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There is currently widespread interest in developing a range in electronic devices exploiting the
ferroelectric, pyroelectric and piezoelectric properties of modified PbTiO, ceramics. In this research the
effects of La’ and Cah‘ on microstructure, ferroelectric and dielectric properties of PbTiO, bulk ceramics
were investigated. Lah and Ca” modified PbTiO, were prepared from mixing of lead oxide, titanium oxide,
lanthanum o:udc, calcium carbonate and then calcining and smtenng at 1200°C.

The results indicated that various compositions in the system of Pb, La, T11 <03 up to x = 0.2
and Pb, Ca TiO; up to x = 0.3 exhibited to induce crystallization to the tetragonal perovskltc phase.
Microscopy revealed increasing grain size from 0.5 to 5 [lm without cracks when La’ concentration for
Pb, La Ti, O, was increased, But Pb, Ca TiO; ceramics with increasing Ca'” contents showed decreasing
in grain sizes ranging from ~100 to ~20-2 Wm. Cracks were observed in all samples, except Pby,Ca,;TiO,
composition.

XRD analysis of all samples indicated that La" and Ca” substitation for Pb’" resulted in
decreasing in the tetragonal distortion of the PbTiO, unit cell. The polarization-electric field response, the
diclectric constant and dielectric loss of all compositions were measured. 'fhc ceramics showed a variation
in electrical properties dependent on the amount of La’ and Ca’ substitution. But Pbl,,‘L‘xalei‘l,,‘,“O3 with x =
0.2 exhibited higher conductive characteristic. The Curie points of Pby;La,  Tig 4.0, and Pbg,Ca, TiO,

" ceramics were ~280°C and ~255°C, respectively.

- o . . J
MAIM.... INAAINAD awilodeiian Tty rmwo

s 3w melulafivEain agiiedesiosdilEnm @“’ @{}w—l —
)

- ' ' < = - : —_—
Umsdnm......5542 mpiledeoramdifinwdhan T 00000




vi

Acknowledgements

I would like to express my deep gratitude to my advisor, Dr, Sutin
Kuhéruangrong and my co-advisor , Dr. Sutipom Chewasatn, for their constant
guidance, advice and encouragement throughout this task.

I am grateful to Dr. Chutima Eamchotchawalit for her encouragement.

My thanks are also extended to the staff of the Thailand Institute of
Scientific and Technological Research (TISTR), especially to Miss Nittaya
Keawprak , Miss Saengdoen Doungdaw , Mr. Noppharit Sae-ung and Mr.
Prasong Cheompomnpitak for their kind assistance. 1 also wish to thank Mr.
Chumphol Busabook, Mr. Chalermchai Jeerapan and Mr. Chanin Surainark for
their helpful advice and assistance in testing. |

Appreciation is extended to my friends-at the department of electrical
engineering at Chulalongkorn University for their kind assistance with my
computer problems.

I gratefully acknowledge the thesis support from the Thailand Institute of
Scientific and Technological Research (TISTR) for this thesis. I also wish to
acknowledge the National Science and Technology Development Agency

(NSTDA) for financial support during my. graduate study at Chulalongkorn’
University. )
Finally I am very much indebted to my family for their love,

encouragement and worthy moral support through my study.



vil

Contents
Page
ADSIACHTRADuurvveeveereeresrenssessessorsessssessnssnsnssnsssssssassasassssissassssssie iv
Abstract (English).......ccccoeenuuervnransensanaaens rreereeestsnnsearrannsrenerensnsennne v
AcKnOWledgementS. ... ieeeeeeerienreeinmmissotirsessnsssestsssstooirasanesnansssin vi
LiSt OF TADIES.ceueuereenricsrrusenssssnsncansisseesssrsesassasrrasssssssmsessssssassasnons viii
LiSt OF FIBUIES.1eeeeeeseraaneeaecanneteseeisssssnsaeessassnnsssssssssssasastssassssssassnses X
CHAPTER 1 INTRODUCTION. ..occtitnressasarereercrcrsoscssarcnnssncnsaans 1
CHAPTER2  BACKGROUND SCIENCES......cccceeierveennnsunenasssarraes 4
2.1 FerTOlECiCITY . venervesrersrurnernmncerssesrensisresssnnairsssesa 4
2.2  Structure and properties of lead titanat(PbTiO,)........oeeoeeen 9
© 2.2.1 Unmodified lead titanate (PbTiO,)......... [RSI 9
2.2.2 Ca®- Modified lead titanate.........ccereersvernscammennns 14

