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ABSTRACT 

Single c r y s t a l s of 8 and 12 tnole^o y t t r i a s t a b i l i z e d 
z i r c o n i a (YSZ) havs been studied t o e l u c i d a t e the r e l a t i o n s h i p between 
tha presence of p o i n t defects i n the m a t e r i a l and i t s e l e c t r i c a l and 
mechanical p r o p e r t i e s , i n p a r t i c u l a r i t s tendency t o blacken and d i e -
i n t e g r a t e on c a r r y i n g an e l e c t r i c a l c u r r e n t . The t h e s i s introduces the 
m a t e r i a l and i t s usee and describee how the presence of p o i n t defects i e 
explained* X-ray and density measurements confirmed t h a t most of the 
defects are oxygen vacancies but suggested t h a t c a t i o n i n t e r s t i t i a l s are 
also presento I t was found t h a t the c r y s t a l s turned white due t o 
cracking on heat treatment but d i d so more r a p i d l y i n an oxygen atmosphere 
than in,an argon atmosphere. Up t o three types of e l e c t r o n spin 
resonance l i n e were observed a t 35 GHr depending on how the samples had 
been treatedo One of these ( f o r which g^, = 2.003 and c 1«880) was 
e t t r i b u t e d t o an e l e c t r o n trapped i n an oxygen vacancy which was 
aesDciated w i t h a y t t r i u m i o n . This complex (minus the e l e c t r o n ) had been 
used t o e x p l a i n the temperature dependence of the c o n d u c t i v i t y of poly-

D r y e t a l l i n e YSZe Msasurements of the c o n d u c t i v i t y of s i n g l e c r y s t a l 
-19 

8 mole % YSZ gave an oxygen vacancy a c t i v a t i o n energy of 1,2x10 J and a 
1 9 

complox a s s o c i a t i o n energy of 1,9x 10 J which were s i m i l a r t o published 

values f o r p o l y c r y e t a l l i n e m a t e r i a l , but maintaining the sample as a 

s i n g l e c r y s t a l was found t o be d i f f i c u l t . Blackening by c u r r e n t passage 

was compared i n the t\>fo compositions, but no d i f f e r e n c e was observed. 

U l t r a s o n i c msaaurnmants confirmed t h a t blackening was not associated w i t h 

a phase change. Prel i m i n a r y r e l a t i v e p e r m i t t i v i t y measurements gave a 

value o f 32o 
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ChagtsrJ[^ 

I n t r o d u c t i o n 

1,1 The m a t e r i a l snd i t s uses 

2 Y t t r i a s t a b i l i s s d s i r c o n i a p (YSZ)j i s zirconium oxidSp (ZrO,), 

s t s b i l i a s d i n i t s cubic f o r n by tha a d d i t i o n o f y t t r i u m oxide, 

At high temparaturss tha m a t e r i a l i a an a l e c t r i c a l conductor and t h i s 

p r o p e r t y , couplsd w i t h i t s high melting p o i n t and high r s s i a t s n c a t o 

chemical a t t a c k , makes i t a p o t e n t i a l l y s u i t a b l e m a t e r i a l f o r high temper­

ature elactrodBSo I n p r a c t i c e howavar there are ahortcominge and the 

p a r t i c u l a r d i f f i c u l t i e s i n v o l v e d i n i t s use f o r elactrodee i n magneto-

hydrodynamio generators l e d to tha i n i t i a t i o n of the preaant study, Y t t r i a 

B t a b i l i s s d z i r c o n i a i s also i n t e r e s t i n g f o r other reasons stemming from 

i t s wide i n d u s t r i a l use as a r e f r a c t o r y m a t e r i a l . Among thasa may be 

mentioned 

( a ) R e f r a c t o r y t e x t i l e s which maintain f i b r o u s form a t tafnpBraturas 

es high as 2770 K} t y p i c a l a p p l i c a t i o n s l i s t e d by tha manufacturer 

i n c l u d e separators and matrices f o r high temparaturs f u s l c e l l s , 

i n s u l a t i o n space forming, reinforcement of a b l a t i v e m a t e r i a l s , 

u l t r a - h i g h temperature f i l t r a t i o n , c a t a l y s t support and d i f f u s i o n 

of combusting gases, 

(b) Non-rsactive saggers f o r use i n ceramic f i r i n g k i l n s ( i n c l u d i n g 

thoee breeding YIG f o r microwave f i l t e r s and c o n t r o l ) , 

(c) Nozzlas end covers for the tundishes i n which molten s t e a l i s 

teemed and from which i t i s mstared i n the continuous c a s t i n g of 

slabs and b i l l e t s , 

(d) Casting mould l i n i n g s which w i l l not wst w i t h molten metal and 

therefore n^cyids f r n a R t T ? i p p i n n end p a r t i n g : 

(o) Haat storage elements capable of esxtended ma8a=flow sarvice t o 

• heat gases f o r s i m u l a t i n g j e t engine c o n d i t i o n s , 

S O I E N C s 



( f ) P r o t e c t i o n tubes f o r thermocouples and sensors i n high-heat 

zones of k i l n s or furnaces end muffles f o r f i r i n g systems, 

(g) Heat r e s i s t a n t coatings t o give p r o t e c t i o n from erosion by hot 

gases; the coatings are sprayed by oxy-acetylene flame or 

plaama j e t on, f o r example, rocket nozzles, combustion chambers, 

valves, p i s t o n heads and other engine p a r t s , 

(h) D i s s o c i a t i o n c e l l s i n which YSZ serves as the e l e c t r o l y t e a t 

1270 K making f o r example hydrogen more e f f i c i e n t l y from steam 

or , i n n i t r o g e n f i x a t i o n chambers, t o t u r n atmospheric nit r o g e n 

t o n i t r a t e s , 

( i ) Burners f o r e i t h e r i n t e r n a l or surfece supported gas-air combustion 

and e l e c t r i c a l r e s i s t a n c e heating elements f o r l a b o r a t o r y 

furnacsa. 

Consequently, i t was hoped t h a t a f u r t h e r study of tha p r o p e r t i e s of y t t r i a 

s t a b i l i s e d z i r c o n i a , e s p e c i a l l y i n s i n g l e c r y s t a l forrap would provide 

f u r t h e r understanding of the p h y s i c a l processes on which the a p p l i c a t i o n s 

were based, 

1,2. S t a b i l i s a t i o n 

The pure oxide, which occurs n a t u r a l l y as tha mineral 

Baddeleyite (ZrO^), possesses most of the r e f r a c t o r y p r o p e r t i e s required 

f o r these a p p l i c a t i c n s . I t s m e l t i n g p o i n t i s 3000 K, M, Foex, 1967, ( 1 ) , 

However i t s u f f e r s from the major disadvantage of being polymorphic. At 

room temperature i t i s monoclinic, Smith and Newkirk, 1965, ( 2 ) ; i t becomes 

t e t r a g o n a l a t about 1400 K - the tr a n s f o r m a t i o n occurs a t about 1200 K on 

c o o l i n g - Duvaz, Brown and O d e l l , 1951, (3) and f i n a l l y cubic a t 2600 K, 

( l ) . I f the s o l i d i s cycled between i t s monoclinic and t e t r a g o n a l forms i t 

breaks up. The cubic s t r u c t u r e can be s t a b i l i s e d down t o room temperature 
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by the a d d i t i o n of more than 7 mole percent of y t t r i u m oxide, ( 3 ) , Not 
only i s the s t a b i l i s e d m a t e r i a l r e s i s t a n t t o damage by temperature c y c l i n g 
but also i t s e l e c t r i c a l c o n d u c t i v i t y i s greater than t h a t o f the pure 
oxide. I t i a found t h a t tha c o n d u c t i v i t y changes w i t h composition and i s 
highest f o r j u s t - s t a b i l i s e d compositiona, S t r i c k l e r and Carlson, 1964, 
(4)e Thia i n f o r m a t i o n was used whan choosing tha compositiona f o r tha 
present studys Z i r c o n i a may be s t a b i l i s e d i n i t s cubic form by the a d d i t i o n 
of oxides other than y t t r i a . Oxides of calcium, magnesium, cerium, 
dysprosium, lanthanum, neodymium, samarium, europium and y t t e r b i u m have 
been used f o r t h i s purpose, Kohlar and Glushkova, (5)o I n i n d u s t r i a l 
a p p l i c a t i o n s c a l c i a and aomatimes magnesia are o f t e n used f o r cheapness 
but these s t a b i l i s i n g agents have the disadvantage t h a t they evaporate 
slowly a t high temperatures l i m i t i n g the l i f e t i m e of the m a t e r i a l , YSZ i s 
mora s t a b l e i n t h i s respact. I t has been s t a t e d , Meadowcroft, 1969, ( 6 ) , 
t h a t the p r i c e o f y t t r i a s t a b i l i s e d z i r c o n i a was about £20 per kilogramme 
whereas c a l c i a s t a b i l i s e d z i r c o n i a cost only about £1 per kilogramme, 

1,3 Oxygen vacancies 

Y t t r i a s t a b i l i s e d z i r c o n i a has b a s i c a l l y a f l u o r i t e s t r u c t u r e 

but does not have the r e q u i r e d r a t i o of the number of cations t o the 

number o f anions of 1 : 2, Hsnce i t contains d e f e c t s . Of these, the 

oxygon vacancies are of p a r t i c u l a r i n t e r e s t because i t i s on. them t h a t the 

e l e c t r i c a l c o n d u c t i v i t y uependa; i t also seems l i k e l y t h a t they have an 

important p a r t t o play i n tha blackening and d i s i n t e g r a t i o n of the m a t e r i a l 

r e s u l t i n g from the passage of e l e c t r i c c u r r e n t , (The existence o f oxygen 

vacancies has been g e n e r a l l y accepted sines i t was proposed by Wagner (7) 

i n 1943), Consoqunntlyj r a l s t i c n s h i p s hs-i^aRn T a t t i c ? parsfnetBr end density 

are derived i n Chapter 2, using three models f o r the defect s t r u c t u r e of 
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YSZ, Density end l a t t i c e parameter measurements were made, as discussed 

i n Chapter 3 i n order t o make astimations o f the vacancy concentrations 

a f t e r v a r i o u s treatments. The occurrence of vacancies i n the m a t e r i a l 

also suggested t h a t , i f unpaired electrons were trapped i n vacancies 

during e l e c t r o l y s i s , u s e f u l i n f o r m a t i o n might be obtainable from e l e c t r o n 

spin resonance studies? t h i s proved t o be the case and the r e s u l t s are 

reported i n Chapter 4, 

1 ,4 Choice of m a t e r i a l and preparation of samples 

Since most of the p r e v i o u s l y reported work on y t t r i a s t a b i l i s e d 

z i r c o n i a had been performed on p o l y c r y s t a l l i n e m a t e r i a l , and since i n 

p a r t i c u l a r complementary e l e c t r i c a l c o n d u c t i v i t y studies on p o l y c r y s t a l l i n e 

M.H.D, ele c t r o d e s were being made a t t h i s time by Casselton a t I,R,D, 

Newcastle, i t was decided t o concentrate on the study of s i n g l e c r y s t a l 

m a t e r i a l . This choice had a d d i t i o n a l advantages i n t h a t , from the con­

d u c t i v i t y p o i n t o f view, the e f f e c t s of g r a i n boundaries were avoided and, 

from tha BoScr, viewpoint, very much more i n f o r m a t i o n could be obtained than 

would have been possible from powders. 

I t would,appear t h a t i f M.H.D. electrodes were t o be made from 

YSZ,a low y t t r i a composition - co n t a i n i n g j u s t more y t t r i a than the minimum 

re q u i r e d f o r s t a b i l i s a t i o n - should be selected i n order t o give high 

c o n d u c t i v i t y . For these reasons the composition (̂ 2*̂ 3̂ 0 063° ̂ ^^'^2^0 917 

was s e l e c t e d . The p r o p e r t i e s of t h i s composition were compared w i t h those 

of one c o n t a i n i n g more y t t r i a , ('I'^O^)^ 12*̂ "̂'̂ '̂ 2̂ 0 68* Single c r y s t a l s , 

made by e l e c t r o f u s i n g mixtures of the pure powdered oxides were obtained 

from V/e &, Cf Spicer L t d , , (The p u r i t y of the zirconium oxide and r e s u l t i n g 

c r y s t a l s used i n t h i s manufacturing procsas had p r e v i o u s l y bean checked by 

H e f f e l f i n g e r , Blosser and Henry, 1964, (8),),; The s i n g l e c r y s t a l s had t o 
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be chipped or cut out of the s o l i d i f i e d malt but many were of q u i t e large 
s i z e , e.g, 2 cm x 1 cm x 1 cm. They were found t o vary considerably i n 
appearance ranging from transparent amber t o an almost opaque black. 
C r y s t a l o r i e n t a t i o n s v>iBrs determined by X-ray b a c k - r e f l e c t i o n methods, 
(see Figure 1,1)} the general absence of evidence of p a r t i a l Debye-Sherrar 
r i n g s and i n p a r t i c u l a r the c l e a r shapes of the i n d i v i d u a l d i f f r a c t i o n 
spots i n d i c a t e d t h a t the s i n g l e c r y s t a l s were of f a i r l y high p e r f e c t i o n . 
The c r y s t a l s were robust and hard and ware cut i n t o the shapes required f o r 
specimens using.diamond wheels w i t h o u t d i f f i c u l t i e s due t o fragmentation 
or c r a c k i n g . The v i s u a l e f f e c t s of heat trestment i n argon,air and oxygen 
were i n v e s t i g a t e d , Section 3,2, 

1,5 E l e c t r o l y s i s and Current Blackening 

I f a l a r g e enough e l e c t r i c c u r r e n t i s passed through a YSZ 

specimen i t t u r n s black, loses i t s mechanical s t r e n g t h and tends t o d i s -

i n t e g r a t e c I t i s perhaps not s u r p r i s i n g t h a t the passage o f c u r r e n t should 

have some e f f e c t because the charge c a r r i e r s are oxygen ions which are 

removed fi-oni the s o l i d ( t o form gas) at the anodsj ( f o r f u r t h e r d e t a i l s see 

Section 6,2), Unless oxygen ions are produced a t the cathode a t the samn 

r a t e t h e i r x'Bmoval must r e s u l t i n a shortage of oxygen ions ai'ound the 

cothodG, Thia would act i n a s i m i l a r way t o an excecc c f mctsl icno end 

could lead t o the formation o f m e t a l l i c p a r t i c l e s . 

For the present study c u r r e n t blackened samples were prepared by 

passing d i r e c t c u r r e n t through as-received m a t e r i a l i n EH argon atmosphere 

e t 1070 K using platinum paste contacts t o the platinum elsctrodBs, Tltis 

temperature wes low enough t o be reached e a s i l y w i t h a c c n v a n t i o n s l 

l a b o i a Loxy fuxiiSCn yc b i i l y l i fcnauyh t u wake t i i c mcterital auf r i c i a n i l y 

conducting. Usually the samples were qusnched simply by withdrawing the ' 

sample holder from the furnace* Furthar axpsrimsntal d s t a i l a srs given 



i n s e c t i o n 7,3 but i t i s worth emphasising here t h a t sample p r e p a r a t i o n , 

e s p e c i a l l y o f c u r r e n t blackened m a t e r i a l , was by no means s t r a i g h t f o r w a r d . 

Apart from the every present r i s k of fragmentation the c u r r e n t blackening 

procedure also r e s u l t e d i n ths formation of conducting surface l a y e r s 

whose removal had t o be ensured before meaningful measurements could be 

raade, Tha d i f f i c u l t i e s a ttandent on tha production o f s u f f i c i e n t l y t h i n 

c u r r e n t blackened c r y s t a l s l i c e s also prevented, during tha course of t h i s 

work, any attempt t o examine s t r u c t u r a l changes by transmission e l e c t r o n 

microscopyo 

1,6 Compleroantary Work 

At the eommencsment o f t h i s research very l i t t l e was known about 

the p r o p e r t i e s of s i n g l e c r y s t a l y t t r i a s t a b i l i s e d z i r c o n i a . As already 

mentioned a progxamms of e l e c t r i c a l c o n d u c t i v i t y measuremants on p o l y c r y s -

t a l l i n e m a t e r i a l had bean i n i t i a t e d a t loR.D, Co, L t d , However, as regards 

s i n g l e c r y s t a l m a t e r i a l , i t was simply known from previous Departmental 

VMork t h a t a f t e r high temperature e l e c t r o l y s i s i n argon, (a) very heavy 

o p t i c a l a b s o r p t i o n was cfassrvsd i n tha v i s i b l e , (b) there was a marksd 

tendency f o r the c r y s t a l s t o d i s i n t e g r a t e and (c) t h a t e l e c t r o n spin resonance 

s i g n a l s were observable. Consequently two complementary programmas of work 

were i n i t i a t e d o I n the f i r s t o f these, undettaken by A* Aypar, emphssia 

was placed on ths use of e l e c t r o n spin resonance and of o p t i c a l methods, 

p r i m a r i l y o p t i c a l absorption spectroscopy, t o examine the nature of s i n g l e 

c r y s t a l YSZ w i t h p a r t i c u l a r roferonca t o c u r r e n t blackened sampleaj i n the 

course o f t h i s work i t soon became c l e a t t h a t knowledge of l a t t i c e p a r a -

meters wouid bs d e s i r a b l e end t h i s aspect was included. In the second 

programme, which i s described i n t h i s t h e s i s , a t t e n t i o n was concentrated on 

ths i m n i i c a t i o n s o f the d e f e c t nature cf the m a t e r i a l , on the mechanisms of • 
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e l e c t r i c a l c o n d u c t i v i t y and on the s t r u c t u r a l changes r e s u l t i n g from 
e l e c t r o l y s i s . In view of the close r e l a t i o n s h i p between the tvjo programmes 
and' because of on independent study of the e l a s t i c p r o p e r t i e s of y t t r i a . 
s t a b i l i s e d z i r c o n i a made i n the Department by members of the Ultrasonics 
Research Group two sections of the work described were undertaken j o i n t l y ? 
these were the e l e c t r o n spin resonance studies (made w i t h A, Aypar) and 
the u l t r a s o n i c studies (made w i t h J,M, F a r l e y ) , 

I t may perhaps be mentioned t h a t subsequently a considerable 

amount c f f u r t h e r v-̂ ork on e l e c t r o l y s e d y t t r i a s t a b i l i s e d z i r c o n i a has been 

c a r r i e d out i n the Department by H,P, Buckley; t h i s has involved a more 

d e t a i l e d a p p r a i s a l of the o p t i c a l p r o p e r t i e s (9) and a study of the d i ­

e l e c t r i c behaviour of the m a t e r i a l (10) , 



Chapter 2, 

,5'|ifructure,^ and DefectB 
2,1 Phase piagrams ̂  

A phase diagram f o r the y t t r i a - ' z i r c o n i a systam i s shown i n 

Figure 2,1, Thia i s b a s i c a l l y s i m i l a r t o t h a t (Figure 2,2 a) suggested 

by DuvBZ, Broisin and Odell ( 3 ) , but has been modified s l i g h t l y t o take 

account o f more recent measuremsnts, Duvez e t a l . held samples of the 

compositions i n d i c a t e d a t 227C K f o r between two and s i x hours or a t 

1650 K f o r 336 hours and thsn quenched them. X-ray analysis revealed 

the presence o f the phases shown. I n each case ths main component i s 

named on the diagram, e.g, "Zr02 cubic s o l i d s o l u t i o n " i a a s i n g l e phase 

s o l i d s o l u t i o n w i t h a cubic s t r u c t u r e c o n s i s t i n g of a large amount of 

z i r c o n i a (Zr02) and a small amount of y t t r i a (Y20^). This s o l i d s o l u t i o n 

i s y t t r i a s t a b i l i s e d z i r c o n i a and i t was found t o have the f l u o r i t e 

(CaF2) c r y s t a l s t r u c t u r e . 

Thermal expansion msaaurements were also made. Samples w i t h a 

low y t t r i a content underwent a sudden c o n t r a c t i o n a t a p a r t i c u l a r 

temperature as ths tsmparature rose and a sudden expension as i t f e l l . 

T his was a t t r i b u t e d t o a phase change and i t was concluded i n these cases 

t h a t t h s monoclinic phase observed i n the quenched samples d i d not correspond 

t o the temperature before quenching. The phase boundaries markad w i t h s h o r t 

dashes (- - -) v^ere f i t t e d between the experimental p o i n t s . The phase 

boundaries marked w i t h long dashes ( — .•— ) were t e n t a t i v e l y f i l l e d i n 

on tha basis of the existence o f a two-phase region and ths lack of any 

intermadiate compounds. 

