
UNIVERSITI TEKNOLOGI MARA 

EFFECTS OF HOT-SPOT TEMPERATURE, 
MICROSTRUCTURE AND BaAl204 

ADDITION ON OXYGEN SENSING 
PROPERTIES OF REBa2Cu307-j 
(RE=Er, Dy) CERAMIC RODS 

MISBAH BIN HASSAN 

Thesis submitted in fulfillment of the requirements 
for the degree of 

Doctor of Philosophy 

Faculty of Applied Sciences 

March 2012 



ABSTRACT 

Oxygen sensing properties of REE^CuaOy.^-based (RE 123, RE = Er and Dy) 
ceramics utilizing the hot spot phenomenon have been investigated. Although shorter 
rods of around 12 mm are more practical for industrial use compared to previously 
reported rods longer than 30 mm, their oxygen sensing properties have not been 
previously reported. Bulk 123 materials were synthesized using the conventional 
solid-state method and fabricated into short rods of around 12-mm length with cross 
sectional area of 0.65 mm x 0.65 mm. In the first part of this study, influence of hot-
spot temperature in the range of 160 °C to 810 °C on oxygen sensing behavior of 
Erl23 rods was studied. Simultaneous measurements of hot-spot temperature and 
output current response in different oxygen partial pressures between 1 % and 100 % 
with hot-spots operating at temperatures as low as 660 °C in 1 % oxygen partial 
pressure produced good sensor current stability as well as repeatability. Response 
time for oxygen sensing was observed to decrease with increasing hot-spot 
temperature, with minimum value of 0.50 s recorded at 695 °C in 1 % oxygen partial 
pressure. In addition, a large change in activation energy of oxygen ion migration 
from 2.8 eV to 0.626 eV was established at around 670 °C. By using wider Erl23 
rod, it was demonstrated that hot spot formation starts from local heating at a point of 
defect before growing in size. In the second part of this study, performance test of the 
sensor from as low as 0.025 %p02 to 100 %pOi showed very good repeatability and 
stability of output current. Electrical conductivity for/?02 from 5 % to 100 % showed 
good proportional relation to p02U6 and in agreement with the mass action law. In 
the third part of this study, effect of addition of BaA^C^ on the durability of Erl23 
rods was studied. It was found that although durability was enhanced, the addition 
also increased minimum power consumption of Erl23 rods. Interestingly, further 
addition of BaA^C^ from 5 to 30 wt.% has resulted in a reduced minimum power 
consumption from 1.23 to 1.16 W. Compared to using longer Gdl23 rods as reported 
in a previous study, using Erl23 with 30 wt. % BaAfeC^ has proven to lower 
minimum power consumption by at least around 42%. Addition of BaA^C^ also 
reduced the fluctuation of current and increased the sensitivity for below 10 % pOi. 
In the fourth part of this study, oxygen response of hot spot on Dyl23 ceramic rods 
fabricated under different heat treatments has also been studied. It was observed that 
increasing the sintering temperature from 900 °C to 960 °C reduced the voltage at 
peak current by half but only slightly reduced the power consumption. In terms of 
durability the best performance is shown by the sample which was sintered for 48 
hours at around 900 °C. The sample which was reheated at around 910 °C for 24 
hours after being fabricated into rod shape showed the largest reduction in voltage at 
peak current and the lowest in power consumption but it was the least durable. The 
effect of heat treatment on I-V behavior was discussed in terms of differences in 
microstructure and initial oxygen content of the samples. These studies have shown 
that stability of hot-spot based oxygen sensing properties of shorter RE 123 rods of 
around 12 mm in length is influenced by hot-spot temperature, addition of BaAfeC^ 
as well as changes in microstructure as a result of differences in heat treatment. 
Electrical conductivities of the rods involve oxygen ions and obey the mass action 
law. At the end of this study, a qualitative model of a special material to control 
maximum hot-spot temperature based on the temperature at maximum resistivity of 
the rod material for ceramic rods with hot spot has been proposed. 

i i i 



A C K N O W L E D G E M E N T 

Alhamdulillah, praise be to Allah, the Most Gracious and Most Merciful for giving 
all essences and inspiration. 

I am very grateful to my supervisor, Prof. Dr. Ahmad Kamal Yahya for his 
invaluable advice, guidance, help and support during the research period and also to 
my co-supervisor, Assoc. Prof. Dr. Umi Sarah Jais for her help when needed. 

I would like to thank all the people who have helped me, especially to Dr. Z. Awang 
from Microwave Technology Center, Dr. K. H. Ku Hamid from Faculty of Chemical 
Engineering, Mr. M. H. Ismail from Faculty of Mechanical Engineering and Ms. J. 
Karim from Faculty of Applied Sciences for their help in structure and 
microstructure analyses; all the members in Faculty of Applied Sciences, especially 
from Superconductor and Advanced Materials Research Group for their help and 
shares during experimental works; and Dr. T. Okamoto from Department of 
Electrical Engineering, Nagaoka University of Technology, Japan for his valuable 
information and discussion leading to this research. 

I would also like to thank Malaysian Ministry of Science, Technology and 
Innovation for E-Science Grant and Malaysian Ministry of Higher Education for 
FRGS Grant to support this research and Universiti Teknologi MARA for the 
scholarship scheme. 

Most importantly, I would like to give my special thanks to my family for their love, 
support and understanding, and especially their patience and encouragement for 
enabling me to finish the study successfully. 

iv 



TABLE OF CONTENTS 

TITLE PAGE i 

AUTHOR'S DECLARATION ii 

ABSTRACT iii 

ACKNOWLEDGEMENT iv 

TABLE OF CONTENTS v 

LIST OF TABLES ix 

LIST OF FIGURES x 

LIST OF PLATES xiv 

LIST OF ABBREVIATIONS xv 

LIST OF PUBLICATIONS xviii 

CHAPTER 1: INTRODUCTION 

1.1 Background 1 

1.2 Problem statements 4 

1.3 Objectives 6 

1.4 Significance of study 7 

v 



CHAPTER 2: LITERATURE REVIEW 

2.1 RE 123 compounds 8 

2.2 Some properties of Y123 8 

2.2.1 Structure of Y123 8 

2.2.2 Temperature and oxygen partial pressure dependence of 11 

oxygen nonstiochiometry and orthorhombic-tetragonal 

(O-T) transition 

2.2.3 Diffusion of oxygen gas in Y123 13 

2.2.4 Electrical conductivity mechanism in Y123 14 

2.3 Properties of other RE 123 s and RE3+ionic radius dependence 16 

2.4 Hot spot phenomenon 20 

2.5 Oxygen sensor utilizing constant current region 26 

2.5.1 Sensitivity 27 

2.5.2 Oscillatory current effect 30 

2.5.3 Melting due to high temperature of hot spot 31 

2.5.4 Minimum power consumption 32 

2.6 Oxygen sensing response before constant current region 34 

CHAPTER 3: MATERIALS AND METHODS 

3.1 Preparation of bulk RE 123 samples 36 

3.2 Preparation of BaAl204added-Er 123 samples 37 

3.3 Fabrication of sensor rods 37 

3.4 Characterization of samples 38 

3.4.1 Structure investigation 38 

3.4.2 Microstructure and elemental distribution investigation 39 

3.5 Resistivity versus temperature measurements 39 

3.6 Current-voltage measurements with hot spot 41 

vi 