2.2.3 La'"-Modified lead titanate. .....eesevrveesereceeeceeeesi20
2.3 Fabrication of (Pb, Ca )TiO, and (Pb o2 T1,0,
CETAMICS. .ot iuueuenarsienrmemarnsistseinsnnsannsnernsrorasanmssrsnsss 22
2.4 Applications of PbTiO, based material.........ccoovvvvrieen.nn24
CHAPTER3  EXPERIMENTAL PROCEDURE..........coccoviiiinaccnns 30
3.1 Preparation of modified PbTiO, ceramics.......c..cevvnneenss 30
3.1.1 Preparation of modified (Pb, _La )Ti, ,O,ceramics.....30
3.1.2 Preparation of modified (Pb,_xCax)Ti03 Ceramics. . .......31
3.2 Reaction analysis for determination of the calcining

LETTIPETALUIE . 1 veeeeurnsrosrroaeecrnnrsrmnsersssesnasnssnsssasssnses oo 36



viii

Page
3.2.1 Determination of the calcining temperature of
(Pb, La)Ti, 0, powder.......cccocuruvuumunnnnnnnne 36
3.2.2 Determination of the calcining temperaturé of
‘ (Pb, Ca)TiO, POWAET.....c.ierrmermnrriasiinirinnnns 36
3.3  Characterization of (Pb,_La)Ti, 0O, and
(Pb, Ca )TiO, Ceramics........ccuurerrrrsecsnmmescassnnssnee 37
3.3.1 Physical charactenization..........coveevvennenniennnnen. 37

3.3.1.1 Weight loss and shrinkage after

calcination and SIntering........ovevveverresenn 3’
3.3.1.2 MICTOSITUCIUTE. . .. c..uveinivnnunenanarernsnsanan 38
3.3.1.3 X-ray Diffraction Analysis........c..cc0e0nn0n38

332 Electrical characterization.........cceverrrnvenennnnennns 39

3.3.2.1 Dielectric constant (K"} and dielectric

loss (D) at room temperature................ 39
3.3.2.2 Dielectric constant and dielectric loss

VETSUS teMPerature. ..oouvvreeruneeeesriissnes 40
3.3.2.3 The polarization- electric field (P-E)

TESPONSC .t st rnnancrrrnrsisariesessiassrrrnsensaen 4 2

CHAPTER 4 = RESULTS AND DISSCUSSION....ccccoeveereeerrnvorsaseeces 44

4.1 Determination of the calcining temperature......cocvvennn. 44

4.2 Weight loss and shrinkage.......cccovivnviiiiniinciniiniien 48
4.3 Microstructure analysis.....cveeerievrerviemmmmrecssersrnaraensiecne 52
4.4 X-ray diffraction analysiS.........coeceerrririeiecmmnirnereneriinan, 62

4.5 Dielectric constant and dielectric loss at room temperature.....75

4.6 Dielectric constant and dielectric loss versus temperture........82



X

Page

" 4.7 The polarization - electric field (P-E) response...........oeuees 87

4.8 General diSCUSSION..ervnererennsrosessssemsencrsnerssasnseenseoresenedd

CHAPTER S5 SUMMARY AND CONCLUSION....ccccoivimmrenrncannnccns 100
CHAPTER 6 SUGGESTIONS FOR FUTURE WORK...........cue.... 103
R I OIICES . oo vvettasrecnnsonnsssensnssssssnssasaasnssarseansssnaressensssassssssssssasenses 104

Biography....... ceesneesessnbananasetsssndodhasdesdtacireretresarncraransnres veosserenane 109



Table 1

Table 2

Table 3

Table 4

Table 5

Table 6
Table 7

Table 8

Table 9

Table 10

Table 11

Table 12

LIST OF TABLES'

Types of application exploiting properties of PbTiO,

based material.........cocviiiiiin i

.o . . &
Characteristics of pyroelectric materials®.......ooveeririrnnnn

Summary of pyroelectric properties of PbTiO,

based materials and some selected materials..............u. ..
Raw materials used in preparing the samples..............
The stoichiometric ratio of Pb,_La Ti O, ceramics................

The stoichiometric ratio of Pb,_Ca TiO, ceramics......c...ne.