From c o o l i n g curves M, Foex (1) found, i n agreement w i t h other 

v/orkars, t h a t pure zirconium oxide had a melting p o i n t of 3000 K and t h a t 

a t 2600 K i t changed phase. These tamparatures are w e l l above the mono-
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c l i n i c - t e t r a g o n a l t r a n s i t i o n tsmporature. X-ray powder photographs o f 

the hot oxide confirmed t h a t i t had a t e t r a g o n a l s t r u c t u r e a t temperatures 

betvtiBen 1400 K and 2600 K and ahovjed t h a t a t 2600 K i t s s t r u c t u r e becams 

cubic* Foax also found t h a t tha a d d i t i o n of other oxides reduced the 

tatragonal-^cubic t r a n s i t i o n temperature,, The a d d i t i o n a l phase l i n e s 

marked by chain symbols —») have t h s r a f o r e been included i n Figure 

2 J . 

Several b i n a r y mixtures of compounds l i k e y t t r i a and z i r c o n i a 

were found t o form intartRsdiate compounds5 some exemplsa of t h i s ars 

Ce^O^ <, SZrO^p LagO^ » ZZrO^ and "(^0^ » 2TiQ20 Of these, tha compounds 

c o n t a i n i n g z i r c o n i a had a pyrochlors type of s t r u c t u r e . I n the yttria<» 

z i r c o n i a system however n e i t h e r Duvez^ Brown and O d s l l , o r , Hund {11)5 1951 

or Roth ( 1 2 ) , 1956 found any e v i d e n c e f o r the existence of Ŷ Ô  » 2ZrD20 

An a l t a r n a t i v B v iaw was proposed by Fan Fu-Kang, Kaznetov and Keler ( 1 3 ) , 

1963 who c l a i m e d to have found e x t r a l i n e s i n the X-ray pcwdsr patterns of 

c e r t a i n compositions i n the y t t r i a - z i r c o n i a systemo They i n t o r p r e t s d 

these es being due t o the prasence of a ^2^3 " ^^^^2 P̂ *̂ ®̂ ^^^^ ^ pyrochlore 

s t r u c t u r e and drew a very d i f f e r e n t phase diagram (Figure 2»2 b ) . As 

f u r t h e r evidence f a r the s x i s t s n c s of t h i s compsund thsy raportsd t h a t 

both d e n s i t y and c o n d u c t i v i t y measuramentSp made as fun c t i o n s of composition, 

showed minima or maxima r s s p s c t i v a l y a t the composition corresponding t o 

t h i s formulae I n l a t s r work O.K. Smith ( 1 4 ) , 1966 suggested t h a t y t t r i u m 

and zirconium were so s i m i l a r t h a t X<"ray d i f f r a c t i o n could not s a t i s ­

f a c t o r i l y d i s t i n g u i s h a f l u o r i t e s t r u c t u r e and a pyrochlore s t r u c t u r e . The 

tv;o elements however have q u i t e d i f f e r e n t neutron s c a t t e r i n g cross-

s e c t i o n s . Smith t h e r e f o r s studied samples using neutron d i f f r a c t i o n ? lie 

prepared two samples w i t h mole r a t i o s 1:1 and 1:2 i f * 2 r 0 ^ ) , f i r e d 

them a t 2370 K f o r f o u r hours and furnace cooled them. Both gavB X-ray 

powder p a t t e r n s c h a r s s c t e r i s t i c o f a f l u o r i t e s t r u c t u r e» A neutron d i f f -
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Taction a n a l y s i s was made of the 1s2 aample and t h i s showed t h a t a 
f l u o r i t e and not a pyrochlore s t r u c t u i a i^as presento The sample gava the 
same r e s u l t a f t a r i t was hsated t o 1 0 7 0 K f o r f o u r t s e n days. Smith 
a t t r i b u t e d the e x t r a l i n e s i n the X«=ray p a t t e r n of Fan Fu«Kang a t al» 
t o a combination of the o f f s e t s o f K y 8 r a d i a t i o n and the absorption adga 
o f s i l v e r o Henca he upheld tha phase diagram given i n Figure 2 o 1 o 

More important f o r ths present atudy i s a knowledge of tha 

emallest y t t r i a c oncentration r e q u i r e d f o r stabilisation» Duvez, Brown 

and D d s l l , ( 3 ) believed t h i s t o be 7 mole perce n t j S t r i c k l e r and Carlson 

( 4 ) thought i t was a l i t t l e higher a t 9 mole p s r c e n t i (fan Fu^Kang a t ale 

gave a much higher value) <, Both the BoS.mole percent and tha 12 mola 

percent c r y s t a l s used hare gave s t a b l e f o C o C o X=ray powder p a t t e r n s , i n 

egreeraant w i t h reference ( 3 ) « 

2 , 2 X-ray u n i t c e l l 

Y t t r i a s t a b i l i s e d z i r c o n i a has a f l u o r i t e s t r u c t u r e , Thia i s 

face centred cubico The c a t i o n s i t e s l i e on a face centred cubic l a t t i c e 

and the anion s i t e s l i e a t the centres of the small cubes formed by 

d i v i d i n g tha (cubic) u n i t c e l l i n t o e i g h t aub-unita. Figure 2 e 3 e : 

Several i n v e s t i g a t o r s have measured the l a t t i c e parameter but 

since they used d i f f e r e n t y t t r i a : z i r c o n i a compositions a d i r e c t comparison 

of t h e i r r e s u l t e i s d.mpossibla. However^ the l a t t i c e parameter i n the 

cubic s o l i d s o l u t i o n v a r i e s l i n e a r l y w i t h y t t r i a c oncentration. Conse­

quently i t was passible t o estiraate the values which would have been 

obtained f o r the y t t r i a concentrations used i n t h i s work and so attempt an 

i n d i r e c t comparison. This i s made i n Table 2 , 1 i n which, where necesaaryp 

the 'a' peramatara have been normalised t o the 8 , 3 or 1 2 mole percent 

composition by i n t e r p o l a t i o n or e K t r a p o l a t i o n . The various r e s u l t s appear 

t o be i n f a i r l y close agreement. 
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1 1 

Tftble 2 „ 1 

t a r obtained f o r YSZ 

I n v e s t i g a t o r L a t t i c e Parameter 

pm 

Comments 

8 < , 3 mole % 1 2 mole % 

S t r i c k l e r and 
Carlson ( 4 ) 5 1 3 o 9 * 5 1 5 , 0 * P o l y c r y s t a l l i n s 

Lefevre ( 1 5 ) 5 1 3 o 7 + 5 1 4 , 8 * P o l y c r y s t a l l i n e 

Hund ( 1 1 ) 5 1 2 o 3 5 1 3 , 0 * P o i y o r y s t a l l i n e 

DuvBZj Brown and 
Odel l ( 3 ) 5 1 3 , 8 * 5 1 4 , 0 * P o l y c r y s t a l l i n e 

Pacop Saundersp 
Sumengen and Thorp 
( 1 6 ) 5 1 2 , 7 6 5 1 4 , 0 1 

Single c r y s t a l 
(powdered) 

Aypar and Ross 
(sea also Section 5 1 3 , 9 
3 . 3 ) 

5 1 4 , 8 
Single c r y s t a l 

(powdered) 

(*p found by i n t e r p o l a t i o n } ) 

(+, found by e x t r a p o l a t i o n } ) 
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2.3 Defect Models 

2.3.1. General fe a t u r e s 

Ir» y t t r i a s t a b i l i s e d z i r c o n i a there are two oxygen s i t e s t o 

one c a t i o n s i t s . Z i r c o n i a f i t s t h i s s t r u c t u r e . I n y t t r i a , , 

there are one and a h a l f oxygen ions t o each c a t i o n . Thus f i t t i n g 

y t t r i a i n t o the YSZ s t r u c t u r e r e q u i r e s the formation of d e f e c t s . These 

may be e i t h e r oxygen vacancies, or c a t i o n i n t e r s t i a l s , or both. The 

den s i t y of YSZ depends on tha defects present. The density and the l a t t i c e 

parameter can be used t o c a l c u l a t e the number of atoms i n a u n i t c e l l . 

This knowledge can then be used t o compare the v a l i d i t y of d i f f e r e n t 

d e f e c t models. This was attempted by F. Hund i n 1951 and he substantiated 

the proposal, made e a r l i e r by C, Wagner i n 1943, t h a t oxygen vacancies 

ware present. 

This v;or!< hss been repsetod using s i n g l e c r y s t a l m a t e r i a l ; tha 

X-»ray d e n s i t i e s and defect concentrations were c a l c u l a t e d using the formulae 

given i n the f o l l o i i j i n g s e c t i o n s , 

2.3.2, "i^lolBcular Weight" and Density 

One may define i n i t i a l l y t h a t 100 n mols percent YSZ has a 

formula (ZrO_). , (Y_0-) . Then the formula contains ^ 1-n if J n 

(1-n) atoms of zirconium 

and 2n atoms of y t t r i u m 

g i v i n g a t o t a l of (1 + n) c a t i o n s . I n a d d i t i o n the formula contains (2 + n) 

oxygen atoms. Thus the mass m of one "formula" i s given by 

2.1 

wbs'̂ e A,̂  j, .Ay find .AQ srs the etcmic wsights of zir^s.^iurSy y t t r i u m end 

oxygen r e s p e c t i v e l y apd N i s Avogadro's number. 

The d e n s i t y d o f 100 n mola percent YSZ can than be expressed as 

d a mf 2.2 
a . 
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viihare f i s the average number of formules i n the u n i t c e l l and a i s 
the l a t t i c e pararaetar. This r e l a t i o n can be used i n two a l t e r n a t i v e 
ways. I f a value f o r f i s assumed and s i s measured i t can be used t o 
c a l c u l a t e an X^ray d e n s i t y } conversslyp i f • d and a are both measured 
Bxperimantally f can be c a l c u l a t e d from 

f » da^ 2 , 3 

m 

I f f and a are knownj, then the defect d e n s i t i e s can be c a l c u l a t e d , 

2 , 3 » 3 o Models v^hich dsterrainB f 

Tha value o f fp the average number of formulas i n the u n i t c e l l , 

i s dependent on tha nature of the defect model assumed t o be o p e r a t i v e . 

There are two eimpls possible models 

(a) Oxygen vacancy modal 

A cubic u n i t c e l l contsins f o u r c a t i o n s i t e s , Ksrs 

i t i s assumed t h a t the only defects present are 

oxygen vacancies and t h a t the c a t i o n s i t e s are j u s t 

f i l l e d . Since each "formula" contains (1 + n) 

cat i o n s f i s given by 
f o 4 , , 2 , 4 

(1 4- n) 

(b) Cation i n t e r s t i t i a l model 

The u n i t c e l l contains e i g h t oxygen s i t e s . I n t h i s 

model the assumptions are t h a t the only defects 

present are c a t i o n i n t e r s t i t i a l s and t h a t the oxygen 

s i t e s era j u s t f i l l e d , ' 

There are (2 -i- n) oxygen ions i n one "formula" so 

2 , 5 
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2,3,4, The Mixture Model 

I t i s possible t h a t y t t r i a s t a b i l i s e d z i r c o n i a contains both 

oxygen vacancies and c a t i o n i n t e r a t i t i a l s , (Such a mixture of defects 

has been observed i n c a i c i a a t a b i i i s a d j : i r c o n i a quenched from 1800°Cp 

Dineas and Roy, ( 1 7 ) , 1965), I n t h i s case f must be c a l c u l a t e d from 

equation 2,3, • . ^ 

I t i s u s e f u l t o have expressions f o r the concentrations of the 

various types o f d e f e c t . Since a u n i t c e l l contains 

(2 + n) f oxygen atoms and 8 oxygen s i t e s 

and also 

(1 + n) f cations and 4 c a t i o n s i t e s 

i t f a l l o w s t h a t the concentration o f oxygen vacancies C^y i s 

or ° 1 . - (2 + n), d 2,6 
m -

and t h a t the concentration Cj of c a t i o n i n t e r s t i t i a l s i s 

(1 -I- n) da^ - 4 

3 
a 

or Cj a (1 -i- n) d - 4__ 2,7 
m 3 a 

I t i s also worth n o t i n g t h a t the concentration of y t t r i u m ions^ Ĉ , i s 

3 • 
a m 
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2,3.56 The E f f e c t of Sub«=StoichiomBtric Oxygen Content 

Since the e f f e c t of s t o i c h i o m s t r y w i l l be considered i n 

Chapter 3 i t i s worth n o t i n g here the e f f e c t t h a t a lower oxygen content 

would have on the above expx-Bssiona, Ths general formula f o r sub-

a t o i c h i o m e t r i c YSZ i s 

^ ' ^ ( l - n ) ^2n °(2 * n - X) "̂̂ ^̂ "̂ '̂  °^ ^'(1-n) '^2n °(2+n) 

f o r s t o i c h i o m e t r i c m a t e r i a l . A l l o w i n g . f o r t h i s change equation 2,1 becomes 

(1-n) A + 2nA„ + {2+n-x) Â . _ . ro <B Zr Y 0 Z.ia 

Correspondingly equation 2,5 becomes 

2,5a 

and the oxygen vacancy concentration i s 

Cgy"̂  §^ - (2 4- n - x) d 2.6a 
3 m 

a 

Although other formulae i n v o l v e the new value of m tha a c t u a l change i n m 

w i l l not be g r e a t . Thus tha main d i f f e r e n c e s w i l l ba i n the concentration 

o f oxygen vacancies and i n ths p r e d i c t i o n s o f the c a t i o n i n t e r s t i t i a l 

model, 

2.4 Atomic R a d i i 

For some purposes i t i s cenvenient t o t h i n k of ths atoms i n a 

c r y s t a l as being hard impenetrable spheres. I n t h i s model a c r y s t a l con­

t a i n i n g two species o f atoms i s represented by two ssts of spheres of 

d i f f e r e n t diameter. Each atom tnuchss i t s nsarest nsighbuur atumS of ths 

opposite type. The r a t i o p of the r a d i i i s important since t h i a detsrminas 

which c o - o r d i n a t i o n numbers are p o s s i b l e , (the c o - o r d i n a t i o n number i o the 



- 16 ~ 

number o f nearest neighbours). Of the l a t t e r u s u a l l y the highest i a 
taken. Hence i f p i a known f o r the atoms i n a compound» tha possible 
s t r u c t u r e s o f t h a t compound can t o some extent be p r e d i c t e d . 

The problem l i e s i n f i n d i n g tha r a d i i p f o r these not only 

depend on the i o n i c s t a t e s of the atomsg or the type of co-valent bonding, 

but also t o some exte n t on the other components present and the co­

o r d i n a t i o n number, (CW), The i o n i c radius of a given i o n increases by 

about on going from CN = 4 t o CN = 6 and again on going from CN = 6 t o 

CN a 8, I f and r ^ are the anion and c a t i o n r a d i i r e s p e c t i v e l y and a 

i s the l a t t i c e parameter i t i a c l e a r t h a t , f o r the f l u o r i t e s t r u c t u r e 

^ f 2,9 
4 . 

I t can also be shown t h a t 

r a 2,10 
2^2 

and t h a t r + r ' = / T 2,11 a c ______ 0 a . 
4 

As regards the r a t i o o f the c e t i o n and anion r a d i i the c o - o r d i n a t i o n 

numbers o f e i g h t and f o u r f o r ca t i o n s and anions r e s p e c t i v e l y impose the 

l i m i t 

»1 X ''c , 2,12 
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I n y t t r i a s t a b i l i s e d z i r c o n i e j f o r which the l a t t i c e parametsr 
i s a a 514 pm (Section 2,2), s u b s t i t u t i o n gives 

128 pm r ^ 4D pm 2,13 
a 

and 

94 pm ^ r 4 182 pm 2.14 

When CN B 4 ths radius o f O*̂" i a 134 pm, which i s too largsp and the 

radius of covalsnt oxygen i s 66 pra, which i s a s u i t a b l e value. S i m i l a r l y 
4+ 

the r a d i u s o f Zr , which i s 83 pm, i s too low. These arguments suggest 

t h a t the bonding contains a s i g n i f i c a n t amount of co-valency. I n a d d i t i o n 

t o t h i s the success o f the i o n i c theory of e l e c t r i c a l c o n d u c t i v i t y 

applied t o YSZ i n d i c a t e s t h a t a large smount o f i o n i c bonding i s also 

present. Tha r a d i i of Y"̂"*" and Zr^"^, (96 pm) are w i t h i n the l i m i t s of 
3+ 

equation 2.13 end presumably so i s t h a t of Zr since the same e l e c t r o n 

s h s l l s are occupied i n t h i s i on as i n Z r ^ \ The radius o f Y^*, (114 pm), 

i n d i c a t e s t h a t t h i s i o n could be present. 

I t should ha emphasised t h a t ths l i m i t s i n d i c a t e d aj^a not 

completely r i g i d ? t h i a a pplies e s p e c i a l l y i n YSZ where, because there are 

two types o f c a t i o n w i t h d i f f e r e n t v a l e n c i e s , the co-ordination numbers 

are not f i x e d . Despite t h i s , tha main conclusions are 

(1) t h a t tha bonding i s p a r t i a l l y covalent and 

(2) t h a t the ions Ŷ"*", Y"̂"̂  and Zr^"^ would f i t i n t o the l a t t i c e . 

2-
JJoto J the r a d i i quoted, based on an 0 radius of 140 pm whan 

CN a 6, are taken from Greenwood, ( 1 8 ) , modified as i n d i c a t e d 

above t o take account of c o - o r d i n a t i o n number? see also 

A z a r o f f and Brophy, ( 1 9 ) , 
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2,5 Nomenclature 

Despite the comments above the i o n i c n o t a t i o n of Kroger and 

Vink w i l l bs used i n the a n a l y s i s of the low f i e l d e l e c t r i c a l c o n d u c t i v i t y 

and the e l s c t r o n s p i n reaonancs d a t a since consideration of the mixed 

bonding does, not provide gra a t o r i n s i g h t i n these s p e c i f i c instances. I n 

t h i s n o t a t i o n the e f f e c t i v e e l e c t r i c a l charge on a a i t a i s coneidered 

t o be tha d i f f a r a n c s between tha a c t u a l charge and the charge the s i t e 

would normally have. Superscripts of the type A', A^ and A* i n d i c a t e a 

negative, zero and p o s i t i v e e f f e c t i v e charge respectivelyo The normal 

species t o which a s i t s corresponds i a shown by a s u b s c r i p t } i f the sub­

s c r i p t i s " i " the s i t e i s i n t e r s t i t i a l . 

Using t h i s n o t a t i o n f o r y t t r i a s t a b i l i s e d z i r c o n i a Y"̂ * i n a 

c a t i o n s i t e i s w r i t t e n as Y^^ and an oxygen vacancy bscomes V̂ ', The 

n o t a t i o n represents an oxygen vacancy co n t a i n i n g one trapped e l e c t r o n . 

I t i a q u i t e l i k e l y t h a t an oxygen vacancy w i l l bs associated w i t h two 

y t t r i u m ions since t h i s would achieve charge compensation, i , e . 

2 Y / r ^o' — ^2 Y,^, VQ) 
X 

I f only one y t t r i u m i o n i a associated w i t h tha oxygen vacancy tha complex 

would have an e f f e c t i v e charge 

but i f the vacancy trapped an e l e c t r o n the charge would be compensated} 

t h i s i a i n d i c a t e d by the changes 

'0 - 0 ' Zt "D ' Zr' O' 

These complexes are r e l e v a n t t o the i n t e r p r e t a t i o n of the e l e c t r o n spin 

resonance and e l e c t r i c a l c o n d u c t i v i t y data. 



Chapter 3̂^ 

Measurement,of, Density and L a t t i c a Paramster 

3.1 Defscts 

This chapter deacribes the rnsasuremsnt of density and l a t t i c a 

paramster. The Bxperimantally detentiined d e n s i t y i s compared w i t h the 

X«ray d e n s i t y f o r tha models described i n Section 2.3.3 and ths oxygen 

vacancy modal i s shown t o give tha best f i t although soma c a t i o n 

i n t s r s t i t i a l a also saera t o ba praasnt. For t h i s reason de f e c t concen-

tr a t i o r s s are c a l c u l a t e d using tha mixtu.re modal formulae given i n 

Section 2,384. I n making these estimations i t i s assumed t h a t the mixture 

i s a t o i c h i o m a t r i c . Evidence i s given supporting the correctness o f 

th i a assumption f o r the y t t r i a - s t a b i l i s e d z i r c o n i a c r y s t a l s i n the as 

rccsivod Gtate. I t q u i c k l y bscame apparent howevar t h a t even simple hast 

treatments, w i t h o u t elsetrDlysis , caused marked chsngss i n tha appsarance 

of the c r y s t a l s . Consequently thass e f f e c t s v^re invBstigatsd f i r s t . 

3.2 

3,2.1 Heating i n A i r or Oxygen 

Tha appearance of the as received c r y s t a l s v a r i e d considerably 

according t o the p o s i t i o n i n the fused melt from which they wars extracted? 

soma, from near ths surface, were pala yellow and transparent, the 

m a j o r i t y arabar and transparent and some black and almost opaque. Since 

the c r y s t a l s were grown by elBctrofusion of a powdered mass under reducing 

c o n d i t i o n s i t was auggested t h a t tha aa received c r y s t a l s ware not 

s t o i c h i o m a t r i c and hence t h a t t h i s might e x p l a i n why they were coloured. 

I t was supposed t h a t heating tha c r y s t a l s i n a i r or oxygen would r e s t o r e 

ths s t o i c h i o m s t r y and msasursments ware mada to test t h i s . The tJceatmenta 
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were performed i n a v a r i e t y of ways j 

(a) heating i n an open s i l i c a boat over a bunsen flamej 

(b) heating i n a furnace w i t h an a i r atmosphere and 

(c) heating i n a furnace w i t h opsn ends through which a stream 

o f oxygen was passed. 

T y p i c a l observations made are recorded i n Table 3,1, Tha two major 

conclusions can bs summarised as f o l l o w s ;•=» 

(a) The colo u r o f the c r y s t a l s fades and the c r y s t a l s t u r n w h i t e , 

(b) The c r y s t a l s fragment, probably from tha surface inwards. 

I t may be noted here t h a t an o b j e c t appears w h i t s because i t s c a t t e r s 

or r e f l e c t s l i g h t d i f f u s e l y and does not s e l e c t i v e l y absorb d i f f e r e n t 

colourso Thus a fragmented c o l o u r l e s s c r y s t a l , sugar f o r example, w i l l 

appear w h i t s because the random o r i e n t a t i o n s o f tha surfaces w i l l provide 

d i f f u s e r e f l e c t i o n and any l i g h t t h a t passes through a fragment w i l l not 

be s e l e c t i v e l y absorbed. Recent msasurementa by HeP, Buckley have shown 

t h a t YSZ whitened by hast treatment i n oxygen s c a t t e r s l i g h t but absorbs 

very l i t t l e o f i t . 

An increase of i% i n the oxygen content o f these c r y s t a l s would 

give a f r a c t i o n a l change i n mass of 2,5 x 10 , The observed changes i n 

mass due t o heat treatment are shown i n Teble 3,2, Normally there i s a 

f r a c t i o n a l gain i n mass o f l a s s than 10°^ (near tha experimental 

s e n s i t i v i t y ) , Thia i n d i c a t e s t h a t e i t h e r the departure from stoichiometry 

i s l e s s than 1% o f the oxygen content or t h a t the samples are s t a b l e 

when non-8 t o i c h i o m e t r i e , Tha l a t t e r s i t u a t i o n has been encountered w i t h 

other m a t e r i a l s } non**stoichiomotric compositions of uranium d i o x i d e , which 

also has tha f l u o r i t a s t r u c t u r e , are i n e q u i l i b r i u m w i t h high or low 

p a r t i a l pressures o f oxygen a t elevated temperatures, (Roberts, 1967, 

(20)), 
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Sample Composition and Heat treatment Appearance and Cammants 

S,5 8.3 mole ^, as received 

A i r , 1020 K, 6 h r , furnace 

A i r , 1120 K,12 h r , furnace 

A i r , 1170 K,12 h r , bunsen 
burner 

Amber, transparent 

Grey, t r a n s l u c e n t 

Grey, t r a n s l u c e n t 

White, t r a n s l u c e n t 

S.7 8,3 mole as received 

Oxygen, 1170 K, 4 h r , 
furnace 

Transparent amber c l u s t e r 
of c r y s t a l s 

The c r y s t a l s separated} 
some turned grey, some 
whi t e , a l l were 
tr a n s l u c e n t 

5,8 12 mole %f as received 

Oxygen, 1170 K, 4 hr, 
furnace 

Amber, transparent 

Sample crumbled} pieces 
were t r a n s l u c e n t , e i t h e r 
grey, v^hite or brown 

S t i l (1) 8,3 mole ^,38 received 

Oxygen, 1360 K, 3.5 hr, 
furnace 

Amber, transparent 

Translucent, white w i t h 
an amber sheen 

S.2: 8,3 mole % j as received 

Oxygen, heated t o 1020 K 
i n 1,5 hr and cooled over 
4 h r . 

