7-δ 
A 3.827 3.885 11.672 7.520 180 100:0 6.89 
B 3.827 3.883 11.687 7.263 60.5 99.2:0.8 6.81 
C 3.823 3.880 11.685 7.399 59.2 98.6:1.4 6.82 
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Figure 2. FESEM micrographs along with the EDX spectrum of the YBa2Cu3O7-δ 

samples: (A) annealed at 650 °C, (B) annealed at 500 °C and (C) without annealing 
 
Figure 3 shows the resistivity versus temperature curves (ρ-T) for samples A, B and C of 
bulk YBa2Cu3O7-δ. The normal state resistivity temperature curves exhibited metallic 
behaviour for all samples, followed by a sharp single transition to the superconducting 
state. The onset and zero transition temperatures, Tc-onset and Tc-zero were estimated by 
plotting the temperature derivative of the resistivity (dρ/dT) as shown in Figure 4. The Tc-

onset and Tc-zero of 95.6 K and 91.7 K were achieved for sample A, which was annealed at 
650 °C, while the sample sintered without annealing exhibited the lowest Tc-onset and Tc-

zero. The present study has achieved the highest Tc-onset compared to the values obtained 
from other studies for the pure YBa2Cu3O7-δ sample prepared through the thermal 
treatment method [15,16,19,27,28]. Another obvious insight that should also be addressed 
is that the residual resistivity, ρ0, was the lowest for sample A. This reduction is evident 
in the weak-link improvement between the grains as a result of the annealing at 650 °C. 
Furthermore, the observed reduction in resistivity could potentially be attributed to an 
enhancement in inhomogeneity, a decrease in the number of pores, disorders, and defects 
within the specimen samples [29–31]. The width of the superconducting transition, ΔTc, 
was observed to decrease as the samples were subjected to higher annealing temperatures. 
Conversely, the sample that was not annealed exhibited a broader superconducting 
transition width. Thus, sample A displayed a single and sharp peak compared with 
samples B and C. Table 4 summarises the data for Tc-onset, Tc-zero, ΔTc and residual 
resistivity, ρ0. 
 

A B C 
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Figure 3. Resistivity versus temperature curves for YBa2Cu3O7-δ samples: (A) annealed 

at 650 °C, (B) annealed at 500 °C and (C) without annealing 
 

 
Figure 4. The derivative of resistivity against temperature for YBa2Cu3O7-δ samples: (A) 

annealed at 650 °C, (B) annealed at 500 °C and (C) without annealing 
 

Table 2. Tc-onset, Tc-zero, ΔTc and ρ0 of YBa2Cu3O7-δ A, B and C samples 
 

Samples Tc-onset (K) Tc-zero (K) ΔTc (K) ρ0 
(Ω.cm) 

A 95.6 91.7 3.9 0.61 
B 93.7 83.6 10.1 0.74 
C 92.6 78.0 14.6 0.76 
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CONCLUSIONS 
 

Thermal treatment was successfully used to prepare YBa2Cu3O7-δ superconductors. The 
study involved exposing the samples to various annealing at temperatures of 650 °C and 
500 °C (sets A and B), in addition to the samples that were not subjected to annealing (set 
C). The formation of the orthorhombic YBa2Cu3O7-δ phase was successfully confirmed 
through XRD and EDX analyses. The results revealed that the annealed powder for set A 
was predominant in the single phase YBa2Cu3O7-δ, with the Y2BaCuO5-δ (Y211) phase 
observed for sets B and C. All samples showed metallic behaviour at normal state while 
their resistivity reduced with increasing annealing temperature. The annealing procedure 
at 650 °C yields the highest Tc-onset, with the sharpest transition, ΔTc, for sample A. 
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