%Weight loss of Pb,_La Ti, _,O, compositions calcined

1-x/4

At 750°C fOr 2 hrS. v eeeeeenceereennennns e eeereereeeeuseennnn

%Weight loss of Pb,__Ca TiO, compositions calcined

At 800°C fOr 2 NS s uvvveenrrennseieeerencrenssersnenvasesaaens ‘

%Weight loss and % shrinkage of Pb, La Ti O,

compositions sintered at 1200°C for 2hs........cevvevurnnnnns

%Weight loss and % shrinkage of Pb, Ca TiO,

compositions sintered at 1200°C for 2 hrs......ovviurnreennen.

The c/aratio of PLT calcined powder and

SINEEIEA COTAIMICS . ¢vvvereersresnsererensesresensosesssssssnnannses

The ¢/a ratio of PCT calcined powder and

SINTETEA COTAIMICS . e eutseernnnrrereneesssssienanssssssnaresosssnsnn

Page



Table 13

Table 14

Table 15

Table 16

xi

Page

The maximum dielectric constant (K') and Curie
temperature of PL15T as a function of frequency........... v 34
The maximum dielectric constant (K’) and Curie

temperature of PC15T as a function of frequency......c..ccc..ueveee 84

" A summary of the average remanent polarization (P) ,

Coercive field (E_) measuring at 35 kV/em. ,
dielectric constant (K’) , dielectric loss (D) measuring at 1 kHz
. and Curie temperature (T,) of Pb, LaTi _,O, specimens
sintered at 1200°C fOr 2 ArS....ccoevvieeeeseeeeesesssesseeresmsecsnsnns 96
A surnmary of the average remanent polarization (P ) ,
Coercive field (E ) measured at 35 kV/cm. , dielectric
constant (K’) , dielectric loss (D) measured at 1 kHz
. and Curie temperature (T ) ( S.D. = standard deviation )

of Pb, Ca TiO, specimens sintered at 1200°C for 2 hrs............97



X1

LIST OF FIGURES

Fig.i A classification scheme of the 32 crystallographic

point groups in relation to ferroelectric properties et en s 6

Fig.2 Hysteresis loop behavior for typical ferruelectric ceramic showing
important properties. P, remanent polarization; P, spontaneous

polarizaiion; E_coercive field......oooeeeeiiiiiinneiinnins eeeneresensassacarrenes 7

. Fig. 3 A series of P-E fésponse of a ferroelectric showing :
(a) linear dielectric; (b ) linear resistor;

( ¢ ) lossy capacitor ; ( d ) nonlinear ferroelectric
and ( e ) increasing the electric field extends

the P-E hysteresis loop, ultimately to breakdown......c.cceeeiirivininniiin 8

Fig. 4 The perovskite structure of BaTiO,
(after Moulson and Herbertm) .................................................... 12

Fig. 5 Change in lattice constants of PbTiO, versus temperature

( after Jaffe et B R TTRTTET U SR PUUOURPRRUURONS 12

Fig. 6 Temperature dependence of the lattice volume of PbTiO,

(after Y. Uesu et al. (m) ...................................... eveeattrenenneranes 13

Fig. 7 PbO-TiO, phase diagram (after Jaffe et al. (7)) ................................. 13



Fig. 8 Phase diagram of the PbTiO,-CaTiO, solid solution

(aﬁerlkeda(48)).......
Fig.9 Lattice spacing of PbTiO,-CaTiO, system at room temperature

(after Sawaguchi et al. COMER & i PP

"

Fig.10 Dielectric constant vs. temperature curve for Pb0_5Ca0_5TiO3.

(a) Specimen measured immediately after cooling and,

(b ) measured after aging 7 days at room temperature.

(after Sawaguchi et al. (33)) ...........
Fig. 11 The scheme of calcination profile.........cocerrrerereneennnininnnn
Fig. 12 The scheme of sintering profile...........cciiiiriiinnnienniiennn.

Fig. 13 The scheme for the preparation of Pb,_La Ti, O, ceramicC................