Oxygen, 1020 Kf hold f o r 
1 br 

Transngrentjj amber} cut 
i n t o a bloc\(. w i t h 
polished and unpolished 
faces 

Colour faded 
White oatch i n one corner 

Surface covered i n grey 
blobs of vjhich there were 
more on the unpolished 
than polished faces 

Table. _3,.1. 

y i s u a l e f f e c t s of hsat treatmant i n A i r and Oxygen 
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3 o 2 o 2 Heating i n Argon 

Tha e l e c t r o l y a i s o f y t t r i a s t a b i l i z e d z i r c o n i a c r y s t a l s was, 

as w i l l be described i n d e t a i l l a t s r (Section 7 » 3 ) , normally c a r r i e d 

out a t tsmpsraturss near eOD°C i n an argon atmospharso For purposes 

of refarenea, end t e e s t a b l i s h the e f f e c i a o f heat traatntant alone, 

obaarvations wero made on some s i n g l e c r y s t a l saraplQa heated i n argona 

Tha c o l o u r of these c r y s t a l s alao faded and the c r y s t a l s csackedo How­

ever, the cracking took place much raore slowly than whan ths atmosphere 

contained o«ygen» P o l i s h i n g the faces of the c r y s t a l alao retarded the 

crackinge The s i m i l a r i t y of these r e s u l t s t o those of the previous 

BBction tends t o confirm the conclusion t h a t these a f f e c t s csre not due 

t o oxygen being taken upe 

3 * 3 L a t t i e s ^ Ps?g.r-r !v°gs. 

I n c o l l a b o r a t i o n w i t h he Ayper l a t t i c e pa;:am3ter msaeuren-ants 

were made by conventional X-r^y powder anelysiso The X-rsy photographs 

were obtained w i t h a 114 mm Dsbys » Sherrer powder camera mounted on a 

standard P h i l l i p s d i f f r a c t i o n u n i t e A l l the photographs ware taken w i t h 

copper K OC r a d i a t i o n using a n i c k e l f i l t e r s Many spscimsrss were 

examined a f t e r a v a r i e t y o f treatmsnts e»go i n the as received s t a t e , 

a f t e r heat treatment i n a i r , oxygon or argon and a f t e r high temperature 

e l e o t r o l y s i a i n argono Figure 3 o 1 shows the type of powder photograph 

obtainedj g e n e r a l l y speaking the d i f f r a c t i o n l i n e s were sharp and the 

o v e r a l l c l a r i t y o f the f i l m s s u f f i c i e n t l y high t o enable accurate measure-

mer.^io of the l i n e p o s i t i o n s t o be madoe The l a t t i c e parameters were 

c a l c u l a t e d using a computer programrne which gave a l e a s t squares f i t f o r 

a Nelson •= R i l e y e x t r a p o l a t i o n s Some of the r e s u l t s are given i n 

Table 3o3<, The main conclusions from t h i s study ware 

(a) That f s l l ths l i n e s observed could be indexed on tha basis of a 
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cubic f l u o r i t e a t r u o t u r e , 

(b) That there was a a l i g h t increase i n l a t t . i c a parameter, from 

5 1 3 o 9 pm t o 5 1 ^ , 8 pm, on incr e a s i n g the y t t r i a content from 

8 „ 3 mole ^ t o 1 2 mole %, 

and 

(c) t h a t , f o r a given y t t r i a c o n c e n t r a t i o n , there appeared t o be 

no s i g n i f i c a n t changes i n l a t t i c e parameter r e s u l t i n g from 

e i t h e r tha various heat treatments or from elsctrclysis« 

Values o f X-ray d e n s i t y were c a l c u l a t e d from t h i s date f o r both 

the oxygen vacancy model and the c a t i o n i n t e r s t i t i a l modal. Figures 3 « 2 

and 3 e 3 show the r e s u l t s f o r the two y t t r i a c o ncentrations j tha X-rey 

d e n s i t i e s are i n d i c a t e d by the h o r i z o n t a l l i n e s and the e f f e c t of a 

+ O o 5 raol % e r r o r i n n, the esaumsd y t t r i a content, i s also shown* (Tha 

a b b r e v i a t i o n '"m/o" i s used f o r "mol ^ " ) , 

3 e 4 DeinaitY.of s i n g l e , c j y s t a l Y 5 Z 

D i r e c t meaeurenante o f d e n s i t y ware made on as received samples, 

on seme whitened by heat treatment i n a i r or oxygen, and on others 

blackened by c u r r e n t paasage i n argon» Tha d e n s i t i e s were iiiBasured by 

compering tha weights of the samples i n a i r and when eubmerged i n d i s t i l l e d 

water. Since the up t h r u s t due t o a i r wos n e g l i g i b l e tha eimple formula 

dg = "a . 3 . 1 

was used} i n t h i s r e l a t i o n d and d are the d e n s i t i e s o f the pample and 

water r e s p e c t i v e l y , m i e the mass of the sample found by weighing i n a i r 
a 

and m i s the apparent mass found by weighing i n watero Corrections were w 

msde f o r the v a r i a t i o n of the den s i t y of water w i t h temperature and f o r 

the voiumtj of suspending w i r s submsrgede The choics of t h i s method was 
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d i c t a t e d by tha f a c t a t h a t the d e n s i t y of y t t r i a s t a b i l i z e d z i r c o n i a , 
3 3 

(about 6 X 10 kg/m ) was tco great f o r tha a p p l i c a t i o n of f l o t a t i o n 

methods and t h a t a determination from the weight of a rectangular block 

of precise dimensions would have involved l a b o r i o u s c r y s t a l p o l i s h i n g 

and, furthermore, not have been a p p l i c a b l e t o t r e a t e d samples which 

tended t o frsgmento The samples used f o r the measuremsnta were c a r e f u l l y 

s e l e c t e d ; they were picked or cut so as t o be homogeneous and f r e e from 

bubbles o r powder which had incompletely fused« Their masses ranged 

from about loSgto 8oB3which r e s u l t e d i n the apparent changes i n mass (from 

Oe2jto 1<,5̂  being measurable t o a nominal eccuracy of 0*2 mg. The 

r e p r o d u c i b i l i t y was checked by repeating the measuxremanta on every c r y s t a l 

t w i c e . 

The r e s u l t s of the density measurements are shovm i n Figures 

3»2 end 3<,3<, When the measured d e n s i t i e s are compared w i t h the X°ray 

d e n s i t i e s i t cen be seen t h a t they approsimatsly f i t tha oxygen vacancy 

model? there i e however a r e l a t i v e l y small but s i g n i f i c a n t d e v i a t i o n which 

i n d i c a t e s t h a t some c a t i o n i n t e r s t i t i a l s are also present. The s c a t t e r of 

r e s u l t s i s a l i t t l e greater than t h e i r r e p r o d u c i b i l i t y and probably 

r e f l e c t s a r e a l v a r i a t i o n e ( I t eeems l i k e l y t h a t R»23 was r e a l l y a 12 mol 

% y t t r i a sample)« The d e n s i t i e s of the t r e a t e d samples, i n c l u d i n g both 

those blackened by e l e c t r o l y s i s and whitened by heating i n a i r or oxygon, 

f a l l w i t h i n t h i s acattero Consequently, i t eppears t h a t tha considerable 

v i s u a l changes i n appearance shown by the samples examined are not 

aesociated w i t h a gain or l o s s of more than 1 ^ o f tha oxygen, 

3»5 Defect Concentrationa 

The concentrations o f oxygen vacancies and c a t i o n i n t e r s t i t i a l e , 

given i n Tables 3,4 and 3.5, were c a l c u l a t e d from the l a t t i c e parameters 

given i n Table 3»3 and the sssasured d e n s i t i e s shown i n Figuree 3,2 and 
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3 , 3 using tha mixture model formulae quoted i n Section 2 , 3 , 4 , For 

each composition the minimum and maximum measured d e n s i t i e s have been 

t a b u l a t e d , t o g e t h e r w i t h a raora r e p r e s e n t a t i v e t y p i c a l value, 
26 

A change of about 10 oxygen vacancies per cubic metre 
20 «»3 (ID vacancies cm ) should be detectable as a density change which 

could be q u i t e r e l i a b l y measuredf i n y t t r i a s t a b i l i z e d z i r c o n i a t h i s 

would represent a 5^ change i n the oxygen vacancy c o n c e n t r a t i o n . I n the 

experimental work however a much greater absolute e r r o r than t h i e a r i s e s . 

Two f a c t o r s c o n t r i b u t e t o t h i s . The e r r o r due t o u n c e r t a i n t i e s i n the 

l a t t i c e parameter (a) i n i t s e l f amounts t o ± 15^, Furthermore, the 

exact y t t r i a concentrations are unknown end a change of ^ 0,5 mol % i n 

the value o f the mole f r a c t i o n of y t t r i a (n) used i n the c a l c u l a t i o n 

would also change the value o f the oxygen vacancy concentration derived 

by +_ ^5%t The e f f e c t of these u n c e r t a i n t i e s on the c a l c u l a t e d value of 

the c a t i o n i n t e r s t i t i a l c o n c e ntration i a greater and those values are 

b a r e l y r e l i a b l e t o one s i g n i f i c a n t f i g u r e . This shows how accurately t t e 

d e n s i t y and l a t t i c e parameter must be measured t o o b t a i n worthwhile 

estimates o f defect concentrations. F i n a l l y , tha whole of the analysis 

made above assumes t h a t tha valancy d i f f e r e n c e between the two cations i s 

by f a r the moat important source of d e f e c t s . This assumption i s not 

unreasonable. The concentration o f thermally produced oxygen vacanciee, 

even a t 1200 K, would only reach the values mentioned above i f tha energy 

r e q u i r e d t o produce one vacancy wa« about 6 x 10°'̂ '̂  J ( O c 4 aV) | t h i e seems 

u n r e a l i e t i c a l l y low and hence thermal production of vacancies appears 

u n l i k e l y c 



Chapter 4. 

E l e c t r o n Spin Re-qonance 

4.1 I n t r p d u e t i o n 

I t i s not unreasonable t o suppose t h a t when an e l e c t r i c current 

i s passed through Y t t r i a 3tab.ilized Z i r c o n i e some of the oxygen vacancies 

w i l l t r a p an e l e c t r o n . The r e s u l t w i l l be an F-centre, More s i g n i f i c a n t l y , 

ss mentioned i n Section 2,5, a vacancy might e i t h e r have f o u r zirconium 

ions as i t s nearest neighbours or have one or more of these replaced by 

y t t r i u m . E l e c t r o n spin resonance provides a means of d e t e c t i n g unpaired 

e l e c t r o n s and determining t h e i r environment. This allows the "vacancy-trap" 

theory f o r i o n i c conduction i n YSZ (see Chapter 6) t o be tested by enabling 

the traps t o be detected. The theory postulates t h e t an oxygen vacancy 

surrounded by zirconium ions w i l l be f r e e t o move at elevated temperatures, 

but t h a t one 'trapped' by a y t t r i u m i o n , t o form a 'complex', w i l l not. 

The present etudy was intended t o continue a t 35,5 GHz work s t a r t e d by 

Mr, Boon a t 9,3 GHz, but prematurely terminated, 

4.2 Experimental D e t a i l s 

Oriented samples were i n v e s t i g a t e d a f t e r various treatments. Some 

were studied i n the as received s t a t e , some were examined a f t e r c u r r e n t 

blackening and others a f t e r being heated i n argon, a i r or oxygen without 

having c u r r e n t pessed through them. Most o f the samples were cleaved from 
2 

(1 mm) rods. The as received m a t e r i a l was very strong, and t o cleave i t i t 

was necessary to apply a sharp blow t o a k n i f e l a i d across the rod. Usually 

cleavage occurred i n the "flOO} planes but cleevage i n the f l l O } - planes 

was q u i t s common. Rods were blackened by the passage of currents between 10 

and 2SD mÂ  for- t l r i s s ranging frorn 3 rnin* t2 1 h* (Mors d s t s i l s c f ths bi£c;!'.= 

ening procedure are given i n Section 7.3), Blackened samples were very f r i a b l e 

and had a s i l v e r y h i g h l y conducting surface l a y e r . The surface l a y e r was 
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removed by di p p i n g the sample i n t o hot phosphoric acid ( t y p i c a l l y f o r 
5 8 a t 200°C)o . The removal of the l a y e r was i n d i c a t e d by appearance, by 
the high value of the surface resistance and e s p e c i a l l y by the reduced 
e f f e c t of the sample on tha c a v i t y damping. Etching was repeated u n t i l 
there was no f u r t h e r improvemente For comparison purposes some samples 
were prepared under the same co n d i t i o n s of atmosphere and temperature but 
wi t h o u t passing currents 

A c a v i t y spectrometer employing phase s e n s i t i v e d e t e c t i o n at 

160 kHz was used. The coupling and tuning of the c a v i t y were adjustablso 

A ruby sample ( w i t h which the c a v i t y Q-factor was •a^ 2000) was used t o 

Bstimato the apectrometer s e n s i t i v i t y o From t h i s i t was deduced t h a t the 

spectrometer could detect 10^"^ spins per m i l l i t e s l a l i n e width a t room 

temperature, working under normal cond i t i o n s w i t h a power l e v e l of 11 rri.'l 

and a time constant of 1 second. The i n t r o d u c t i o n of y t t r i a s t a b i l i z e d 

z i r c o n i a samples i n t o the c a v i t y e f f e c t e d the couplings Furthermore 

c u r r a n t blackened samples degraded the c a v i t y Q-factor s e r i o u s l y making 

spectra d i f f i c u l t t o observe. Accordingly the sample volume was chosen, a t 

about (1 mm) , t o give a s u f f i c i e n t number of spins i n the sample while 

r e t a i n i n g an adequate Q-factor, V/ith as received samples Q 900, Rough 

estimates o f the number of ESR centres i n YSZ samples were made by assuming 

^^^^ number of centres OC hw 
Q 

where h i s the height of the ( d e r i v a t i v e ) ESR l i n e s , w i s t h e i r width and 

Q i s the Q-factor of the loaded- c a v i t y . 

An EMIR5146 K l y s t r o n provided the microwave power and the phase 

s e n s i t i v e d e t e c t i o n system consisted of Brookdeal u n i t s 421, 450 and 411, 

Most measuremsnta were mads a t 290 K and some .at 77 K. 

The magnetic f i e l d was produced by a Newport Instruments Hagnst 

type D w i t h a type C225 power supply which contained a type A slow sweep 
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u n i t . The c o n t r o l l i n g (sawtooth) voltage of the l a t t e r was connected 

to the X-input o f a Moseley 7035A (Hewlett-Packard) X-Y recorder. The 

range c o n t r o l o f the X a m p l i f i e r was set t o (1 t o 10) V/in and the set 

zero was adjusted t e make the sweep end a t 5.5 inches. The v e r n i e r gain 

then p o s i t i o n e d tha s t a r t of the sweep a t 0 inches. These s e t t i n g s d i d 

not have t o be changed when the sweep time or sweep amplitude was changed. 

The f i e l d and the sweep were c a l i b r a t e d using a Newport (proton and 

L i t h i u m resonance) magnetometer type P, mark I I , The frequency of the 

magnetometer (or s t r i c t l y i t s sub-harmonics) was measured using a Marconi 

Instruments P r e c i s i o n Hetrodyne Wavemater TF 783, Evan I'Jith the probe 

c a r e f u l l y p o s i t i o n e d i n the centre o f the f i e l d the Lithium s i g n a l was too 

small? so phase s e n s i t i v e d e t e c t i o n was used w i t h 50 Hz modulation. Thus 

c a l i b r a t i o n marks ware drawn d i r e c t l y onto a s e r i e s of traces produced by 

the sweep' u n i t . For even the grea t e s t sweep amplitude ("10014") a graph of 

magnetic f i e l d again5L"X" an the recoxder was elmost l i n e a r . The resonant 

f i e l d of each ESR l i n e i-̂ as found from the sweep c a l i b r a t i o n and the p o s i t i o n 

of a DPPH marker. 

Samples were changed by unscrewing tha base of the c a v i t y , and 

sines tha sample stood on e post f i t t e d t o the bese t h i s process r o t a t e d 

the semple. I n order t o o r i e n t the sample i n the f i e l d the o r i e n t a t i o n of 

the sample w i t h respect t o an e x t e r n a l scale was f i r s t found using a 

t r a v e l l i n g microacope, A cross-wire was a l i n e d w i t h the d i r e c t i o n of t r a v e l , 

a side of the sample was e l i n e d w i t h the cross"Wire and the p o s i t i o n s on 

both sides of the scale where the cross-wire crossed the scale ware found, 

Tha baee was screwed i n t o the c o r r e c t p o s i t i o n and locked. A nylon thiread 

was drawn t a u t between two f i x e d hooke t o act as a datum l i n e end the 

o r i e n t a t i o n o f the scale w i t h respect t o the datum l i n e was found, (Again 

readings v^ere taken on both sides of the s c a l e ) . Since the o r i e n t a t i o n o f 

tha magnet when i t s pels piscss wars p a r s i l s l t o the datum l i n e was known. 
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tha o r i s n t a t i o n o f the f i e l d ndth respact t o the c r y s t a l could bs 
c a l c u l a t e d , (See Appendix 3)o 

For t u n i n g , the K l y s t r o n mode could be displayed on an oscilloscope 

by applying the timabass of the csscilloBcopa ( v i a ar, a t t e n u a t o r ) t o the 

K l y s t r o n r a f l s c t o r , (The s i g n a l from the microwave c r y s t a l was 

a m p l i f i e d w i t h a S o l a r t r o n DoC, decade amplifier)« Usually the c a v i t y 

a bsorption appaarad as a l a r g e . d i p i n the mods but whsn the c a v i t y contained 

a h s a v i l y blackened aampls the absorption could f l a t t e n tha K l y s t r o n moda» 

Than cars had t o be taksn t h a t tha wrong c a v i t y mode was not selsctado 

4 . 3 Rssulta 

Spectra were saan i n a l l aamplBa, They ware characterized by three 

types of l i n e o f d i f f e r e n t shaps,, i n t e n s i t y and v a r i a t i o n w i t h polar angles,, 

S i m i l a r l y t r e a t e d B e 3 and 1 2 mcls fa YSZ scrr.plss gavis s i m i l a r spectra. 

The l i n a s from tha as rsceiusd samples uiera deduced t o bs of two 

typsSj which w i l l be r e f s r r a d t o as typa-A and typa-B (Figure 4 , 1 ) , The 

two l i n e s l a b e l l e d "A" hare,seen when the magnetic f i e l d l a y i n the ( 1 0 0 ) 

planep were b e l i e v s d t o be due t o one type of s i t a becauaa of t h e i r s i m i l a r i t y 

i n shape and i n t e n s i t y and e s p e c i a l l y because o f the v a r i a t i o n of t h e i r 

resonant f i e l d w i t h p o l a r angle (Figure 4 , 2 ) , (The p o s i t i o n of the type -A 

l i n e shown i n Figura 4 o 2 i s not the c o r r e c t one f o r the c a l c u l a t i o n of g-value 

and hsncs doaa not correspond t o tha c a l c u l a t e d g~values (Figure 4 , 4 ) , ) The 

peak t o peak w i d t h of an A-type l i n e v a r i e d according t o the f i e l d value a t 

which i t occurredj from 2 0 mT a t 1 , 3 5 T t o 8 mT a t 1 e 3 0 T i n the ( 1 0 0 ) plane 

reducing f u r t h e r t o 5 mT a t 1 , 2 6 T i i v tha ( 1 1 1 ) plans. I n the ( 1 1 1 ) plane 

three apparently eymmatrical l i n e s wera c l e a r l y seen near t h i s range of g-

values and a f o u r t h was j u s t d e t e c t a b l e . Over a matter of montha c r y s t a l s 

kept a t room temperature l o s t t h a i r type -A l i n e s . 

The s i n g l e type l i n e v̂ as asymmstrlcal and of higher i n t e n s i t y . 
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I t s s l i g h t l y a n i a o t r s p i c behaviour and ths change i n tha width w i t h polar 
angle were observedo The g-'values v a r i e d frora 1 ,990 along the <11Q> 
d i r e c t i o n s t o 1o997 along ths <100> d i r a c t i o n s o The l i n s w i d t h i n ths 
<100> d i r e c t i o n s was 6 niT and i t increased aaymiDQtrically t o about 10 mT 

i n tha <11Q> d i r e c t i o n s o 

I n samplas u/hich were hsat t r e a t e d w i t h o u t c u r r e n t paasago no 

type -A l i n e s were observad, but the type »B l i n e seenlad unchanged* Tha 

ESR spectrum appeared t o be independant of tha atmoBphexs ( a i s p Oxygen or 

Argon) usad f o r ths heat treatment. Currant blackened samples e x h i b i t e d 

both type -A and typa »B and also an a d d i t i o n a l peak (designated type -C) 

close t o the typa -B l i n e (Figure 4o3) , The type »C l i n e was i s o t r o p i c and 

80 a t soma p o l a r angles was obscured by the type -B l i n e . The v a r i a t i o n s 

w i t h p o l a r angle o f ths resonance f i e l d values f o r the type -A, ->B and -C 

l i n e s are given i n Figure 4<.2* There was some i n d i c s t i o n t h a t tha i n t a n s i t y 

o f the type "C l i n e incrsssad w i t h i n c r e a s i n g c u r r e n t densityo The p o s i t i o n 

of the peak o f the type l i n e corresponded t o a g»valu9 of 1<,986o 

Ths i n f o r m a t i o n i s summarized i n Table 4o1o Only samples known t o 

B x i b i t typa -A l i n e s before treatment were usede 

P r e l i m i n a r y meaEuremsnts have been made a t lower temperatures on 

as received B»3 roole % YSZ samples. The spectra recorded a t 77 K were s i m i l a r 

t o those obtained a t 290 K and no e x t r a l i n e s were seen. With c u r r e n t 

blackened m a t e r i a l tha type - C l i n e was also presont down t o 146 K, the lowest 

temperature a t which measurements were made,, The i r e l a t i v e i n t e n s i t i e s o f 

t h e typa ^-Aj -B and l i n e s wars approximately the same a t room tamperature 

and low temperature,, 

4o4 Discuaslon 

444o1 Typa -A l i n e s 

The r e s u l t s shown i n Figura 4^2 suggsst t h a t each typo a i t s must 
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have a p r i n c i p a l a x i s along one o f the <111> d i r e c t i o n s . This would 
mean t h a t t h e re were f o u r a l t e r n a t i v e A<"type s i t e s corresponding t a the 
f o u r t h r e e - f o l d axes. Thus, f o r c e r t a i n o r i e n t a t i o n s of the magnetic f i e l d 
f o u r type «=A l i n e s should be sssn. Observations i n the (111) plans 
supported t h i s deduction. The i n t e n s i t i e s of the l i n e s i n d i c a t e d t h a t a l l 
f o u r s i t e s ware occupied by roughly equal p o p u l a t i o n s , Tha g-valuss o f a 
given s i t e was a maximum p a r a l l e l t o one o f the <111> d i r e c t i o n s and a 
minimum (1,880 + 0,002) perpendicular t o it» Ths maximum g-valuOf c a l c u l a t e d 
from the values obaervad i n the {"100) planes (see Appendix 4) was 
(2,003 + 0,002)J but d i r e c t observation^ which was much hampered by the 
presence of ths type -B l i n e , suggested a lower value (2,000 + 0,003), 

The 'complex' (Y^^., V^)** (See Section 2,5) provides a possible 

modal f o r t h i s c e n t r a . This c o n s i s t s of two associated p o i n t d e f e c t s . The 

f i r s t i s a trapped s l e c t r o n i n an oxygan vacancy which provides a f r a a spin 

on sn oxygen s i t c o The o t h a r i s e y t t r i u m i o n on one of the nearest 

neighbour zirconium a i t e s o I f tha remaining three nearest zirconium s i t e s 

were occupied by zirconium ions t h i s would give the required a x i a l symmetry. 

The e l e c t r o n paramagnetic resonance p r o p e r t i e s of F-centres i n a l k a l i h a l i d e s , 

r e c e i v e d by f^arkham (21) show g^yaluan between 1^987 and 2*0029 w i t h l i n e -

widths of more than 5 mT, The correspondence between thase r e s u l t s and the 

behaviour of the type -A l i n e s (coupled w i t h t h e i r time and temperature 

dependencB) supports the assignment of the l i n e t c t h i s complex. 

To e x p l a i n the temperature v a r i a t i o n c f the c o n d u c t i v i t y of 

unblackened YSZ, C a i l l e t (22) has proposed a model based on " f r e e " and 

"trapped" oxygen vacancies. The vacancies were trapped by forming a complex 
3+ 

w i t h e i t h e r one or two Y i o n s . The model Guggsstsd hare corresponds t o 

C a i l l e t ' a f i r s t "trapped" vacancy w i t h the a d d i t i o n of an electrons With 

regard t o blackened YSZ, Casselton (23) postulated t h a t tha onset of c u r r e n t 

blackening and an enhanced c o n d u c t i v i t y i s accompanied by tho i n j e c t i o n of 
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e l s c t r o n a from the cathode. Using the modal suggestsd t h i s vsfould be 
c o n s i s t a n t w i t h the re-appsarancs of typs -"-A l i n e s a f t e r c u r r e n t blackening 
since the complsxes would a c t as e l e c t r o n t r a p s . 

The d e n s i t y of typa centres i n as r B c e i v s d m a t a r i a l was about 

10^^ m""'̂; which i m p l i e d t h a t only 1 oxygen vacancy i n 10'' gava r i s e t o a 

type -A centre (SBB Tables 3,4 and 3,5}, However t h i e r a t i o ( f ) i s not 

the f r a c t i o n o f tha oxygen vacanciae which were t r a p p e d ( f ) since 

f = •f + ^ j . p where f . i s t h e f r a c t i o n o f the trapped vacancies which 

had trapped one e l e c t r o n . I n blackened m a t a r i a l f,^.^ might approach un i t y j , 

but u n f o r t u n a t e l y blackened m a t e r i a l caused too much c a v i t y damping t o allow 

any estimats o f the d e n s i t y of centrea. 

4 , 4 , 2 Type - B l i n e 

The typs - B l i n a waa aeen i n a l l sempiea i r r e s p s c t i v e of t r e s t m a n t i 

The symmstry o f the v a r i a t i o n o f rssonEnce f i e l d i i i i t h p o lar angle showed t h a t 

the roost l i k e l y l o c a t i o n f o r t h i s d e f e c t centre would be a c a t i o n s i t e , Tha 
4 ̂  3 ̂  

normal .occupants of these s i t s s p Zr end Y are diamagnetic and conoequently 

would give no s p i n resonance spectra. The defect has not yet been 

p e a i t i v e i y i d e n t i f i c j d , 

A p o s s i b l e explanation may be the valency changes of the c a t i o n s . 

I o n i z a t i o n energy considerations i n d i c a t e t h a t the ions most l i k e l y t o ba 

formed would be Zr"'* and Ŷ**", This may apply i n the reducing c o n d i t i o n s 

created during c r y s t a l growth by e l a c t r o f u a i o n ^ I f the type "B centra i s due 

t o one of those, i t i s however s u r p r i s i n g t h a t the centre i s not destroyed by 

heating i n oxygenc No resonance data on Zr''* has been reported i n the 

l i t e r a t u r e . However O'Connor (24) has reported e l e c t r o n spin resonanca of 

Y^* i n CaF^ a t 4 , 2 l< and quotes a g-value of 1,994 ± 0.005, This i s s i m i l E r 

t o the mean g-valua, (1,993)p found f o r the type - B l i n a . The observed 
2/1 

i n t e n s i t y o f tha type "B l i n e corrsspondsd t o a s p i n density of about 1G 
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m""̂ . On the assumption t h a t Ŷ "̂  was responsible t h i s would i n d i c a t e 
4 -

t h a t about 1 i n 10 y t t r i u m ions had changed t h e i r valency s t a t e . 

An a l t e r n a t i v e p o s s i b i l i t y > t h a t ths type -B l i n e might be due 

t o an i m p u r i t y ^ cannot be excluded although o p t i c a l spsctrographic 

a n a l y s i s , showed t h a t tha only major i m p u r i t i e s prasant were hafnium-

(about 2o2^)p t i t a n i u m (300 ppm)(, calcium (100 ppm) and tantalum (300 ppm). 

4 , 4 , 3 Typa l i n e s 

Tha typa -C l i n e s only appeared a f t e r c u r r e n t passage, . The l i n e 

was i s o t r o p i c , w i t h g = 1,986 and i t s i n t e n s i t y ( l i k e thoss of the typa 

~A and type -B l i n e s ) was not s t r o n g l y dapendent on temperature over the 

range s t u d i e d , 

A p o s s i b l e model f o r t h i s s i t s i s an F-csntre c o n s i s t i n g o f an 

oxygen vacancy w i t h s trapped e l e c t r o n surrounded by a t s t r s h e d r c n of 

zirconium i o n s . I n as received m a t e r i a l the sxistanca c f such a s i t s would 

ba more u n l i k e l y than the complsx used t o e x p l a i n tha type -A l i n e s . The 

oxygen vacancies occur because y t t r i u m i s s u b s t i t u t e d f o r zirconium 

(approximately one vacancy i s produced f a r tvv'o y t t r i u m i o n s , see Ssction 

2 , 3 ) , and the c a t i o n t e t r a h e d r a i n which y t t r i u m i s not s u b s t i t u t e d f o r 

zirconium would not be expected t o have an associated vacancy. During 

c u r r e n t passage the applied p o t e n t i a l may cause m i g r a t i o n of vacancies and 

the i n j e c t i o n o f elsctronse An s l e c t r o n trapped i n a vacancy s t i l l 

associated w i t h a y t t r i u m i o n would produce a type -A centre, but i f tho 

vacancy had brokan f r e e o f i t a y t t r i u m i o n (and was t h e r e f o r e surrounded by 

zirconium ions) the centre would be type ^C, Thus a type -C centxe would 

be one o f C a i l l a t ' a " f r e e " vacancies plus an e l e c t r o n . 



Chapter 5 , 

U l t r a s o n i c , o p t i c a l a n d d i B l e c t r i c , maasurs^mants 

5,1 U l t r a s o n i c s 

5.1.1 Aim 

S o l i d m a t e r i a l phase changes a r s u s u a l l y associated w i t h 

changes i n the e l a s t i c constants and v e l o c i t y of sound. I t v/as hoped 

t h a t comparison o f these p r o p e r t i e s of y t t r i a s t a b i l i z e d z i r c o n i a , before 

and a f t e r blackening, would r e v e a l whether blackening was tending t o 

cause d e ^ s t a b i l i z s t i o n (ioC, phase changes). These techniques had already 

been used by Pace e t a l . ( 1 6 ) 1969 t o compare t h a e l a s t i c constants o f aa 

received 8 ,3 and 12 mole percent y t t r i a s t a b i l i z e d z i r c e n i a . The present 

work was intended t o extend t h e e a r l i e r work so aa t o compare as racaived 

and c u r r e n t blackened m a t e r i a l . I n t h e course o f tha present work aome 

e r r o r s i n t h e i d e n t i f i c a t i o n o f acoustic modns mads i n the previous work 

were c o r r e c t e d , 

5 . 1 . 2 Theory o f t h e u l t r a s o n i c s measurBmonts 

As tha s t r a i n s induced by u l t r a s o n i c waves a r e only o f t h e order 

o f 10°^, Hooka's Lav^ i s v a l i d end each s t r e s s component CTij can be 

considered as a l i n e a r homogenBoua f u n c t i o n o f t h e s t r a i n components t 

^ i j = ( i p jp k « Ip 2p 3) ,5,1 

where t h e connecting components a r e t h e c l a s t i c s t i f f n e s s e s o r moduli 

C..,,, Tha usual m a t r i x n o t a t i o n g i v i n g these constants as C.. i s achieved x j kx i j 

by r e p l a c i n g 11 by 1p 22 by 2 , 33 by 3p 22 by 4p 13 by 5 and 12 by 6 , 

Symmstry i n cubic c r y s t a l s r educes t h e 6 x 6 a r r a y f o r C^^j^^ i n equation 

5 , 1 ; 33 t h a t bnly. t h r s s i n d s p s n d e r i t a l a a t i c cariStantSp "-^^f ""̂ ^ ^44 ' 

remain. These can be detsEfnined from t h e v e l o c i t i e s o f three waves. Three 

s u i t a b l e modes a r e propagated i n tha [ . l i o j d i r e c t i o n v i i t h v e l c e i t i ^ s ( V ) 

end p a r t i c l e diaplacementa (q) as f o l l o w s : 
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q along [11O] , l o n g i t u d i n a l , 

/ ) Y s 0 0 1 ° '^44' q along [ooi] , shear, 5,2 b 

/>YsiTo ° ^Si - ^2^/2 » C'j 

q along [ i T o ^ , shear, 5,2 c 

where £> i s the d e n s i t y of tha sample. The three constants C » C.. and c' / n 44 

can also ba used t o d e f i n e the three indepandent s t i f f n e s s e s and have 

d i r e c t p h y s i c a l s i g n i f i c a n c e . For the [ H o ] dir r a c t i o n a nonnal s t r e s s 

(Th, as a p p l i e d through the l o n g i t u d i n a l sound wave i n s e r t e d i n t o the (110) 

f a c e , produces a at i r a i n C pa r e l l e s l t o [Ho] and 6"/€ i s C , For shsar 
n J n n n 

waves propagating dcv-jn tha [110] d i r e c t i o n ^ two p h y s i c a l s i t u a t i o n s occur? 

f i r s t , f o r atoms v i b r a t i n g i n the [OOl] d i r e c t i o n the r a t i o of shear 

s t r e s s t o shear s t r a i n i s C^^} eaccnd, f o r f o r c e s p a r a l l e l t o [ l 1 0 ] , 

the r a t i o i s c'. 

Another simple deformstion i s a pure volume d i l a t i o n w i t h o u t shear^ 

expressed as the bulk modulus K, the measure of s t i f f n e s s t o voluma 

d i l a t i o n . This i s givan by : 

K a - V dP » ^11 ^^2 5 .3 
dV 3 

where P i s pressure and V i s voluma. 

The s l a s t i c p r o p e r t i e s of a s o l i d can also be expressed i n terras of the 

e l a s t i c compliances defined by 

' ^ i j ° ^ i j k i ^ k r 
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I n t h i s r e l a t i o n S. ., , i s the r e c i p r o c a l tensor of C..,,, The 
a j k l ^ i j k l 

compliances o f cubic c r y s t a l s are given by ; 

5l1 = "^'^11 ^12^ ; 5.5 a 
( S l -2C.,2)(C^^»C^,,) 

S.p = ^ ^12 5 5,5 b 
( S i • ^ 2 S . 2 ^ ( S 2 - S l ) 

S44 = . 5,5 c 
r 
-̂44 -

5,1,3 Experimental Techniques 

An as-grown c r y s t a l , o r i e n t e d by the symmetry of X-ray back-

r e f l e c t i o n Laye photographs t o + 4"°. was cut w i t h a diamond wheel and 

polished t o y i e l d a sample 10 mm x 8 mm x 4,76 mm t h i c k w i t h faces 

( p a r a l l e l t o w i t h i n 3 x 10"^ radians) perpendicular t o tha [ I I O ] 

ax i s and edges p a r a l l e l t o the [1T0] d i r e c t i o n , This high degree of 

p a r a l l e l i s m of faces was i n order t o keep the echoes r e f l e c t i n g t o and 

f r o i n the name r e g i o n . To achieve t h i s f i n i s h the c r y s t a l was polished 

on a Logitech high p r e c i s i o n p o l i s h i n g machine and the f l a t n e s s achieved 

was checked using i n t e r f e r o m e t r i c techniques using an o p t i c a l f l a t as a 

reference standard. 

Quartz X- and Y- cut transducers, 5 mm i n diameter, were used 

t o generate the ultrasound e t c a r r i e r frequencies of around both 

15 HHx and 45 MHz, "Nonaq" stop-cock grease formed a s a t i s f a c t o r y 

transducer-to-specimen bond from about 283 t o 77 K. The transducer was 

pressed.on a spot of the grease and was moved round the surface of tha 

sample u n t i l i t stuck, i n d i c a t i n g t h a t the bond was t h i n enough. The 

pressura was applied uhrougK a amall pad of co t t o n woolo To e x c i t e each 

o f the shear modes, the v i b r a t i o n d i r e c t i o n ( x - a x i s ) of a Y-cut transduce; 
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WES very c a r e f u l l y a l i g n e d p a r a l l e l t o each of the r e q u i s i t e p a r t i c l e 
displacement d i r e c t i o n s p i n t u r n . A f t e r measurements had been made on 
the c r y s t a l i n the as-grown statsp i t was blackened by passing a curr e n t 
of 1,00 A bstwsen faces ( o f area 40 mm ) cut p a r a l l e l t o tha (001) 
planesp i n an Argon atmosphere a t 800°C f o r 10 minutes. This treatment 
waa s u f f i c i e n t t o produce marked v i s u a l blackening without causing f r a g ­
mentation. The maasuraments. of tha v a r i a t i o n of u l t r a s o n i c wave t r a n s i t 
times w i t h temperaturep made using tha pulse superposition techniques 
were then repeated. 

The sample was placed i n the sample-holder shown i n Figure 5,1, 

This whole apparatus was enclosed i n a conventional c y r o s t a t system f o r 

working w i t h l i q u i d n i t r o g e n . Further temperature c o n t r o l was provided by 

the e l e c t r i c a l heater. The temperature was msasurad u s i n g a copper-

constsntan thsrmccouplBp which was glusd t o ths Esmple w i t h lew tompcraturs 

glus t o provide good thsrmal c o n t a c t . E l e c t r i c a l contact t o t h e outer 

e l e c t r o d e on the transducer was v i a s i l v e r dag painted onto the surface of 

the c r y s t a l . 

The method i l l u s t r a t e d i s the arrangement f o r the " s i n g l e ended 

tschniqus"? i n other wordSp the setTJs transducer i n j e c t s pulses of u l t r a ^ 

sound i n t o the sample (under the i n f l u e n c e of an r , f . e l e c t r i c a l s i g n a l ) and 

detects the echoes (producing an e l e c t r i c a l s i g n a l ) , A T-R j u n c t i o n i s 

needed t o p r o t e c t the r e c e i v e r by d i r e c t i n g most of the d r i v i n g s i g n a l i n t o 

the transducer and s h i e l d i n g the raceiverp while a l l o w i n g s i g n a l from tha 

transducer t o reach the r e c e i v e r . The pulse superposition technique requires 

echoes from many d i f f e r e n t d r i v i n g pulsus t o superpose. For thi,8 reason i t 

works best f o r m a t e r i a l s which do not s t r o n g l y absorb or s c a t t e r ultrasoundf 

80 t h a t each echo t r a i n contains many echoes, YSZ i s not i d e a l i n t h i s 

respectp but nevar-ths-less changes (due t o temperature v a r i a t i o n s ) of less 

than 0,1% i n t h e time taken f o r sound t o t r a v e l through this serapls sra 
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measurable0 

This actiuracy i s achieved by measuring the frequency ( >)p ) a t 

which d r i v i n g pulses must be repeated i n order t o synchronize these 

pulses w i t h the echoes. To a f i r s t approximation, synchronization i s 

achieved wheOp i n the time between pulsesp tha ultrasound t r a v e l s from the 

top t o the bottom o f the sample and baekp p times, where p i s an i n t e g e r . 

Whan ths wave i s r e f l e c t e d o f f a surface i t normally undergoes a phase 

change (which depends on the r e l a t i v e acoustic impedances of the bonding 

m a t e r i a l and the c r y s t a l and tha thickness of the bond), end t h i s may also 

e f f e c t the s y n c h r o n i z a t i o n . However t h i s i n v o l v e s a t i m i n g e r r o r of less 

than h a l f ths p e r i o d i c time of the c a r r i e r wave, per r e f l e c t i o n , probably 

considerably l e s a ^ A f i n a l d i f f i c u l t y i s t h a t p a r t i a l synchronization i s 

achieved i f the pulses are n c a r r i e r wavelengths out of step, whore n i s 

an i n t e g e r . 

The c i r c u i t used i s shown i n Figure 5,2, The frequency synthesiser 

produced a frequency which was selected by decade knobs. This determined 

the frequency a t which the pulse generator operated and hence the 

r e p e t i t i o n frequency o f the r , f , pulses from the o s c i l l a t o r . The c a r r i e r 

frequency produced by the o s c i l l a t o r and the working frequency of the 

p r e - a m p l i f i e r were together tuned t o a resonant frequency o f the transducer 

by t r i a l and e r r o r . This maximised the detected s i g n a l , Ths envelopes of 

the pulses were displayed on the o s c i l l o s c o p e , which wes supplied by a 

c a l i b r a t e d , v a r i a b l e delay i n tha t r i g g e r i n g t o sweep 'A', Gate A provided 

an output w h i l e sweep A was sweeping, and t h i s supresaed the d r i v i n g u l t r a ­

sonic pulses i n t h i s p e r i o d . Thus t h a d r i v i n g pulses ware p e r i o d i c a l l y 

cut o f f 80 t h a t the r e s u l t i n g echo p a t t e r n could be observed w i t h o u t i n t e r ­

ference. The pulse r e p e t i t i o n frequency was adjusted t o maximise the height 

of the echoesp which i n d i c a t e d t h a t the d r i v i n g pulses and echoes were 

synchronized. 
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I n p r a c t i s e a s e r i e s of maxima ware observed (corresponding 

t o n =! 0, 1, 2 e t c ) . These were e q u a l l y spaced, the spacing being 

i n v e r s e l y p r o p o r t i o n a l t o the c a r r i e r frequency. Selecting tha c o r r e c t 

maximum (n a 0) was troublesomo and f o r t h i s reason the low c a r r i e r 

frequency was p r e f e r r e d . To i d e n t i f y the maximum, the echoes from a 

s i n g l e pulsa were observed by t u r n i n g down the pulse r e p e t i t i o n frequancy, 

Tha v a r i a b l e delay was used t o measure ths time lapse ( A ) between two 

echoes, which were as widely separated as p o s s i b l e . This was compared 

w i t h the corresponding tima lapse ( t ) f o r each of the maxifflieed echo 

p a t t e r n s . I n a good set of maxima the d i f f e r e n c e ( t - A ) changed by a 

constant amount on going from any maximum to ths next, and f o r one maximum 

( t - A ) was almost zero. The l a t e r maximum was taken t o be the c o r r e c t 

one. The value of p was deduced from the measured magnitude of A since 

approximately, 

p ^ 
O.^' 5,6a 

More a c c u r a t e l y : 

A » ' » n + p6 5.7 

where i s the pulse r e p e t i t i o n frequency, >>c i s the c a r r i e r frequency 

and 8 i s tha phase change ( i n w a v e l e n g t h s ) when tha wave i s r e f l B c t s d , 

Since n was supposed t o be zero and measuring 8 would have been an involved 

o p e r a t i o n i t wes asevmsd t h a t 

p \i.p n 1/A • 5,6b 

For t h i s reason the v e l o c i t y (V) of sound was c a l c u l a t e d from 

V = 2 p d 5,8 

However t h e v a r i a t i o n of t r a n s i t tims w i t h tempersturB can ba found t o 

g r e a t e r accuracy than the t r a n s i t timo i t s e l f i i f the p r o p e r t i e s o f the bond 
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do net changa* Using equation 5 , 7 i t can be shown t h a t j sines 

ia small : 

A ( T O O " ~ ^ ^ n ^ C ) ^ p ^ P ^ A ( T O O >>p ( Q ° C ) ^ >c> 

(1 + € ) 5.9b 

Note that t r a n s i t time dsponds on Vfavo velocity and s a m p l e thickness and 

that both are affected by tempsraturs, 

5 o 1 o 4 Results and Discussion 

The velcicitias of the ultrasound i n 8o3 mole % Y5Z- at 0°C ware 

calculated as : 

7 » 0 5 , V g Q Q ^ « 3 . 0 5 , V g ^ ^ j j = 5 , 0 2 

(units krn/s, accuracy ^ 1 ^ ) . 

To t h i s accuracy t h e values w a r e the same before and aft e r blackeningo I t 

i a worth noting t h a t i n tha worst c a s e s j f a i l u r e to make n «= 0 w o u l d 

r e s u l t i n a n e r r o r o f \ d n % ( f o r V5'5TQ) I> and t h e error due to 9 i s 5 0 % 

( f o r V^) ( l \ I . B , 9 ^ 4 - ) . 

Ccmpariscn vjith the data published by Pass et, a l . shews thst ti'-is 

nodes designated f a s t and a l o w w e r e incorrectly i d e n t i f i e d and must be 

interchanged0 (This was confirmed by Pace on consulting his expsrimsntal 

log bc!ak)o When t h i s a l t e r a t i o n i s mads, the ve l o c i t i e s from tha prsjvious 

and prasent work ogres t o within t h e e x p e r i r n e n t a l e r r o r DT t 1%= The 

correctsd values of t h e e l a s t i c constants, using ths measurBd daneity of 

6oOD X 10^ kg/m"^ a r e l i s t e d i n table 5 . 1 , 
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I f ths intar-estomic forces ers centraj. thsn tha Cauchy r e l a t i o n 

(C^2 ° 1 - 4 4 ) should hold* Tha f a c t that i t doas not ia furthar evidanca 

that YSZ i s not purely i o n i c 

A compariaon of results before and a f t e r blackening i s made 

i n Figura 5«3o The r a t i o of the pulas r e p e t i t i o n frequancios i s elmoat 

the reciprocal of t h e r a t i o of tha t r a n s i t timesp and the l a t t e r depends 

only on tha sample, Quantitativaly : € < 0,04 0 ^ (sea equation 5,9) 

and 0 i s probably less than o n e . Within the axparimantal error tha 

v a l o c i t i e s and t h e i r tamperature dependsnca are unaltered, Hsnce tha 

e l a s t i c constants i n tha as raceivad and blackened s t a t e S f and t h u s tha 

l a t t i c e s t a b i l i t i e s J are tha aanjs. This correlates with X-ray avidencs 

that tha l a t t i c e p a r a m a t a r remains unaltered a f t e r blackening at low current 

densities. In the blackened c r y s t a l there was a marked deterioration of 

echo qu a l i t y and some irfteririBdiate echoes also appeared « tha blackaned 

c r y s t a l shows the charecteristica expected i n an inhomogenaous materiala 

5*2 Optical ̂ ^Scatterinc^ 

5,2,1 Introduction 

Ths expsriment dsscribsd bslow Vifas s dsvslcptnsnt of ons davissd 

by Dr, DoF, Crabtrss to search f o r evidence f o r tha formation of metallic 

p a r t i c l e s i n electrolysed y t t r i a s t abilized zirconia. 

Since y t t r i a s t a b i l i z e d zirconia (at least i n i t s as grown state) 

i s an ionic conductor, tha passage of current through a sample i s l i k e l y 

to r e s u l t i n e l e c t r o l y a i s . In that event the metal need not necessarily be 

dspositsd on tha cathode, f o r , i f o number of osygsn vacancies coagulated as 

they travelled towards tha cathode the r e s u l t would ba the formation of a 

small metallic p a r t i c l e at that position. Although the p a r t i c l e would 

have a positive chargs t h i s could be neutralised i f Qlectrons were injected 

i n t o t h e s o l i d f x o m ths c a t h o d e 0 Ths high f i e l d that t h i a would require 
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i s believed to exis t while current blackening i a taking place, A 
col l e c t i o n of such p a r t i c l e s , having a d i f f e r e n t refractive index from 
the matrix, would give r i s e t o o p t i c a l scattering«, The scattered 
i n t e n s i t y might either bs independent of the wavelength of the l i g h t or 
inversely proportional to i t s f o u r t h power, depending on the siza of tha 
pa r t i c l e s r e l a t i v e to the wavslength. The intermediate case, where ths 
dimensions of the pa r t i c l e s are similar to the viiavelength, was considered, 
f o r spherical p a r t i c l e s , by Mie<> He concluded that scattered i n t e n s i t y , 
as a function of wavelength, would have a maximumo (See Born &. Wolf (25)) 

5o2»2 Experimental 

As a guide to deciding what r e a l l y wers the effects resulting 

from e l e c t r o l y s i s , investigations were made of opt i c a l scattering from as 

received samples and samples whitened by heat treatment as well as from 

current blackened sampleso The samplea ware cut i n t o rectangular blocks 

(approximate dimensions «» 1 0mmx 5 m m x 5 mm)» Light from a D 285 

Hilger and Is/etts e p B c t r o m e t e r was focussed in t o one side of ths sample« 

The beam was viewed through a side perpendicular to the f i r s t using e 

Vickers Hi 2a metsllurgical microscope to observe the scattered l i g h t * The 

aides of tha sample through which the incident l i g h t entered and tha 

scattered l i g h t l e f t ware polished« Ths microscope had a camera attachment 

on which a photomultiplier was mounted instead of a cainsrao Depending on 

the position o f a lever either tha area under observation could be viawad 

or ths l i g h t could be directed to an exposure-metsr. While ths photomulti-

p l i e r was i n use the lever was l e f t i n i t s l a t t e r position to minimise 

stray l i g h t o The arrangement i s shown i n figure 5*4» Great care was taken 

to exclude stray l i g h t . To avoid recording l i g h t reflected from the 

surfaces, rather than that scattered i n the bulk of tha c r y s t a l , the 

incident beam and tha area observed w e r e both kept away from the edge of 
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ths c r y s t a l . To f i n d the position of the area under observation i t was 
only necessary to switch on ths lamp i n the microscope, which illuminated 
the area i n question, Ths f i e l d i r i s was adjusted so that the 
il l u m i n a t i o n j u s t f i l l e d ths f i e l d of view. The lamp was dvjitched o f f 
before any measurements ware made. This procedure appeared to be success­
f u l , f o r attempts to improve on i t by using black paper baffles did not 
re s u l t i n any iraprovement. In some cases, whara the sample had been badly 
cracked by the treatment i t had undergone, bright spots wars seen under 
the microscope, where l i g h t had been channeled through the cracks. Such 
spots ware avoided when making scattering msasurements. 

The photomultiplier current due to scattered l i g h t was found as 

a function of wavelength. The current was measured with a galvanometsr, 

the c a l i b r a t i o n was usually checked, before and a f t e r each run 

by attaching the photo-multiplier d i r e c t l y to ths spectrometer (with the 

s l i t s at a set width). That the effe c t of the microscope on the calibration 

was negligible ( 20^) VVBS shown i n two ways. In ths f i r s t the sample 

was replaced by a mirror which reflected tha l i g h t s traight i n t o tha micro­

scope. In tha second ths microscope was l a i d horizontally so that tha 

l i g h t sntsrad i t d i r e c t l y . 

The i n t e n s i t y of the l i g h t f a l l i n g on the photomultiplier was 

controlled by tha widths of the s l i t s on the spectrometer. For each 

sample these widths were set at d i f f e r e n t values (thesa were noted); so 

that the photomultiplisr current remained within a reasonable range. I t 

was found t h a t , as expected, the photomultiplier current was proportional 

to the o x i t s l i t width, 

5,2 ,3 Results and Discussion 

The results are shown i n figure 5,5, Ths " r e l a t i v e scattering'' 

has bean calculated from the formula t 
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" r e l a t i v e scattering" q , 5,10 

q vj.w ^0 i e 

where w, and w are respectively the entrance and e x i t s l i t widths on ths 
X 6 

spectrometer, while the i n t e n s i t y of ths scattered l i g h t was being 

measured, g i s the galvanometer daflection due to scattered l i g h t at the 

wavelength i n question and g^ i s the corraaponding calibration deflection, 

g^ i s a function of wavelength ( A ) which includee the effects of the 

lamp, the spectrometer and the photomultiplier. Since the c a l i b r a t i o n 

curves found did not greatly d i f f e r from each other an average curve was 

used. 

Provided that loss of beam intensity i n the sample (due to 

either scattering or absorption) i s not serious "relative scattering" as 

defined above should provide a true comparison of scattering from d i f f e r e n t 

samples. I t i s worth noting that the scattered l i g h t recorded was always 

less than 1?a of the incident l i g h t * 

The as received crystals scattered least l i g h t , so f o r them the 

s l i t s were opened widest, which gave ths spectrometer a wide pass-»band. 

This resulted i n the larger error-bars on the curves f o r as received samples 

and tha smaller ones on the whitened samples. 

Curves ( a ) , (b) and (c) a l l peak at 585 nm and have the same shape. 

Since they are f o r a sample whitened by heating i n oxygen (S7), a current 

blackened sample (DFC1) and a brown as received sample (519 i i ) , 

respectively, the scattering i s obviously not due to metallic p a r t i c l e s . The 

scattering curve (d) obtained f o r a yellow as received c r y s t a l (SI9 i i i ) was 

rsproducibly d i f f e r e n t from ths others and t h i s indicates that tha curves 

were not merely due to the apparatus. The shape of the c a l i b r a t i o n curve 

( e ) , shown f o r comparison, i s completely d i f f e r e n t from that of the 

scattering curves. Curve (b) would probably f a l l nearer curve (a) i f o p t i c a l 

absorption i n tha blackened sample was corrRctsd f o r . 

I f the curves ware due to Mie scattering, then they wauid indicate 
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that both heating i n oxygen and current blackening produced en increase 

i n number of these centres w i t h o u t changing t h e size of ths centres. 

This seems highly unl i k e l y . One thing t h a t i s common to both whitened 

and blackened samples i s that both are considerably cracked; so i t would 

seem, not surprisingly, that more cracked samples scattered more l i g h t . 

Why micro-cracks should l e a d to a maximum scattered intensity at such a 

d e f i n i t e and unchangeable wavelength i s , however, obscure. I t might 

possibly be some multiple scattering a f f e c t . 

More recent measurements have been made by Mrs, H.Pp Buckley 

using an integrating sphere ( 9 ) , These indicate that whitened samples 

scatter l i g h t , but absorb l i t t l e , that tha reverse i s true of. blackened 

samples and that as received samples give both low scattering and low 

absorption. However the scattering curves obtained are considerably 

d i f f e r e n t to those recorded above, 

5,3 D i e l e c t r i c MeBsurements 

This section describes how end why preliminary measurements of 

ths r e l a t i v e p e r m i t t i v i t y of Y t t r i a stabilized Zirconia were made and out­

lines attempts to measure loss i n the isiateri.aio During the ESR studies of 

YSZ i t became obvious that current blackening made the material more lossy 

The Q-factor of the cavity was decreased much more by a blackened sample 

than by an as received sample. This suggested that d i e l e c t r i c conductivity 

might be a useful parameter f o r degree of blackening. The concept of d i ­

e l e c t r i c conductivity ( ) i s one way of rspresenting the sum of - a i l loos 

mechanisms i n the material ( 26 ) H r , F, G f B l l e r had j u s t sucaedsd i n 

measuring t h e conductivity of e block of germanium, which j u s t f i t t e d into 

number 22 wave guide (3,56 mm x 7*11 m.m), by measuring the fractions of 

microwave? power w h i c h tha b l o c k " B f l e o t e d and t r ^ n s m i t t B d ; This se-BiiiBd sn 

easier way of measuring d i e l e c t r i c conductivity than using a cavity method. 



The method also avoided ths need to produce t h i n , uncracksd and robust 

samplas of blackened YSZ, such as would be needed to make p a r a l l e l 

plate capacitors, Mr. F, Gfellar's method required the r e l a t i v e 

p e r m i t t i v i t y of tha sample to be known and found the conductivity by 

i t e r a t i o n (see Appendix 5), I t appeared to be feasible to s t a r t with an 

approximation f o r r e l a t i v e p e r m i t t i v i t y (£'^) and i t e r a t e to f i n d two 

unknowns ( andc,), (The measurements described below were intended r d 
to provide the f i r s t approximation). The method had some success with 

germanium but the results f o r YSZ indicated that multiple reflections i n 

the sample wars s i g n i f i c a n t . When the computer program which performed 

the i t e r a t i o n s was modified to take account of t h i s , convergence was 

obtained. However the results f o r both as received and blackened YSZ were 

unreliabls. 

The relativ/B p e r m i t t i v i t y of as received YSZ was measured at 

1 kHz using t h i n p a r a l l e l sided slices of ths material. Circular s i l v e r 

electrodes wars deposited on both sides of the sl i c e s , taking care that 

the electrodes were d i r e c t l y opposite each other. The capacitance (C) of 

the arrangement was rasasursd using a Wayne-Kerr bridge. The thickness (d) 

of ths s l i c e was measured i n several places using a micrometer, and ths 

lengths of two mutually perpendicular diameters of the electrodes were 

found using a t r a v e l l i n g microscope. The results are given i n Tabla 5.2. 

These are', not only scattered but are also high compared with values found 

by other investigators, Harrop and Wanklyn ( 4^ ) quote a value of 

22 _+ 3 f o r the r e l a t i v e p e r m i t t i v i t y of pure zirconia ( i n agreement with 

othpr authors) and 27 i 4 f o r polycrystalline Magnesia stabilized Zirconia, 

The scatter of results might be explained by the presence of stray capacitance, 

f o r although when t h i s was measured i t appeared to be less than 0.1 pF, 

tha results da f i t a st r a i g h t l i n e of the type C = Co +eA/d rather w e l l . 

I f A i s the area of the electrades and £ i s the p e r m i t t i v i t y , a bast 

s t r a i g h t l i n e f i t raaksa Co, (the stray capacitance) 0,8 pF, This also gives 

an •average* r e l a t i v e p e r m i t t i v i t y f o r Y t t r i a s t a b i l i z e d Zirconia of 32, 



- 53 -

However these measuramenta cen only be regarded as being preliminary. 
Since they were made Mrs, H,P, Buckley has used more involved methods to 
f i n d the d i e l e c t r i c constant and loss tangent of both as rsceived and 
blackened YSZ (10). -
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Chapter 6, 

6,1 The term "low f i o l d " i s t s k e n here to .indicate conditions f o r 

which blackening does not occur. This w i l l l a t e r be found to mean that 

the oxygen supply i s s u f f i c i e n t to copa with the current densities used. 

The chapter w i l l describe how tha high temperature conductivity of YSZ 

came to be explained i n terms of movement of oxygen vacancies, and how 

the detailed v a r i a t i o n of conductivity with temperature led to tha idea of 

'trapped' vacancies,or complexes. The chapter ends by describing an 

experiment i n which tha temperature variation of conductivity of single 

c r y s t a l YSZ was msasured, 

Ths conducting properties of YSZ hBve l o n g been usad i n a t y p B of 

lamp called tha Nerst glowar. I t was i n order to explain the conduction 

mechanism and evolution of oxygen i n these devices that Wagner invoked the 

idea of oxygen vacancies. 

At h i g h temparaturea the oxygen vacancies are mobile. Since thay era 

e f f e c t i v e l y p o s i t i v e l y charged they w i l l tend to migrate to tha cathode when 

an e l e c t r i c f i e l d i a applied. Thus the YSZ i s e l e c t r i c a l l y conducting. 

Provided a supply of oxygen can get through, or along tha surfaces of, the 

elsctrcdes^ a clossicycle w i l l bs sat up. Vacancies w i l l be created a t tha 

anode ( l i b e r a t i n g oxygen) and f i l l e d at the cathode, Tha electrode 

p r o c e s B B s can be represented.by tha equation i 

- .... 0- , . . ~ at cathode^ „nX , . 
2 VQ -I- - 2 (gas) 48 - • ^ 20^ 6,1 

~^at anode 

Ths conductivity ( er ) due t o a fixed c - o n c B n t T a t i o n of v a c a n c i e s at s h s o l u t e 

t a m p e r a t u r e (T) i s g i v s n b y t h e s q u a t i c n s 
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T e A e 6,2 

where A i s a constant, E i s an activation energy and k i a Boltzmann'a 

constant. I t seemed reasonable to suppose that i n YSZ the vacancy 

concentration depended only on tha Y t t r i a concentration and so, f o r a 

given sample, was f i x e d . Various authors (s.g, D.W. S t r i c k l e r and 

W,G, Carlson 1965 ( 4 ) , A,M, Antony 1965 ( 27 ) , D.B. Msadowcraft 

1969 ( 6 ) and J.E, Bauerle 8. J. Hrizo 1969 ( 28 ) have made 

msasuremsnta of tha conductivity of YSZ as a function of temperature and 

compositiono A.C, methods were usually used to avoid the effects of eloct"ro« 

l y s i s , R«E,W, Cassalton, who was working i n loose colloboration with our 

group, has made such studies ( 29 ) and the results of the oxpariment 

described i n Section 6,3 of thi« thesis has been published with his work 

(R,E,W, Casaelton, J,S. Thorp and D,A, Wright 1969 ( 30 ) ) , A more 

detailed and comprehensive survey of conductivity raaasuremanta can be found 

i n Casselton's thesis, Chapter 8 {P,85), Most of ths maaaurements were 

made oh polycrystallin© samples| only Casaelton'a group and ours seemad to 

have used single crystals, but no s i g n i f i c a n t diffsrenca has been observed 

beti'ifeBn tha two types of samples. 

There was widespread agreement that : 

1, expsrirssntal f i t s to oquaticn 6,2 were cbtsinad, under low f i e l d 

conditions, 

2, at any given temperature the conductivity variation with 

composition was such that the conductivity wss a maximum v-ihen 

the y t t r i a concentration was a trdnimum for s t a b i l i z a t i o n , (Since 

the vacancy concentration increases with incrsesing Y t t r i a con~ 

C B n t s a t i o n t h i s ^feaiilt i a auipjriaing. I t ia due to an incrsasa 

i n activation enargy with Y t t r i a concentration. I t has boran 

t s n t a t i v s l y suggsstsd that t h i s could bs caused by either strain 
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produced by the s i z e diffarsnce o f the two cations, or by the 

vacancies either clustering or becoming ordered. The preciss 

mechanism i s not u n d e r s t o o d ) , 

Tha transport nutnbar cf ths Oxygen ions ( i , s , the f r a c t i o n of . 

the t o t a l current they carry) was found to be very close to 

unity ( 31 , 32 ) , 

Howavar close inspection of ths graphed results revealed a 

curvatura about f i v e times greatar than t h a t due to the normal 

practice of p l o t t i n g In cr against 1 instead o f In (o-T ) 
T 

against 1 , Bausrle and Hrizo mads precision meaaurements 
T 

(0,3^) on a stabls sample of YSZ and f i t t a d tha resulting curve 

to tha equation : 
a » E,/kT . E-AT ^ -

a h a 1 •̂  Â a 2 6,3 

within experimental accuracy, {p i s r e s i s t i v i t y ) . They stated 

two possible interpretations of th i a equation : 

(a) that tha vacancies could bs trapped (probably by tha Yttrium ions), 

(b) that tha grains ( t h e i r sample was polycrystalline) were coated i n 

a t h i n layar of y t t r i s enriched material (thickness 50 nm). 

Since Casselton mada similar observations on single c r y s t a l material 

he concentrated only on ths f i r s t i n t a r p r a t a t i o n . Ha analysed 

his graphs of In <? against 1 (T 820 K to 1720 K), in t o 
T 

three st r a i g h t lines regions, which suggested the existence of two 

t y p e s of trap, Thass he explained by assuming that an Oxygen 

vacancy could be associated v j i t h one or two Yttrium ions to fosm 

compieXBS (Y^^yVo)" or (SŶ ,̂* Vo)^ respectively (see Section 2.5)p 
*2 

eg n5stn5.5t3d by C s i l l B t s t e l c 1P68 ( 22 ) ^ He used t h i s 

model to formulate a somi=quantitative theory o f conductivity 

and found i t more successful than either a trap free or a single 
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t r a p model. I t d i d not e x p l a i n the docreass i n c o n d u c t i v i t y w i t h 
i n c r e a s i n g Y t t r i a concsntratiooe To sum up s 

( 1 ) low f i e l d e l e c t r i c a l c o n d u c t i v i t y i n YSZ i s almost e n t i r e l y 

due t o Oxygon vacancy migrEstioHj 

(2) t h s vacancies can be trapped» probably by tha Y t t r i u m "ions" 

and probably i n more ways than ona, t o forra such complexsa as 

(Y^^^V^)- and {2V^.^,V^r 

However i t should be noted t h a t by ths time he had complsted 

h i s normal procedure o f " r e s t o r i n g tha c r y s t a l s t o s t o i e h -

iometry" by heating i n a i r tha c r y s t a l s v^ore e s t e n s i v a l y 

cracked. 

These authors had r s j a c t e d tha complex (Y^j^j Vj,) becauss an 

e l e c t r o n - h o l e c o n t r i b u t i o n t o the conduction was a n t i c i p a t e d but 

not obsorvedo Hovijever C^saelton and Scott 1367 ( 33 ) found 

t h a t undar d«Co c o n d i t i o n s , when ths ambient gas f l o w was opposed 

t o the d i r a c t i o n nf f l o w of the Oxygen vacancies and whsn the 

tamperatura was above 1100 K thara was a small depandencB of 

c o n d u c t i v i t y on Oxygon p a r t i a l pressursa This dependence was 

c o n s i s t e n t w i t h a hole c o n t r i b u t i o n t o c o n d u c t i v i t y * 
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6o3 An ex^aerimsnt to^^^mBaaure ths.^ temperature \/BriatiQn,,,of 

d o n d u c t i v i t y of a s i n g l e c r y s t s l of ^'^2^3'^0f^'\J ^^^°2^0»DB3 

This expsritnent Viss o r i g i n a l l y intandsd t o obtain measuremants 

f o r comparison w i t h those o f Bauarle and Htizo mada on a p o l y c r y a t a l l i n e 

aampla* I n p a r t i c u l a r s i n g l e c r y s t a l measuramenta should ba able t o d i s ­

t i n g u i s h bstwasn the two i n t s r p r s t a t i o n s ainca only t h s i r i n t e r p r e t a t i o n 

a) would apply, f o x s i n g l e c r y a t a l a * (See equation 6o3 end surrounding 

e x p l a n a t i o n ) . I t r a t h e r deganeratsd i n t o an i n v e s t i g a t i o n of the d i f f i c u l t i e s 

involvedo Prevanting tha s i n g l e c r y s t a l breaking up was a major problem. 

I f s i n g l e c r y s t a l YSZ i s heated i n a i r or oxygen i t breaks up ("v-^hitans" 

see Section 3e2e,1) although i t w i l l pass an e l e c t r i c c u r r e n t w i t h o u t 

"blackening"o I f instead i t i s hsated i n an i n e r t atmosphere the fragment­

a t i o n i s slowed (Section 3o2,2)«, However i f then an e l e c t r i c c u r r e n t i s 

passed through i t , i t "blackens"c This changes i t s c o n d u c t i v i t y and also 

causes fragmentation* I n t h i s experiment a compromise was adeptsd* Tha 

experiment was perforfned i n tha blackening apparatus (Figure 6o1(a)) w i t h 

the argon f l o w i n g but v j i t h the rubbsr tube R not connectedp so as t o allow 

a i r i n t o t h e apparatus* Thus the etmosphere was an air-argon mixture» 

The samples used f o r t h i s experiment and tha e a r l y blackening experiments 

were 10 ram x 5 mm x 5 mm blocks* Current Qlectrodes of Platinum f o i l 

were attached t o the small faces using Platinum paste^ which was then baked 

a t l O j n Ke S i m i l a r l y Plstinurn yoltege electrodes were pasted i n t o shallow 

grooves c u t 2,5 mm from these faces» Tha samples were held by clamping 

between the c u r r e n t electrodes as shown i n Figure 6<,1(b)9 Current was 

measured w i t h a scalamp Galvanometer or m Avometer as appropriate and 

v o l t a g e with a P h i l l i p s GM 6D20 valve voltmetsro The temperature was read 

from the tsmperature c o n t r o l l e r which used a s i n g l e Pt - 13% RhPt thsrmo« 

couple close t o the sample« The c o i i t r a l l e r viae c a l i b r a t e d using a s i m i l a r 
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thsrmocouplcio 

As a precaution against t h a r m o s l s c t r i c voltages and t o show 

t h a t blackening was not o c c u r r i n g ^ tha p o t e n t i a l d i f f e r e n c e betwasn 

the v o l tage proba was measured as a f u n c t i o n o f c u r r e n t through the 

sample f o r each temperature. The resistance was taken from the slopa of 

the graph of voltage against c u r r e n t . Ths etagss of recovery from tha 

p o l a r i z a t i o n a f f e c t s aasociatad w i t h the onset o f blackening are shown 

i n Figure 6o2o Ths c u r r e n t voltage p l o t was i n i t i a l l y l i n e a r , region 

A1 on Figure 6,2, Departure of ths graph from a s t r a i g h t l i n a had been 

found t o i n d i c a t e the onsat of blackening (A2)e The onset of blackening 

d i d not n e c e s s a r i l y s i g n i f y the end o f the u s a f u l l i f e of tha c r y s t a l . 

The c r y s t a l could recover i f l e f t aa a high temperature w i t h the c u r r e n t 

o f f (A3), provided the blackening had not gone too f a r . Curves B and C 

i n d i c a t e the behaviour a f t e r p a r t i a l recovery. The aampls was then l e f t 

f o r over f o u r hours w i t h o u t c u r r e n t passage before i t s resistance was 

msasurad (Curva D), Tha slope of t h i s l i n e (55 si ) agreed c l o s e l y w i t h 

t h a t of tha i n i t i a l run (slope 57 St ) i n d i c a t i n g t h a t recovery was 

complete). 

As i s s l s s shown i n t h i s f i g u r e ^ pick-up from the furnaca waa a 

serious problem, p a r t i c u l a r l y whan the furnace was switching i n i t s tempsr-

ature c o n t r o l c y c l e . Before a c u r r e n t was passed voltage was detectad. 

The two p o i n t s numbered " - I " (1,6, one minute before the s t a r t ) i n the 

diagram show the voltage datcctad. w i t h no c u r r e n t when ths furnace was on 

and o f f . That there should be a voltage anything l i k e aa b i g as 64 mV 

w i t h the furnace o f f i a h i g h l y d i s - i u r b i n g , Ths problem proved h i g h l y 

r e s i s t a n t t o numerous re-arrangemants of e a r t h i n g and s h i e l d i n g . F i n a l l y 

attempts t o solve i t wera abandoned, on the grounds t h a t provided a l l 

measurements vmre made w i t h t hs furnace e i t h e r on or o f f c o n s i a t a n t values 

o f r e s i s t a n c e ware obtained, R e f a r r i n g again t o Figure 6,2, i n run A1 
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a l l readings were taken w i t h the furnaca on, i n run D a l l readings wore 

taken w i t h the furnace o f f e I t should bs emphasised t h a t the example 

given i n Figure 6o2 i s an extreme onB« Normally observation of the 

p o i n t numbered " 7 " would have l e d t c ths imr-sdiats switching o f f of the 

currente. Figure 6o3 shows a t y p i c a l run f o r f i n d i n g the rasistance a t 

one temperature. The res i s t a n c e of the sample was measured as the temper­

ature was r a i s e d i n steps of. roughly 100 K from 725 K t o 1175 K, The 

maximum c u r r e n t used was 100 /4A<, The sample was then examined and found-

t o be i n t a c t but j u s t showing the grey t i n g e which appears a t the s t a r t o f 

"whitening". The process was then repeated using currents up t c 1 mÂ  

(The l a r g e r c u r r e n t s , which increased the p r o b a b i l i t y t h a t blackening would 

occur, were used i n an attempt t o improve the s i g n a l t o noise r a t i o ) . The 

sample viiaa f i n a l l y blackened by a c u r r e n t o f 7 mA« 

The r e s i s t i v i t y temperature behsviour i s shown i n Figure 6,4, 

These w i l l subesquently bs taken a t face value even though the msthods used 

t o o b t a i n them make t h i s a l i t t l e dangerous. I n p a r t i c u l a r , of the 

r e s u l t s on the l e f t the top ones may bs d o u b t f u l because the s i g n a l t o noise 

r a t i o i s low and the bottom ones ( f o r which the s i g n a l noise r a t i o i s much 

higher) becauae blackening may be baginning. 

The experimental p o i n t s were f i t t e d t o equation 6,3 by a d j u s t i n g 

the parameters A^jA^, ^'^9^2 computer t o minimise ^ ( I n y^ - I n r ^ ) 

where the y. are experiraental values of £ and the r . are the corresponding 

values c a l c u l a t e d from equation 6.3, (Program DAP tSP), Quite good f i r s t 

approximations ware found using the tangents t o the ends of the graph. 

The best f i t was obtained when ; 

Â  m 1,25 X lO""^ jnmK''\ = 1.16 x lO"''^ J 

A - = 1 . 5 S X in"^^ .arMC\ E . , = 3 , 0 9 X 1 0 " ^ ^ 

-A -1 
{ i f only the highest r e s u l t s f o r 1/T « 8 ^ 5 x 10 K end 
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9o3 X 10 K are taken^ t o o b t a i n a f i t must be reduced t o 

1,9 X 10°^^ J, Although such s e l e c t i o n of r e s u l t s i s u n j u s t i f i e d , 

i t does show the need f o r more r e p r o d u c i b i l i t y and accuracy). Such a 

v a r i a t i o n of r e s i s t i v i t y w i t h temperature can be explained i n terms of 

two mechanisms which dominate i n d i f f e r e n t temperature regions. As 

the temperature increases, f i r s t the l i b e r a t i o n of vacancies from traps 

( i . a , the incraass i n c a r r i e r concentration) i s dominant, then the 

increase i n m o b i l i t y of the oxygen vacancies takes over. This i n t e r s 
• " 1 9 

p r o t a t i o n gives an a c t i v a t i o n energy f o r vacancy motion of 1,16 x 10 J 

( i . e . 0,725 eV comparsd w i t h 0,682 eV obtained by Bauerle and Hrizo and 

0,7 eV by S t r i c k l e r and Carlson, both f o r 10 ni/o YSZ) and a complex 
«»19 

a a s c c i a t i o n energy of 1,93 x 10°" J (1,20 eV compared w i t h 0,486 eV 

obtained by Bauerle and K r i z o ) . Under the circumstances t h i s agreement 

on the 'basic* l i n e i s pleasing and the disagxeement on the d e t a i l e d 

curvature not s u r p r i s i n g . 

I t could ba argued t h a t since the atmosphere must havs a low 

p a r t i a l pressure of oxygen i f the c r y s t a l i s not t o d i s i n t e g r a t e , an Argon 

atmosphere should be used i n con j u n c t i o n w i t h A,C, techniques. The l a t t e r 

would prevsnt s l s c t r o l y s i s and tha b u i l d up of vacancy c o n c s n t r a t i c n which 

i s b e l i eved t o be the basis of the blackening, (There i s no guarantee t h a t 

i t would not cause " w h i t e n i n g " ) . More r e c e n t l y J.E, Bausrle ( 34 ) has 

made A.C, measurements of p o l y c r y s t a l l i n e YSZ using a range of temperatures, 

frequencies and Oxygen p a r t i a l pressures and used complex admittance 

diagrams t o a n a l y s i s his r e s u l t s . He i d e n t i f i e d c o n t r i b u t i o n s from 1) 

el e c t r o d e p o l s r i x e t i a n 2) a c a p a c i t i v a , r e s i s t i v e e l e c t r o l y t e p o l a r i z a t i o n 

3) a pure ohmic e l e c t r o l y t e p o l a r i z a t i o n . This shows both the power of the 

technique and the e f f o r t end care t h a t must go i n t o i t s i n t e r p r e t a t i o n . 
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Summarv 

Preventing YSZ s i n g l e c r y s t a l s d i s i n t e g r a t i n g w h i l e msasuring tha 

temperature v a r i a t i o n o f t h e i r c o n d u c t i v i t y i s a major problem. This 

can bs overcoms by using an A i r , Argon atmosphsra but the problem than 

becomes one o f preventing blackening. The r e s u l t s obtained tend t o 

confirm Bauerle and Hrizo'a t r a p p i n g modal ( i o B , t h a t the Oxygen vacancies 

which ars the charge c a r r i e r s i n YSZ can bs trapped). 



Chepter 7« 

Current, Blackening, and „"Hiĉ h f ield'^ Conduction 

7.1 This chapter w i l l ba concerned w i t h the changes t h a t taka 

place when such a high e l e c t r i c c u r r a n t i a passed through (hot) YSZ t h a t 

the supply of oxygen a t the cathode i a not s u f f i c i e n t , (Sea equation 

6 o 1 ) . 

The sample ( o r i g i n a l l y white ( i f p o l y c r y a t a l l i n e ) or ambsr ( i f 

s i n g l e c r y s t a l ) ) t u r n s black. This process takes the form o f a blackened 

zone or 'tongue' growing from the cathode. The mechanical s t r e n g t h o f 

the sample i s destroyed and i t tends t o break up. There are changes i n 

t h s e l e c t r i c a l p r o p e r t i e s , but these are masked by the formation o f a con­

d u c t i n g l a y e r on blackened m a t e r i a l i n the prossnce o f traces of s i r . The 

bulk c o n d u c t i v i t y becomes s l e c t r o n i c s Under "heavy blackening conditiona" 

some o f the oxide can be reduced t o zirconium through e i e c t r o l y e i s . Soma 

of the observations and measurements mada wh i l e s i n g l e c r y s t a l samples of 

YSZ were being blackened w i l l be given. These wars p a r t i a l l y done f o r t h e i r 

own sake and p a r t i a l l y t o prepara specimens f o r ether experiments, 

7.2 Survey 

" H i g h f i e l d " conduction i s of i n t e r e s t because of the p o t e n t i a l 

uses of YSZ electrodes ( i n an e i r atmosphere) f o r magneto-hydrodynamic 
2 

power genaration. The c u r r a n t d a n s i t i a a r e q u i r e d (many A/cm ) are s u f f i c i e n t 

t o cause "blackening" under norrisial operating c o n d i t i o n s . The r e s u l t i a 

c r a c k i n g and s h a t t e r i n g o f the cethode, (The anode also tends t o crackp 

but not as badly since only the cathoda "blackens"). This can be avoided 

by l i m i t i n g the c u r r e n t , (The c r i t i c a l c u r r e n t f o r a given electrode i n a 

p a r t i c u l a r environment can ba determined from i t s c u r r e n t , p o t e n t i a l 

d i f f a r s n c c ! c h a r s c t e r i s t i c s , (Ya,P, Gokhat(9in &, AcA, Sofonov 1970 ( 35 ) ) , 
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An oxide-metal j u n c t i o n i a needed t o c a r r y the c u r r e n t t o the e x t e r n a l 
c i r c u i t and i t i s from hero t h a t tha t r o u b l e o r i g i n a t e s . The s i t u a t i o n 
can be improved by d r i l l i n g holes i n ths metal t o increese the supply 
of Oxygen t o the j u n c t i o n , (R.E.W, Casselton &. M,D.5, Watson 1968 ( 3 6 ) ) , 
The d i s i n t e g r a t i o n i s not due t o the formotion of a monoclinic phase, 
(S„K. Adams and R,E,tfe Casselton 1970 ( 37 ) ) , . 

I f e l e c t r i c c u r r e n t i s passed through YSZ i n an Oxygen-free 

atmosphere i o n i c conduction cannot p e r s i s t , because i t requires Qxygsn t o 

bs l i b e r a t e d from tha s o l i d a t tha anode and atmospheric Oxygen i s needed 

a t tha cathode t o maintain the supply, (Equation 6,1), Thus the con­

d u c t i v i t y must e i t h e r f a l l t o zero or bscoms e l e c t r o n i c ( p o s s i b l y due to 

the oxide being reduced e l e c t r o l y t i c e l l y t o form m e t a l ) . I n f a c t ths 

m a t e r i a l t u r n s black and becomes an e l e c t r o n i c conductor w i t h o u t becoming 

m e t a l l i c , ( M e t a l l i c Zirconium has been detectssd i n blackened YSZ ( 36 ) 

but o f t e n i t i s n o t ) , This also happens t o some extent i f Oxygen i s 

present but i n i n s u f f i c i e n t q u a n t i t i e s . I n t h i s case e black "tongue" comes 

out from the cathode and grows t o an e q u i l i b r i u m size determined by tha 

Oxygen supply and ths c u r r e n t . 

M, Jacquin, H, G u i l l o u and J, M i l l e t 1567 ( 3S ) continuously 

weighed a sample o f Calcia s t a b i l i z e d Z i r c o n i a while thay passed a constant 

c u r r e n t through i t i n en i n e r t atmosphere. At f i r s t there was a loss of 

mass which c o r r e l a t e d l i i t h the e v o l u t i o n of Oxygen, but the mass became 

constant end ths e v o l u t i o n o f Oxygen stopped, although the c u r r e n t continued, 

i n d i c a t i n g e l e c t r o n conduction, Calcia s t a b i l i s e d Z i r c o n i a i s , l i k e YSZ, 

an i o n i c conductor i n a i r ? so presumably YSZ viould behave s i m i l a r l y , 

RefsrencB 36 quotas a loss o f mass about <2,65$ on blackening f o r the 

most blackened p a r t s o f t h e i r (YSZ) samples. This paper also notes t h a t 

compacted p o l y c r y a t a l l i n s YSZ i s much lass r e s i s t a n t t o thermal shock than 

porous m a t a r i a l , and presumably s i n g l e c r y s t a l m a t e r i a l ia even less 
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r e s i s t a n t . Although there i a no evidence t o suggest t h a t the d i s i n t e ­

g r a t i o n of YSZ on blackening i s due t o thsrwal shock, t h i s suggests an 

explanation f o r our not d e t e c t i n g mass losses on blackening s i n g l e c r y s t a l 

material? namely t h a t the c r y s t a l s d i s i n t s g r a t a before tha e l e c t r o l y s i s . 

has gone f a r enough t o be detBctad. Tha size l i m i t a t i o n on s i n g l e c r y s t a l s 

i s an a d d i t i o n a l obstacle.. 

When YSZ i s blackened i n the presence of a i r a gold-coloured 

phase, which i s h i g h l y e l e c t r i c a l l y conducting, forms on the surface (and 

as i n c l u s i o n s i n p o l y c r y s t a l l i n a m a t e r i a l ) . This has been reported by 

JoP, Loup, Z, M i h a i l o r i c and P, Morvan 1965 ( 39 ) and A, Wilcockson 

and R.EoW, Cassaltcn 1970 ( 40 ) . I t has bean i d e n t i f i e d , from x-ray 

powdar photographs, as a s o l i d s o l u t i o n based on zirconium n i t r i d e (ZrN), 

the other component being probably zirconium monoxide (ZrO) (which doas 

not e x i s t by i t s e l f i n the s o l i d B t a t e ) , The zirconium o x y n i t r i d e can ba 

re - o x i d i s e d by heating i n e i r , t o leave a white substance w i t h th.a same 

l a t t i c e parameter as tha s t a r t i n g m a t e r i a l (YSZ), The o x y n i t r i d a only 

forms i f the c u r r e n t passage leads t o blackening. 

I n order t o make c o n d u c t i v i t y msasurements on blackened m a t e r i a l 

which was f r e e from o x y n i t r i d e . Casselton and Watson ( 36 ) r i g o r o u s l y 

excluded Nitrogen from the atmosphere around t h e i r samples. The samples 

were i n a double walled alumina tuba and a stream of Argon ( p u r i f i e d of 

Nitrogen and Oxygen by being passed over hot Zirconium t u r n i n g s ) was passed 

through both chambers of the tubs. No o x y n i t r i d s formation was dstected. 

These authors have shown t h a t when a blackened zone i s formed the p o t e n t i a l 

d i f f a r e n c e across the zone i s depressed and so the p o t e n t i a l d i s t r i b u t i o n i s 

no n - l i n e a r . Thus the terra " c o n d u c t i v i t y of blackened YSZ" must be tr e a t e d 

w i t h c a u t i o n , ( I n unblackened m a t e r i a l , the p o t e n t i a l g r a d i e n t i s constant 

except near the e l e c t r o d e s ) . However the d i s t r i b u t i o n depends, on the 

c u r r e n t d e n s i t y and the Oxygsn p a r t i a l prsssure i n the atmoephsre, and high 
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c u r r e n t s and low pressures give roughly l i n e a r d i s t r i b u t i o n s , Tha 

c o n d u c t i v i t y of YSZ blackened i n Argon i s reported t o be independent of 

c u r r e n t d e n s i t y above a c e r t a i n l i m i t ( 3 A/cm and up t o at l e a s t 

20 A/cm ) (See reference 30 ) , (Belcw the l i m i t , c o n d u c t i v i t y 

increased non-reproducibly w i t h c u r r e n t d e n s i t y ) . The r e s u l t i n g con­

d u c t i v i t y a t 140Q°C i s roughly an order of magnitude higher than'that of 

unblackened m a t e r i a l , and i t s temperstura v a r i a t i o n corresponds t o an 

a c t i v a t i o n energy,of 3 x lo"^*^ J ( i . e . 0,2 eV c . f , 0.7 eV f o r unblackened 

m a t e r i a l ) , Casselton suspects t h a t t h i s conduction i s due t o e l e c t r o n 

hopping. F i n a l l y i t i s worth n o t i n g t h a t the measurements of Cassalton 

e t , a l , show t h a t much of the p o t e n t i a l drop across a sample of YSZ, 

blackened or not, occurs near the electrodes (i,a„ i s due t o p o l a r i z a t i o n ) , 

( I n h e a v i l y blackened YSZ there i s a nsgative space charge next t o ths 

cathode), 

7•3 Current,Blackening, Proce ObsBrvations and Measursments mads 

The apparatus used f o r blackening has been shown i n Figure 6,1a 

together w i t h the sample hcldsrs f o r t h i c k {6,1bi) and t h i n ( 6 , 1 b i i ) 

samples. Usually c u r r e n t was supplied by a F a r n s l l L30B power supply which 

has not only a simple voltage c o n t r o l but also an adjustable c u r r e n t 

l i m i t e r . The l i m i t e r was used t o reduce tha applied voltage a u t o m a t i c a l l y 

so as t o keep tha c u r r e n t down t o the set l i m i t , ( I f a c u r r e n t greater 

than 1A wag r a q u i r e d j i t was supplisd by ths 24 V D,C, w a l l supply i n ccn** 

j u n c t i o n w i t h a simple p o t e n t i o m e t e r ) . The normal procodure was t o mount 

the sample i n the apparatus and set the Argon f l o w i n g . The main furnace 

was set a t 800°C and switched on. I t u s u a l l y took about one hour t o reach 

800°C, A f t e r the desired c u r r e n t had bsen passed f o r the required time the 

sample was quenched. The rubber tube "R" was disconnected and the s i l i c a , 

tube was sealed w i t h Q-compound, This was repeated w i t h j o i n t " J " and the 
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tube was l i f t e d out of the furnace. The temparature of ths sample 

dropped t o 400°C i n 2 minutes. 

The procedure u s u a l l y gave blackened c r y s t a l s whose surfaces 

ware coated i n a s i l v e r y conducting l a y e r . This caused no concern since 

i t was removed by e i t h e r p o l i s h i n g ( o p t i c a l samples) or etching (E.S,R, 

samples) o r , f o r u l t r a s o n i c s samples, was l e f t sines a conducting surface 

l a y e r was advantageous. I f the blackening had not gone completely 

through tha sample i t appsared as an opaque "tongue" coming out of the 

cathode (sea Figures 7,1 and 7,2), These could e a s i l y be seen i f the'. 

sample was i l l u m i n a t e d from behind, but proved d i f f i c u l t t o photograph. 

When o x y n i t r i d e was present i n such a casa i t could be detected w i t h an 

Avomater and was found t o remain w i t h i n the boundaries of the tongue, 

(There was one exception t o t h i s , the surface of R l l f which had been i n 

contact w i t h tha holder was conducting w e l l beyond the blackened r e g i o n ) . 

Figures 7,1 end 7,2 i l l u s t r a t e the r e s u l t s of an experiment t o compare ths 

blackening pxacess i n tha two compositions (8,3 m/o and 12 m/o)» For each 
3 

p a r t of the experiment a 1 x 4 x 10 mm sample of each composition was 

used. Both samples v;ere t r e a t e d by e i t h e r the same curr e n t (Figure 7,1) or 

the same voltage (Figura 7,2), No consistent d i f f e r e n c e was observed i n 

blackening betwesn tha two compositions. 

I n Figure 7,2 c r y s t a l R2 i s shown a f t e r i t has been blackened by 

paasaga of 100 mA f o r 1 hour (bottom negative) then by passage of 100 mA 

f o r B minutes ( t o p n e g a t i v e ) . The second passage seems t o have f l a t t e n e d 

the tongue which the- f i r s t passage had been observed to produce. 

The graphs on these f i g u r e s show how tha blackening process can 

be detected by a f a l l i n the t o t a l resistance of the sample. (Note t h a t 

the f l a t p o r t i o n s on the c u r r e n t graphs are due t o tha operation of the 

c u r r a n t l i m i t e r , which reduced the applied voitaga from 30 V, and not t o tha 

a c h i e v e n i B n t of a nsw a q u i l i b r i u t r i , (This takes about an h o u r ) ) , Figuxs 7,1 

shows some c o r r e l a t i o n between growth of bisckenBd tongus and f a l l i n 
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resistanceo (Tho c u r r e n t r i s s s nsost q u i c k l y i n tha casB whara the 
tcjngue grows most) a Figure 7»2 shows t h a t vghile much of the change takes 
place w i t h i n tha f i r s t minute i t does continue a t a slower retso Using 
the f a l l i n r e s i s t a n c B j ths importance of Oxygen p a r t i a l pressure i n 
blackening was demonRtrated whan sample lAIOr (a (1 rnm)^ rod o f 8»3 tn/o 
c r y s t a l ) vijas blacksnad a t 800° C, At f i r s t the atmosphare was a i r ^ When 
30 V was a p p l i e d , f o r 7 minutea tha c u r r a n t f l u c t u s t a d betMsen 15 and 
18 IDA, Then tha Argon f l o w was turned on, and immadiatsly tha currerrt 
began t o r i s e , reaching 250 mA i n 3 minutes. 

I t proved possible t o 'unblacken' a c r y s t a l by haating i n what 

was nominally an Argon atmoaphsreo For axample s a f t e r ths s i t u a t i o n shown 

i n Figure 7<.2aR2 was blackened throughout by f u r t h e r passage of c u r r e n t 

(100 raA f o r 50 minutaa). Then heating i t i n "Argon" at 910°C f o r 3 hours 

15 minutss rsGultcjd i n a c r y s t a l which was brown and tranapsrento I t ordy 

d i f f e r e d i n appearance frorri an as^x-ecsived c r y s t a l i n having soma small 

bulk cracks and a s l i g h t l y iTiottlsd surfaca, (See also Figure 6.2 and 

Section 6«3)o I t was f o r t h i s reason t h a t wa quenched our samplese 

7c4 Deqrse sf ^ BlnckEnjjT^ 

I t can be seen from ths above t h a t a f u l l s p e c i f i c a t i o n of the 

blackening a c r y s t a l had rsceivad would include the parameters s c u r r a n t 

d e n s i t y , Oxygen p a r t i a l pressurej time f o r which current vjac passad (unless 

e q u i l i b r i u m had been reached), annealing treatment, and probably sample 

(and i n p a r t i c u l a r cathode) geometry. Thus i t might be wise to measura the 

Changs i n the c r y s t a l r a t h e r than record tha trsatmant, Tha sample i s 

not n e c e s s a r i l y u n i f o r m l y blackened. The loss i n mass i s small and 

d i f f i c u l t t o maaaureo Ths o p t i c a l absorption i s so high t h a t i t i s 

d i f f i c u l t t o t r a n s m i t v i s i b l e l i g h t even through a t h i n sample. Blackened 

YSZ Dbscrbs wicrowavss more h e a v i l y than does as recaivad m a t e r i a l but 
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attempts t o measure tliese losses v^fere not very f r u i t f u l . No s i g n i f i c a n t 
change i n l a t t i c e paramater v/as measured and the only change detected 
by u l t r a s o n i c s was bulk crackts. I n short wa lacked a s a t i s f a c t o r y para­
meter f o r "degree of blackening More recent o p t i c a l work has suggested 
t h a t i t might be possible t o ufss the absorption c o e f f i c i e n t a t the v/ave-
l e n g t h of the absorption peak responsible f o r blackening as a msasure of 
the "degree of blackening". This involves ' d i l u t i n g ' a powdered sample 
i n a t r a n s p a r e n t mBdium„ 
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spio resooaoce m single crysta 
stabilized zircooia 

J . S. T H O R P , A . A Y P A R , J. S. ROSS 
Department of Applied Physics and Electronics, University of Durham, UK 

Electron spin resonance has been observed at 35 GHz in 8 and 12 mo l% yttria stabilized 
zirconia single crystals before and after blackening by current passage. Measurements 
were made between 293 and 77K. In both as-grown and blackened crystals the spectra 
showed anisotropic lines (type A) characterized by g,, = 2.003 ± 0.002 and = 1.880 
± 0.002 with respect to a [111] symmetry axis and a broader, slightly anisotropic line 
(type B) centred near g = 1.993. In current blackened crystals a weak isotropic line 
(type C) was also found near g = 1.986. The type A lines are attributed to a charged 
complex formed by an electron trapped at an oxygen vacancy and associated with an 
yttrium ion. Tentative models are suggested to explain the type-B and type-C lines. 

1. Introduction 
Yttria stabilized zirconia (YSZ) is zirconium 
oxide (ZrOo) stabilized by the addition of more 
than about 7 mo!% of yttrium oxide (YjO,,). 
Pure zirconia exhibits a p.'iasc change between a 
monoclinic and a tetragonal structure at about 
1400K and therefore, due to the associated 
volume change, is unsatisfactory as a ceramic 
[1]. However, the addition of yttria enables the 
refractory properties-of zirconia to be used since 
yttria stabili-zed zirconia adopts a cubic structure-
between room temperature and its melting 
point, about 2800 K. [2]. For yttria concciitra-
tions between about 7 and 50 mol % the 
fluorite structure is adopted [3], The cation sites 
lie on a face centred cubic lattice and the oxygen 
sites lie at the centres of the small cubes formed 
by dividing the unit cell into eight (Fig. 1). There 
are tv/o oxygen sites to one cation site. Thus the 
presence of Ihe yttria implies that there must he 
defects, either oxygen vacancies or cation inler-
stitials. The existence of oxygen vacancies in 
YSZ has been generally accepted, since they were 
proposed by Wagner [4] ; this has subsequently 
been substantiated by the correlation of X-ray 
and density measurements [5]. Since the 
vacancies are mobile at elevated temperatures, 
the materia! is valuable as a refractory conductor, 
e.g. in M H D electrode and fuel cell applications. 
(At j400K iuc conduetivily oi' (Y.iOs)^.,,., 
(ZrO,)o.9. is about 1.2 Q-^ ni" ') . When an electric 
field is applied the vacancies migrate to the 
© 1972 Chapiiinit and Hall Licl. 

cathode. However, i f there is not sufficient 
oxygen to f i l i them as fhey arrive, a i.ilnck. zone 
starts to spread from the cathode and eventually 
the material crumbles. I'reliminary electron spin 
resonance studies on single crystal YSZ have 
been reported previously [6] and the present 
work was undertaken in an attempt to examine 
the defect structure more closely. 

2. Experimental details 
Single crystals of (YaO..,-); (ZrO.)o s; a"f^ 
(YO03)Q .J , (Zr02)o.88, made by electrofusing 
mixtures of the pure powdered oxides [7], were 
obtained from W. & C. Spicer Ltd. The as-
received crystals varied in appearance from 
transparent amber to dark and almost opaque. 
Their orientation was determined Liy X-iay back 
reilectiori methods. They were robust and liard 
and were cut using a diamond wheel, without 
difficulties due to fragmentation or cracking. 
Samples treated in several ways were investi­
gated. Some were studied in the as-received 
state; some were examined after current blacken­
ing; others after being heated in argon, air or 
oxygen, without having current passed through 
tliem. Current blackened saniples were prepared 
by passing direct current through as-received 
inateriat (using platinum paste contacts) in an 
argon aimosphere at 1070K. (This temy;erature 
v.'us low triioiigh iu be readied easily y d high 
enough to make the material sufficiently con­
ducting.) Currents between 10 and 250 mA were 
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Figure 1 The unit cell of yttria stabilized zirconia: {d) general view, (6) plan view in which the numbers give the heigiits 
of the sites above the base in terms of the lattice parameter. 

passed, for limes ranging from 3 miii to I h 
through rods of ] mm- cross-section. Im-
medialeljf after current passage ihe sample 
liolder was withdrawn from the furnace allowing 
the sample to cool under argon to 670K in 
2 mill and subsequently to room temperature. 
This made the rods very friable. I t also left Ihem 
with a silvery, highly conducting surface layer. 
The occurrence of conducting surface la)'ers has 
been reported previously [8, 9], and here they 
were thought to arise from impurities in tire dried 
argon supply. T\\c layer was easily removed by 
dipping the sample into hot phosphoric acid 
.(typically for 5 sec at200°C). The reinoval of the 
layer was indicated by appearance, by the high 
value of tire surî acc resistance and especially by 
the reduced effect of the sample on (he cavity 
damping. Etching was repeated until there was 
no further itnprovement. For comparison pur­
poses some samples were prepared under the 
same conditions of atmosphere and temperature 
but without passing current; their colour became 
paler. 

As-received material heated in air or oxygen 
turned v.'hjto and irario'ticcni ai~id sliov/Cu signs 
of cracking. Treatments ranged from heating in 
air at 1020K for 6 i i (which only whitened a 
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sample to a depth of a few mm) to heating in 
oxygen at 1275K for 50 h (which whitened a 
sample throughout). No change in weight 
greater than the experimental sensitivity (1 part 
in 100 was observed. 

To resolve the lines more clearly than had 
been possible in the previous study at 9.3 GHz, 
measurements were made at 35.5 GHz. A cavity 
spectrometer employing phase sensitive detection 
at 160 KHz was used. The coupling and tuning 
of the cavity were adjustable. A ruby sample 
(with wliicli the cavity Q-factor was x 2000) was 
used to estimate the spectrometer sensitivity. 
From this it was deduced that the spectrometer 
could detect 10'- spins per millitesla linewidth at 
room temperature, working at a power level of 
1 mW with a time constant of 1 sec. The intro­
duction of yttria stabilized zirconia samples into 
the cavity affected the coupling. Furthermore, 
current blackened samples degraded the cavity 
Q-factor seriously making spectra difficult to 
obssrs'c. Accordingly the sample volume was 
chosen, at about I nmi^ to give a sufficient 
number of spins in the sample while retaining an 

Q Si 900. Most ineasuremenls were made at 
•290K and some at 77 K. The magnetic field was 



E L l - C T K O N S l ' l N R E S O N A N C E I N S I N G t . E C R Y S T A L Y T T R I A S T A H l L f Z E D Z I R C O N I A 

DPPH 

1-26 1-27 1-28 1-29 1-33 1-34 1-35 1-36 1-30 1-31 1.-32 
MAGNETIC FIELD (Bl tesic 

Figure 2 Spectra observed in as-reccived 8 moJ % yttria stabilized zirconia. Magnetic field 16 degrees from [100] 

direction in (00 1) plane; 35.5 G H z , 290K. 

measured using a calibrated sweep and a DPPH 
marker. (1 tnillitesla s 10 gauss.) 

3. Results 
Spectra were seen in all satnples. They were 
characterized by three types of line of diflerent 
shape, intensity and variation with polar angle. 

In 8 m o l % YSZ the lines from the as-
received samples were deduced to be of two 
types, which will be referred to as type A and. 
type B (Fig. 2). The two lines labelled " A " seen 
when the magnetic field lay in the (100) plane, 
were believed to be due to one type of site 
becau.sc of their sinrilarily in shape and intensity 
and especially because of their ^-value variation 
with polar angle (Fig. 3). The peak-to-peak 
width of an A-t)'pe line varied according to the 
field value at which it occurred frcin. 20 mT at 
1.32 T to S mT at 1.27 T in ihe (100) plane, 
reducing further to 5 mT at 1.26 T in the (I I 1) 
plane. I n the (1 11) plane thl-ee apparently sym­
metrical lines were clearly seen near this range 
of ^-values, and a fourth, was just delectable. 
Over a matter of months crystals kept at room 
temperature lost their t^'pe-A lines. 

The single tj-pe-B line was asymmetrical and 
of higher intensity. Its slightly anisotropic be­
haviour and the change in the width with polar 
angle were observed. The width changed period­
ically between 10 i I " tT and 6 ± 1 mT corre­
sponding to the <1 10> and <I00> directions of 
the unit cell. The ^-values were 1.990 and 1.997 
along the <I 1 0> and <100> directions respec­
tively. 

In samples which were heat treated without 
current passage no type-A lines were observed, 

1-99 
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1-96 

1-95 
LiJ 

5 1-94 

> 1-93 

' ^ r 9 2 

1-91 

1-90 

• 1-89 

1-88 

1-67 
. . t t . 

- 2 0 O - 2 0 - 4 0 ~ 6 0 - 3 0 - l O O 
<100> •• <110> <oio> 

P O L A R A N G L E (degrees) 

Figure 3 Variation of f-vakie for two A-type lines with 
polar angle. (Key: open circles, measured in (001) plane; 
crosses, measured in (100) plane.) 

but the type-B line seemed unchanged. The room 
temperature ESR spectrum appeared to be 
independent of the atmosphere (air, oxygen cr 
argon) used for the heat treatment. Current 
blackened samples exhibited both type-A and 
type.-B lines and also an additional peak 
(designated type-C) close to the type-B line 
(Fig. 4). The type-C line was isotropic and so at 
some polar angles was obscured by the type-B 
line. The variations with polar angle of the 
resonance field values for the type-A, -B and -C 
lines are given in Fig. 5. There was some indica­
tion that the intensity of the type-C line increased 
with increased current density. The position of 
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T A B L E 1 

1-25 1-26 1-27 1-28 1-29 
MAGNETIC F I E L D IB] tesla 

1-30 

Figure 4 Spectra observed in current blackened 8 mol % 
yltiia stabilized zirconia. Magnetic field .5 degrees from 
[I 00] direction in (00 1) plane; 3.X.S G H z , 290K. 

the peak of the type-C line corresponded to a 
^-value of 1.986. 

The information is summarized in Table I . 
Only samples known to exhibit type-A lines 
before treatment were used. 

Preliminary measurements have been made at 
lower temperatures. For as-received S mol % 
YSZ samples the spectra recorded at 77K were 
similar to those obtained at 290K. and no extra 
lines were seen. With current blackened 8 mo! % 
samples the type-C line was also present down 

Description of Typo of line Result of treatment 
sample present (compared with 1) 

(room tem­
perature) 

(1) As-received (new) A, B Reference standard 
(type-A and type-B 
present) 

(2) As-received (old) B Type-A not present 
(3) Healed in argon B Type-A not present 

without curtcnt 
passage 

(4). Current blackened .A, B, C Type-C is weak. 
(while heating in (N.B. Type-A pre­
argon) sent) 

(5) Heated in air or B T.s'pe-A not present 

oxygen without 
current passage 

(6) As (5), subse­ B Faint trace of Typc-
quently heated in , \ lines 
vacuum at 
] 100'̂ ^C. for 3.5 h 

to 148 K, the lowest temperature at which 
measurements were made. The relative intensities 
of the lype-A, -B and -C lines were approximately 

1-34 

1-33 

1-32 

g i - 3 i 
tlJ 

U -

UJ 

o 
<1-30 
2 o 
in Ml cc. 

1-29 

1-28 

1-27 

- 4 0 ' 
(001) PLANE LlfO] [1f-̂ 03 

7=';;e»re5 Variation with polar angle of line peak positions in'as-rcceived and current blackened Y S Z . (Key: open 
circles, .Mype line in as-received sample; crosses, B-iype li.-e in as-received sample; open square, B-lype line in 
current blackened sample; addition signs, C-type line in current blackened sample.) 

60" 8 0 
POLAR ANGLE 
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the same at room temperature and low tempera­
ture. 

In as-received and current blackened 12 
mol % YSZ similar results were obtained. 

4. Discussion 
4.1. Type-A lines 
The results shown in Fig. 3 suggest llrat each 
type-A site must have a principal axis along one 
of the [I 1 I ] directions. This would mean that 
there were four alternative A-type sites corre­
sponding to the foiu" three-fold axes. Thus, for 
certain orientations of the magnetic field four 
type-A lines should ,be seen. Observations in the 
(1 1 I) plane supported this postulate. The in­
tensities of the lines indicated that all four sites 
were occupied by roughly equal populations. 
The g-value of a given site was a maximum, 
(2.003 ± 0.002), parallel to one of the [111] 
directions and a minimum (1.880 ± 0.002) 
perpendicular to it. 

A model for this centre can be proposed on 
the basis of two associated point defects, the first 
containing a free spin and the second creating an 
additional component of crystal field. .A. trapped 
electron in an oxygen vacancy would provide a 
free spin on an oxygen site. This process is likely 
to occur in YSZ as it contains oxygen vacancies. 
The electron paramagnetic resonance properties 
of F-ccntres in alkali halides, reviewed by 
Markham [10] show ^--values between 1.987 and 
2.0029 with linewidths of luore than 5 mT. The 
correspondence between these results and the 
behaviour of the lype-A lines (coupled with their 
lime and temperature dependence) supports the 
assignment of the line to a complex. 

To explain the temperature variation of the 
conductivity of unblackened YSZ, Caiilet [11] 
has proposed a model based on "free" and 
"trapped" oxygen vacancies. The vacancies were 
trapped by forming a complex with either one or 
two Y'"^ ions. Tlie model suggested here corre­
sponds to Caillet's first "trapped" vacancy with 
the addition of an electron. With regard to 
blackened YSZ, Casselton [12] postulated that 
the onset of current blackening and an enhanced 
conductivity is accompanied by the injection of 
electrons from the cathode. Using the model 
suggested this would be consistent with the re­
appearance of type-A lines aftercurrent blacken­
ing since the complexes would act as electron 
traps. 

The required axial symmetry could be obtained 
if an yttrium ion was on a cation site with the 

other three nearest cation sites occupied by 
zirconium ions. 

4.2. Type-B line 
The type-B line v/as seen in all samples irrespec­
tive of treatment. The symmetry of the variation 
of resonance field with polar angle showed that 
the most likely location for this defect centre 
would be a cation site. The normal occupants of 
these sites, Zr'"*" and Y'"'', are diaiuagnetic and 
consequently would give no spin resonance 
spectra. Tlie defect has not yet been positively 
identified. 

A possible explanation may be valency 
changes of the cations. Ionization energy con­
siderations indicate that the ions most likely to 
be formed would be Zr^+ and Y-'". This may 
apply in the reducing conditions created during 
crystal growth by electrofusion. No resonance 
data on Zr^+ has been reported in the literature. 
However, O'Connor [13] has reported electron 
spin resonance of Y-+ in CaFj at 4.2K and 
quotes a ^̂ -̂value of 1.994 ± 0.005. This is similar 
to the mean g-value, (1.993), found for the type-B 
line. The observed intensity of the type-B line 
corresponded to a spin density of about 
10'^ mm-'. On the assumption that Y-+ was 
responsible this would indicate that about 1 in 
10' yttrium, ions had changed their valency state. 

An alternative possibility, that the type-B line 
might be due to an impurity, cannot be excluded 
although optical spectrographic analysis showed 
that the only riiajor impurities present were 
hafnium (about 2.2%), titanium (300 ppm), 
calcium (100 ppm), and tantalum (300 ppm). 

4.3. Type-C lines 
The type-C lines only appeared after current 
passage. The line was isotropic, w i t h ^ = 1.986, 
and its intensity (like those of the type-A and 
type-B lines) was not strongly temperature 
dependent over the range studied. 

A possible model for this site is an F-centre 
consisting of an oxygen vacancy with a trapped 
electroir surrounded by a tetrahedron of zir­
conium ions. In as-received inaterial the existence 
of such a site v.'ould be m.ore imlikely than the 
complex used to explain the type-A lines. The 
oxygen vacancies occur because yttrium is sub­
stituted for zirconium (one vacancy is produced 
for two yttrium ions), and the cation tctrahedra 
in which yttrium is not substituted for zirconium 
would not be expected to have an associated 
vacancy. During current passage the applied 
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potential jnay cause migration of vacancies and 
the injection of electrons. These electrons may 
be trapped in vacancies having two difierent 
surroundings (i) a tetrahedron of four zircojiiunt 
ions or, (ii) a tetrahedron of three zirconium 
ions and one yttrium ion as proposed for the 
type-A site. The isotropy of the t3'pc-C line may 
be explained because this teti:ahedral arrange­
ment of zirconium ions will produce balanced 
components of crystalline field. This model 
would be consistent with Caillet's postulate of 
"free" vacancies. 
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Effect of Current-Blackening on the 
Elastic Constants of Yttria-Stabilised 
Zirconia 

The passage of current through yttria-stabilised 
zirconia in reducing atmospheres produces visual 
blackening and leads to an incrca.sed friability of 
the material-which, restricts its use as a refractory 
electrode [1 , 2]. To assess the effect of current 
passage on the elastic properties of the material, 
tillrasound wave velocities have been inca.sured 
in single crystal, 8 mol % yttria-stabiiised 
zirconia before and after blackening by current 
passage. 

For elastic wave propagation in the [1 I 0] 
direction of a cubic material three modes can be 
excited with velocities (v) and particle displace­
ments (q) as follows: 

2 = (Ci , + -f 2C,,)/2 ; 
q along [I f 0], longitudinal 

= C.H ; q along [001], shear 

q along [1 TO], shear 

Measurements of the variation of ultrasonic 
wave transit times with temperature were made 
by the pulse superposition technique [3] in a 
conventional cryostat systeiu. Pulse superposi­
tion allows an accurate estimation of tite varia­
tion of the transit tiiue {A} with temperature 
since the ratio 

/](0X) prfiT) 

(where/;//(r) denotes the repetition frequency of 
the pulsed rf oscillator required to give super­
position of successive echoes at a temperature T) 
is essentially independent of the properties of the 
seal and transducer [3-]. 

A crystal, oriented by the symmetry of X-ray 
back-reflection Laue photograplis to was 
cut with a diamond wheel and polished to yield a 
sample !0 x 8 x 4.7 mm thick with faces 
(parallel to within 3 x 1 0 r a d i a n s ) perpendi­
cular to the [1 I 0] axis and edges parallel to the 
[I TO] and [001] a.xes. Quartz X- and Y- cut 
transducers, 5 miri in diarncter, were used to 
generate the ulli'asound at a carrier frequency of 
15 MHz. "Nonaq" stop-cock grease formed a 
satisfactory Iransducer-to-specimen sea! from 
about 283 to 77 K. To excite each of the shear 
modes, the vibration direction (.x-axis) of a 
Y-cut transducer was very carefully aligned in 
turn parallel to each of the requisite particle dis-

© /972 diapman and Haii Ltd. 

placement directions. After measurements had 
been made on the crj'stal in the as-grown state, 
it was blackened by current passage in dry argon 
at 2.5 A/cm'^ and S00°C for 10 min; this treat­
ment was sufficient to produce marked visual 
blackening without causing fragmentation. 

In the as-grown state the velocities at 0°C 
calculated from the ultrasonic data are: 

" i = 7.05, c;,„oi = 3.05, y^ixo = 5.02 
(Units 10̂ ' cm/sec, accuracy, i l %) 

Comparison with the data reported previously 
[4] shows that in the earlier work the modes 
designated fast and slow were incorrectly 
identified and must be interchanged. Tliis also 
applies to the data given for 12 mol % yttria-
stabilised zirconia. WJien this alteration is made, 
the velocities from the previous and present work 
agree to within the experimental error of ± \ %. 
The coiTected values of the elastic constants, 
using the measured density of 5.99 g/cm'^, are 
listed in table I . From these the lattice energy 
per mole L'o has been recalculated, assunu'ng 
ionic binding, from [4] 

Here is the cube root of the molecular volume, 
Ai^ is the Madehing constant (7.33058 for the 
fluoritc lattice) and a is the largest common 
factor in the valencies of the ions (2 in the 
present instance). The repulsive exponent n can 
be obtained directly from the bulk modulus by 

_9So^ 

ore-Ala 

T A B L E I Elastic constant data for 8 mol % ytlrla-
stabilised zirconia. (As-grown single crystal 
material.) 

Elastic-slifl'ness constants Elastic-compliance constants 
Units 10'= dyn cm-^ Units 10-" cm= dyn"' 

Cu 
Cn 
C,4 

3.94 
0.9! 
0.56 

i n 2.78 
-0.52 
18.0 

Bulk modulus, K 
Units 10'= dyn cm' 

Anisotropy ratio 

C „ + 2 C . , 
3 = 1.9 

2 C 
(C„ - C,a) 

0.37 

Cauchy relation 
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Figure 1 Comparison of temperature dependencies in as-
grown and current-blackened 8 mol % YSZ single 
crystals. Key: open circles, as-grown; crosses, blackened 
Full line, shear mode with q along [001]. Chain line 
shear mode with q along [110]. Dotted line, longi­
tudinal mode. 

sintered iion-stabilised zirconia [5]. 
A comparison of results before and after 

blackening is made in fig. I . It can be seen that 
the temperaiurc dependencies are substantially 
the same. Within the experimental error the 
velocities a.re unaliered; the elastic constants in 
the as-grown and blackened states, and ihtis the 
lattice stabilities, arc the same. This correlates 
with X-ray evidence [I ] that Ihe lattice parameter 
remains unaltered after blackening at low current 
densities. In t.he blackened crystal there was a 
marked deterioration of echo quality and. some 
inlermcdiale echoes also appeared; the blackened 
crystal shows the characteristics expected in an 
inhoniogeneous material. 
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and is 12.0 for this solid solution. The Madeiung 
attractive energy f/.M has .been calculated as 
-2945 kcal/mol and the repulsive energy U„ as 
245 kcal/inol. Thus the total binding energy 
C/o (•= -I- U,,) is -2700 kcal/mol. The elastic 
stiffness constants were also used to estimate the 
isotropic Young's modulus; the value obtained 
(2.1 X 10'-dyn cm~'-) can be compared with 
lhat (1.5 X 10'- dyn cm--) for poiycrystalline 
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APFEMDIX 3, 

Use of tha E,Ga Nice c a l c u l a t o r -bo f i n d the s e t t i n g on the 

magnet scale which makes the magnetic f i e l d p a r a l l e l t o a c r y s t a l 

face, when using tha EoSoRe c a v i t y mentioned i n Chapter 4» 

The c a l c u l a t o r consiata of a v j h i t s scale c a l i b r a t e d i n degress 

running a n t i c l o c k w i s e and a black seals c a l i b r a t e d i n degrees running 

clockwiseo Tha scales ars pi v o t e d about a common axis on which an arm 

i s also pivotedo Two f i x e d cursors (D' and D") are a t opposite sides of 

the white scale and a t h i r d (M') i s a t the side of tha b l a c k seals. The 

procedure i s as f o l l o w s , 

1 » The white scale i s r o t a t e d t o set the f i r s t datum l i n e p o s i t i o n 

under the D' line,, The scale i s then adjusted t o halve the 

angle between the D" l i n e and the second datum l i n e positione 

(This c o r r e c t s f o r th?- datum l i n e not running d i r e c t l y under 

the centre of the c a v i t y scale)« 

2. The arm i s r o t a t e d so tha t the l i n e s a t the ends are over the 

" c r y s t a l side p o s i t i o n s " on the white scale- ( c o r r e c t i n g as i n 

D ) . 

3, V/ithout moving the arm the black scale i s ro t a t e d t o p o s i t i o n 

the broad xed t r i a n g l e s under the arm l i n e S e 

4« The re q u i r e d s e t t i n g on the magnet scale i s then opposite the M' 

l i n e . 

See also A. Aypar t h e s i s Appendix 3, page is^z 



APPrMDIX 4, 

C a l c u l a t i o n of tha p r i n c i p a l g «» uclusa and tha d i r a c t i o n a along which 

they apply. 

I n EeSoRo an sxpsEiraental g » value {g ) is calculatad from the formula s 
©ŝ p 

g = h s> 

whsra h i s Planck's constant, •<> i s the frsqusnsy of the r a d i a t i o n us8d,/3 

i s tha Bohr magnaton and B i s the resonant f i e l d of the E»S»Ro l i n e * g^^p 

v a r i e s w i t h the o r i s n t a t i o n of 3» This i s ej<pres8ed i n vector n a t a t i o n by 

making g a symtnstrical tansor ^ S ^ j ) " ^ "9^ " tensor" can be defined by the 

equation 

^ i k ° ^ i j ̂ j k • (reference 41) 

I f XpypZ i s an orthogonal co-ordinata syatam and ..B l i e s i n the «y plans a t 

angle 0 from tha x » a x i s ; 

2 2 2 2 2 2 ^exp ^xx cos ̂  + g^y a i n '0 + g^^ s i n £) cos 0 

Hence the 6 independent components of the g^-^tensor can be found from 6 

BXperiiTiSntal g-valuea taken w i t h B i n the xy^ yz, and zx p l a n e s , a t l e a s t 

one value coming from one planes and two f r o m each of tha o t h s r s o A 
2 

t r a n a f o r m a t i o n e x i s t s w h i c h d i a g o n a l i e e a both t h e g -tensor and the.g-tensor. 

The p r i n c i p a l v a l u e s of t h s g ^ - t o n s o r are t h s squares of t h e p r i n c i p a l valuas 

of the g»tensor« The new s e t of axes correspond t o ths p r i n c i p a l values. 

Computer program DAP 131 c a r r i e s o u t these procaduroao 



DAP 131 

FORTRAN IV G COMPILER MAIN PAGE 0001 

ELECTRON SPIN RESONANCE G-TENSOR<. 
THIS PROGRAM CALCULATES THE PRINCIPAL G-VALUES AND PRINCIPAL AXES WITH 
RESPECT TO AN IMPLIED SET OF ORTHOGONAL A X E S 0 6 EXPERIMENTAL G-VALUES ,COMING 
FROM THE (100) PLANES IN THE IMPLIED AXES^ARE REQUIRED {AT LEAST 1 VALUE 
COMING FROM EACH PLANE).SEE E.G.NICE THESIS PAGE 10 
DATA CARC£;)6 EXPERIMENTAL VALUES ( F 60 4 ) f c O R R E SPONDI N6 6 ANGLES 
B AND IMPLIED AXES (F6 . 1 ) f A 6-DIGIT NUMBER,EACH DIGIT BEING THE 
THE .PLANE CONTAINING THE MAGNETIC FIELD FOR THE CORRESPONDING 
( PLANEU( 100 ) , 2£( 010), 3£( 001) ) . 
USED IN CONJUNCTION WITH.*SSP, 

DIMENSION AA(6,6 ) , G ( 6 ) , V ( 3 , 3 ) , A { 6 ) f f S ( 6 ) , I P ( 6 ) 
READ (5,1) G, A', IP ' - . • 

IFORHAT {6F6»4,6F6,1,6I1) 
WRITE (6,2) G, Af IP 

2 FORMAT (IIX,•EXPERIMENTAL G-VALUES6F7, 4 ,/,« ANGLE BETWEEN B AND 
1 CHOSEN AXES', 6F7.1,/, 27X,'PLANE ',6{ll,6'A)) 

DO 4 1=1,6 

BETWEEN 
NUMBER OF 

VALUE 

0001 
0002 
0003 
0004 
0005 

12 

DC 4 J = l , 6 
AA( I , J ) = 0.0 
00 12 1=1,6 
G( I ) = G{ D^Gil) 
A(I)=0,0174533*A( I ) 
S ( I ) = S I N ( A ( I ) ) 
A ( I ) = C D S ( A { I ) ) 
IF ( I P { I )-2 ) 5,6,7 
AA( I,3)=S( I )*^S( I 
AA(I,1) = A( I ) * A ( I 
AA{I,2) = 2.0*A( I )»S( I ) 
GO TO 12 
AA(I,6) = S( I )*S( I 
AA( I , 3) = A( I )*A( I 
AA(1, 5 > = 2.0ftA( I ) * S ( I ) 
GO TO 12 
A A ( i , 6 ) = A i I ) A ( I 
AA( I , 1) = S( l.)<^S{ I 
AA(I,4) = 2.0*S( I )*A( I ) • 
CONTINUE 
CALL SIMQ(AA,G,6,KS ) 
1 F (KS.NE.O ) GO TO 9 
CALL EIGEN(G,V,3,0) 
G( 1 ) = SQRT(G(1 ) ) 
G(3)=SQRT(G(3)) 
G(6 ) = SQRT{ G{ 6) ). 
WRITE (6,8) G( 1),G( 3),G( 6 ) , { (V{ I,J>,J = 1,3) ,1=1,3) 

8 

9 
10 
11 

• ,3{4X,F7.3),/,2{35X,3(4X 
FORMAT (/,14X,'PRINCIPAL G-VALUES 

1 AXES 
GO TO 11 
WRITE (6,10) 
FORMAT ( 
STOP 
END 

' ,3(4X,F7. 
F7o3),/)) 

THE SIMULTANEOUS EQUATIONS ARE SINGULAR » » 

0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
002 8 
0029 
0030 
0031 
0032 
.0033 

4) ,//,18X,'PRINCIPAL 0034 

0035 
0036 
0037 
0038 

• " " T O T A L "MEMORY" R E Q U I R E M E N T S 0 0 0 6 9 A B Y T E S 

E X E C U T I O N T E R M I N A T E D 



AF£gfj_aiX_5 

To f i n d the c o n d u c t i v i t y of a s l i c e of germanium (thickness x) 

which f i l l e d the complete cross-section of a waveguide, the f r a c t i o n ( p ) 

of the i n c i d e n t microwave power t h a t the s l i c e r e f l e c t e d and the f r a c t i o n 

(T) t h a t i t t r a n s m i t t e d were measured. Then r , the power r e f l e c t i o n 

c o e f f i c i e n t from the surface of the sample, was cal c u l a t e d from the 

formulae 

r ^ (2"^'''* ( 2 - / ) ) ) - r (Ve " ' ^ ' ' ) -̂ / ) = 0 1 

- r {Te ' + a ' ) + Sre ' + T-a ' = 0 2 

by assuming a value f o r i ^ P the power a t t e n u a t i o n c o e f f i c i e n t , was 

changed u n t i l the appropriate r o o t s of 1 and 2 were equele Then the 

c o n d u c t i v i t y ( ) of the satnpie was c a l c u l a t e d from 

cr y (r|^ {r|^ + 4 w^yUo€)/4 w^/io^) 

•jhsrs w i s 2 IT KT microwavs frsquencyj P- o i s the p s r m s a b i l i t y of f r s s space 

and € i s the p e r m i t t i v i t y of the sample. 

This wag moderately s u c c B s s f u l viihen the a t t s n u a t i o n i n germanium prevented 

m u l t i p l e r e f l e c t i o n s i n the sample, but i n t h i s case simpler versions o f 

equations 1 and 2 apply. The defe c t was t h a t equations 1 and 2 r e a l l y only 

apply t o incoherent wavss. Correcting f o r t h i s produced a f a r greater 

incr-jass i n ths complication of the m.ethod than i n the r e l i a b i l i t y of the 

answers. Indeed i n some cases negative values f o r Viere obtained. The 

exercise was t h e r e f o r e abandoned. 



APPENDIX 6 

Program DAP 13P f i t s a set of n p o i n t s {X^s /} t o a curve 

of the type 

Y E Ae + Be 

as describad i n s e c t i o n 6,3 (where f o r the example given x = J_) 
T 

A, E, B and F are adjusted i n t u r n by m u l t i p l y i n g A by TA and B by TB 

and adding SE t o E and SF t o P. This proeedure i s repeated NCYCLE times, 

while TA, TB, SE and SF are modified t o ensure an i n c r e a s i n g l y accurate 

f i t . The program r e q u i r e s the f o l l o w i n g data 

1) n and fCYCLE (format 13, 15) 

2) a l l the Y^ (format BE 10,3) 

3) a l l the ( " " " ) 

4) s t a r t i n g values f o r A, E, B, F, TA, SE, T3, and SF 

(format 8E 10,3) 

I t p r i n t s out each set of A,E,B and F i t t r i e s and the best s e t , which i t 

c a l l s AM, EM, BM and FM and uses t o c a l c u l a t e values f o r Y(X.) (which are 
2 

l i s t s d under R), the corresponding vslua of ̂ ( I n Y{X^) ~ I n Y^) which i t 

c a l l s SQMIN, and other data, 

N.B, You w i l l get more than 4NCYCLE l i n e s o f output} so i t might be boat 

t o keep NCYCLE small and use the program a second time i f the f i r s t p r i n t o u t 

shows t h a t the s u f f i c i e n t convergence has not bean achieved. 



V G r O M P I L r P M ^ I ^ ' OP...-.1-7? j P t l R ^ ^ O o lu-c. Q O O I 

n jMFNSm. ' ^ l Y( 100) , X( iOO) , 7 f 100) 
i?fcAr)(5,l ) N,NCYCL = 
FORMiK I ^ , I". ) 
W'S I T ' f (':•>, ̂ t-) N,MCY'"L'^ 
FORMAT (' f'J-',!?.' CYCL FS-• . I 5 1 
PFAD( .S,2) ( Y( P ,T-} , w) 
^^EAOI 5, 2 ) { X( T ) , 1^1, , M ) 
W R I T F ( 6 , 6 ) • • • 
00 10 3 1 = 1 , 'M 
WRITE{6.9 ) Y{ I I . V ( T ) 
Fr!QM/\T(iy,2F12*3) 
7 ( n = i \LOG( Y( 1) ) 
•'̂  n R H A T ( ^ 1 0 . ) 
PEAn(5.3) A , F , n , F , T A , ? P , T P . , S F 

F n R .f -4 A T [ r 1,0, 3 ) 
l-^PITF(6,10) 4,E.R r p ,TA ,SF,TP,,SP 
F nS M A ]• { ' A ' , 1 P 1 n . 3 , ' = ' , F ]. 0 . 3 , ' B = ' , F ? 0. ? , ' P- ' , F1 0 . ? / ' 

l ^ ' . f ^ l O . - : , ' "F^^' , F 1.0. 3, • Ta=',E10,3.' "̂ .P-' ,F10, M 
CALL r HP r K I A . c , r(, c , _r,imc 0, X . Z , PL DSUM , H) 

DO 10^ J = ! , " ' C Y C ! . '-. 

E=E+SF 
C A L L CH'^C<f 6,£,B,F, SUM S O . X, Z.^LO ^ i r S M ) 
I F ( SU'^SO. ̂ T,nLn ' ;u^' ) SF = --0.5vS? 
IF I SlIMSQ. LT.SOMTN) CALL B E S ^ ( A , = , ̂  , F , AM, p w , RM, FM, SLi"?'^, S-'.M I v ) 
r- F + S f "• 
CALL CHFCK { 6 , E , R - E , S!H'-"? 0, X , Z , nLr»SUf'', N) 
TF ( s u ' ^ s o . n T . o L o s u M ) sF=-n.':>*SF 
IF ( S [ . I ' ^ S 0 , L T , S C M ' : N ) C A L L ' ^ F S T ( A , F , ^ , F , A M , F ^ S " - , * ^ - , Si.i:'SO,S0^'IN) 

.FALL C H F C S ( A , F , R , F , S M M S O , X , 7 , O L D S U M , N ) 
I F ( S ' JM SO. GT, 0 L 0 S UM ) TÂ "*. . 0 / S OP T ( T A ) 

T P ( SU'^SO. L T . S O M T \ ! ) . C A I I T F S T ( A B , F , A M ' . F '- ' , P?«, ^M , S ' . ' ^ S ^ , S O M I N » 

CALL CH = C K ( ^ , F , B , P , SUMSQ, X , Z , PL O'vl (v;, f-.;) 
.T F ( SU'-'SO, LT . SOMTN ) CALL OF S ~ f A , P . , , •'̂  . r P , FM, S'l'<S 0 , SQ^M N) 
IF ( SLl'-SO.GT,n!.n<:'jM) T n - i , o / SOR T ( ) 
U' RITE ' n . ''. •' * s F < R M , F w T M 
FORMAT { • A • , I P F l 2,S, ' F-V" ' , F'.?-. ' 3M = ' P*-' = ' ,£12.5. • 

] C O M T M =•» , F • 0. 3 ! 
. WR I Tc { 6 . A 1 
P l; P A T { 8 X , • Y ' , 1 1 X , ' X ' , 1 ! X , ' P ' ) 
'̂•0 10] T = i , f-.i 
R=AM*£X!5( £.v«X( I ) ) «-r5.M*rxf>{ PM*X( I ) ) 
F 0 P '•• A T { ]. X , 3 -1 2 . 3 ) 
WP ) rr- ( f , K ) Y( T ) . X ( T 1 ,P • ; 
PTOP . 
r: ;\! n, 

0001 
000? 
0003 
00 0 4 
0 00 5 4 
000 6 • 
0007, 
OOOP. 1 
0 009 
0 0 1 0 
0011 q 
0012 103 
0 01 3 9 
ÔO"". 4 
0 015 o 

00 1-? 
001 7 I 0 

0 0 \ ̂  
0 01 9 
OOPO 
00^'' 
0 0 3 2 
002 3 
00 3 4 
0 0 2 5 
002 6. 
00<7 
0 03 8 
00 ?° 
0030 
00^1 , 
0 n 3 3 
00 3 3 
00 3 4 
00 ' 5 
003 6 103 

3 0 3 8 8 

0 0 ̂• 
0040 c 

0041 
004? • 
004 3 r. 

0044 ] 0 i 
004 5 
0046 



DRTQ AN 
V G CGMDI ,PR 

0001 1.1 BP OUT INF 
0 00? 01 MrMS[HM 
000 3 n 1 !"} 5 1J M - C ! ! M 

0 00 4 SUMSQ^O„0 
0 005 no 100 
0 0-'̂ 6 P = t X ̂  ( F 
0 0 01 
000 R -=--G-Z ( I ) 
0009 100 
0010 1100 WPTTE(6,?) 
0011 ? FOPMAK • 

10=',F10.3 ! 
0 01 2 p p T IJ 0 M 
001 3 Fi- \ D 

T n 

CMTK OR-1!-"? }^:1P,?3 •'̂AGE 000; 

FORT R A N IV G C 0 M P T L F R 
30P,^ . ctmpn.jTTN'S nEST(&,E,R,F.AM,£»,?M,PM,SU«SO,<^nMlM) 
3 0 3 7 ' 0f.i t \! = S ! !M-S Q 
000-? AM-A 
0004 f-'^i^F 
OOO-:, = ? • 
000.^ FM=F . 
n o o 7 P F T i i ^ N j 
ooo.'^ ^-^^^ 
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DAP t3P' c a l c u l a t e s Y ( c a l l e d , f o r h i s t o r i c a l reasons, R) given 
A, E, B, F, f o r NSTEP values of x increasing from XMIN i n steps of 
STEP. 

OR TPI 
!IV G 

OOOl 
0 0 0 ? 
0 0 0 3 
000 A 

0 0 0 5 
0 0 0 6 
0 0 0 7 
OOOS 
0 00*?' 
0 0 1 0 
001 1 
001 2 

A N 

CC«P JLFP MA IN O R - 2 1 - 7 ; 1 0 ; =i6. 12 

REAO{ 5 . 1 ) A-,Et&.'?,Xr-nN, S T P P . N S T E P S 

1 FQRHAT ( 6 ; : i 0 . 3 , 110 ) 
yR UE ( 6,P ) A , E »S , F • X M I N , S T F P , N S T P PS 

2 F[}OMAT(//' A-• , I P F l O o ^, " E.= ' .EiO.?, • R- • • . -• , 
IXMIM=' , ElO, 3 , • S T E P - ' , F : 0 . 3 . ' N U M R E R OF S T EP S-: • , 1 3 / / R X , 
2R ' ) , 

no 100 T = o , M S T E P S 
R = /\>>f-XP ( E-.--X ) +:V-i<EXP ( F-'-X ) 

H O C W R I T E ( 6 , 3 ) X , « 

3 F O R M A T ! 1 X , 2 E 1 2 . ^ ) 
iOO X = X + S T F P ' 

S T O P ' 
r; n • 

T O T A L ' M E M O R Y R E Q I I T P E ^ E N T S J 0 0 3 E 6 B Y T E R 

OCOl 

f=lG.'-^ /• 
' X ' , 1 i X , ' 

^2 NOV ,973 ^ 
' 'tCTlnM 

-f? RY 