Fig.14 Sample holder for the capacitance and dissipation factor

Fig. 15 The scheme of apparatus used for the capacitance

and dissipation factor MeasuremMent........oieuverernsssnroenssenranns

Fig. 16 The Sawyer Tower circuit

Fig. 17 The Virtual Ground Mode CIrCuit....coceetiiiunirsassirniiernnaiionnnnncanas

 INEASUTEIMENL .. cvvuirrreerrisessssrssssessassnsacansssnrsasssscassrsrssss

---------------------------------------------

Xiii

Page

18

......... 41

......... 41



Fig. 18 X-ray diffraction patterns of PL5T (5 gms) powder before

and after calcined at 300°C to 800°C for 1 BEe et

Fig. 19 X-ray diffraction patterns of PL5T ( 50 gms) calcined
at (a)750°C for 2 hrs, (b ) 800°C for 2 hrs and

(€) B00°CEOE I REerrrveremreenseseessessssassassensssssssnsencensenes

Fig. 20 X-ray diffraction patterns of PCST ( 50 gms) calcined

at (a)750°C,(b)800°Cand (c)850°C for 2 hrs...ccueerunnnn

Fig.21 SEM micrographs of the PLT compositions sintered at
1200°C for 2 hrs : (a) PL5T ; (b) PL10T ; (c ) PL15T

and (d) PL20T at (X 10,000).....cc.coviimernrsnreieeninnecnnsenens

Fig. 22 SEM micrographs of PLT compositions sintered at

1200°C for 2 ks : (a) PLT (X20,000) : (b) PLIOT (X3,500)
. (¢) PLIST (X3,500)and ( d ) PL2OT (X3,500). .......cerssrrernrrerenm

Fig.23 SEM micrographs of PCT compositions sintered at
1200°C for 2 hrs: (a) PC15T (X150);(b) PC20T (X150)

and (¢ ) PC30T (X1,000).c..verreeeseresmmssuscensonsnseasassssasnnes

X1V

Page

45

57



XV

Page
Fig. 24 SEM micrographs ._of PCT compositions sintered at
1200°C for 2 hrs of (a) PC15T (X500) , (b) PC20T (X500)
and (¢ ) PC30T (X3,500)....cucrvereeriiernnemmrernssiisnnemrenernriesand 61
Fig. 25 X-ray diffraction patterns of Pb, LaTi 0O,
(x=0.05,0.10, 0.15, 0.20 ) powder calcined at 750°C for 2 hrs.......65
Fig. 26 X-ray diffraction patterns of ; (2 ) PL20T, (b) PbO
Fig.27 DTA traces of PL20T powder; ( a ) before calcination
(b ) after calcination at 750°C for 2 hrs using a heating
rate of 2°Clnfin . Aot N e 67
Fig.28 X-ray diffraction pattern of PL20T powder calcined at
750°C for 2 hrs and PL20T pellet sintered at 1200°C for 2 hrs.......... 68
Fig.29 Lattice parameters and c/a ratios for sintered specimens of
PLT COMPOSITIONS 1. 0\iucsiuauissisnnssiunsinssinsiismmsertsnentossossrnssnne 70
Fig.30 Lattice parameters and c/a ratios for calcined powder
 of PLT COMPOSHIONS. . .vvvtiresrvassniesersossracssrsssrsssssrmessesssanssrocss 70

Fig31 X-ray diffraction patterns of Pb,_Ca TiO, (x=0.05,0.10,
0.15 , 0.20 and 0.30 ) powder calcined at 800°C for 2hrs.......ceunv.vee Tl



Fig 32 X-ray diffraction patterns of PC30T and CaTiO;.........c.ccvnvnennins

Fig 33 X-ray diffraction patterns of PC30T powder calcined at 800°C

for 2 hrs and PC30T pellet sintered at 1200°C for 2 hrs...............

Fig.34 Lattice parameters and c/a ratios for calcined powder

of PCT compoSitions. .......ocvmiiiiierinniinnnes etesernrrerererarerasens

Fig.35 The dielectric constant (K') and dielectric loss (D) as a function

of La” content of Pb,_ La Ti, O, measured at 1 KHZ..........coeuemmeeenn

Fig 36 Dielectric constant (K and dielectric loss (D) vs frequencies

of PLST composition sintered at 1200°C for 2 hrs.....ccvuveviiveeecrrmmnans

Fig. 37 Dielectric constant (K') and dielectric loss (D) vs frequencies

of PL10T composition sintered at 1200°C for 2hrs .c.ovvvreiiiiisiiiinn

Fig. 38 Dielectric constant (K') and dielectric loss (D) vs frequencies of

PL15T composition sintered at 1200°C for 2 hrs........0cveecvcreennnns

Fig 39 Dielectric constant (K) and dielectric loss (D) of PL20T

composition sintered at 1200°C for 2 hrs. as a function

of frequency (1, 10, 100 kHz).......covvvinmmniiiiiniiiiiinininneenn

xvi

77

17

78

.18



xvii

Page

Fig40 The dielectric constant ( K') and dielectric loss (D)

of Ca™” content of Pb, Ca TiO, measured at ! kHz......ooovvveenneesnn 80

Fig4l Dielectric constant (K') and dielectric loss (D) vs frequencies

of PC15T composition sintered at 1200°C for 2 hrS.eevevesveensesveernnes 80

Fig 42 Dielectric constant (K") and dielectric loss (D) vs frequencies

of PC20T composition sintered at 1200°C for 2 hrs.........cocunveernnenn 81

Fig. 43 Dielectric constant (K') and dielectric loss (D) vs frequencies

of PC30T composition sintered at 1200°C for 2 hrs.........ocevvvninninns 81

Fig44 Temperature dependence of the dielectric constant vs frequencies of

PL15T composition sintered at 1200°C for 2 hrs........eceeeeerrarnneiennn8S

Fig. 45 Temperature dependence of the dielectric loss (D) vs frequencies of

PLI5T composition sinteried at 1200°C for 2 ArS.....cvuerveesiuenesenn8S

Fig46 Temperature dependence of the dielectric constant (K'yvs frequencies

"of PCIST sintered at'1200°C f0r 2 hrS. cvveeererveneessoitomsrenssvseneenens 86

Fig.47 Temperature dependence of the dielectric loss (D) vs frequencies
of PC15T sintered at 1200°C for Zhrs......coveeeiremmenernmemmener s 86



xviii

Page

Fig.48 P-E hysteresis loop of PL5Tcomposition sintered at 1200°C for 2 hrs

measured at 35kV /cm  at rO0m temperature.....ov.vvievesnresasannae 90

Fig. 49 P-E hysteresis loop of PL10T composition sintered at 1200°C for 2 hrs

measured at 35 kV /cm at room temperature...c.o.veeemessrronironsenses 90

Fig. 50 P-E hysteresis loop of PL15T compositioh sintered at 1200°C for 2 hrs

measured at 35 kV /cm  at TOOM LEMPETALUIE. .cverersusreeserssesesreeen 91

Fig. 51 P-E hysteresis loop of PL20T composition sintered at 1200°C for 2 hrs

measured at 35 kV/cm at ro0m tEMPETaUre. ..c.evveevsrerenneasiieisisnns 91

Fig. 52 Variation in remanent polarization (P ), as a function of
La" content for Pb_La Ti, 0O, specimens (measured at

an applied field of 25 kV/cm at room: temPerature). ... ....ceemeeesvesnnsd2

Fig. 53 Variation in coercive field (E ), as a function of Ca’ content
for Pb,_Ca TiO, specimens (measured at an applied field of

35kV/cm at roOm tEMPETAtUIE). .. ueeueemesserernsrsrnensaresrsssmessrnnens 92

Fig. 54 P-E hysteresis loop of PC15T sintered at 1200°C for 2 hrs

measured at 35 kV/cm at room teMpPeratiure. ... ccceeceerecressnrarsncesnend3



Fig. 55 P-E hysteresis loop of PC20T sintered at 1200°C for 2 hrs

measured at 35kV /cm  at room temMpPerature...ooovverererariieseeccrnse

Fig. 56 P-E hysteresis loop of PC30T sintered at 1200°C for 2 hrs

- measured at 35kV/cm at room temperature.......vveeeieraeenens

Fig. 57 Variation in remanent polarization (P ), as a function of

Ca” content for Pb,_Ca TiO, specimens (measured at

an applied field of 35 kV/cm at room temperature}.......vveee.

Fig. 58 Variation in coercive field (E ), as a function of Ca’’ content

for Pbl_;CaxTiQ,J specimens (measured at an.applied field of

35kV/em at roOm 1EMPETAUIE)..er.reriessrnsrnronsisssssmisanssssens

Xix

Page

93



	Cover (Thai)�������������������
	Cover (English)����������������������
	Accepted���������������
	Abstract (English)�������������������������
	Abstract (Thai)����������������������
	Acknowledgements�����������������������
	Contents���������������

