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ABSTRACT

Single.crysta;s of.B and 12 mole‘% yttria stabilized
zirconia (YSZ) have baén studied to elucidaﬁe thé relationship between
tha presence of point defecte in the maéeriél and its electrical and
mechanical properties, in perficular its tendéncy to blacken and dis=

integrats on carrying-an electrical current, The thesis introduces the

material and its uses and describes how the presence of point dsfects is

explained, X-ray and density méasureménts confirmed that most of ths
defects are oxygen vacsnciés but sﬁggested that cation interstitia;s ars
alsdlpresent, It wés found that the crystals turned white due to
cracking on Heat treatmsnt but did so more rapidly in an oxygen étmosphere
than in.an argon atmdéphera. Up to three tybes of slectron apin
resonance line were chserved at 35_GH3 depending on how the samples had
been treated, One of these (for wﬁich 9, = 2.003 and g, = 1.880) was
ettributed to an electron trapped in an oxygén vacancy which was

assuciated with a yttrium ion. This complex (minus the electron) had been

- used to explain the temperaturs dependence of the conductivity of polye

crystalline Y5Z, Msasurements of the conductivity of single crystal

8 mole % YSZ gave an oxygen vacancy activation ensrgy of 1.2x10'19Jand a

complex association energy of 1, 9% 10’121which were similar to publishsd

values for polycrystalline material, but maintaining the semple as &

single crystel wag found to be difficult. Blackening by current passage '

was compared in the two compesitions, but no difference was chserved.

Ultrasonic measurements coniirmed that blackening was not associated with

a phase change, - Preliminary relative permittivity measurements gave a

valus of 32.
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Chaptex 1,

Introduction

{01 The material and ite uEBs.,
Ytﬁria gtabilizad zirconi&,.(YSZ)g-is zirconium oXide, (ZrUz),

stebilissd in ita cubic form by the addition of yttrium oxida,'(Yzﬂa)o

At high temparaturee‘tha material is an electrical conddcto: and this

prcperty, coupled with its high melting point and high resistance to

chemical attack, makes it a poténtially4suitabla material'for high temps:é

aturs electrodes. In practice howsver there.are shortéominge and tha-

partiﬁular‘difficultiea involved in its uée for eloctrodee in magnetoe

hydrodynamic gensrators led to tha initiation of the present étudyo Yttria

atasiliséd zirconia is also interesting for éther rsasons'etamming~from |

its wide industriszl use as a réfractory material, Amcng thesa may ba

mantioned | |

(a) 'Re?ractary.taxtiles whithmainﬁein fibrous fofm at tempsraturess
&as high 68‘2770 K3 typical applicetiogs lis%gd by the manufacturer
include seﬁaretcrs end metrices for high température fusl cellsg,
insulation spacs Forming,"feihfofc;mehf'bf ablative materisls,
ultra=high tempezaturs filtratioh, catalyst support end diffusion
of combusting gases.

(b) Ncnureactive saggers for use in ceramic firing giiﬁe (inéluding
thoes breading YIG for microwave filters and cantrol), |

e Nozzies end covers for the tundishes in which molten stael is
teemad and from which it is metersd in the continuous casting of
Blaba-and billets;' |

(d) . Cesting mould linings which will not wet gitﬁ molten metal and
therofora provids fres siripping and narding.

(e) . | Heat stofaga plaments cepable of extended mass-flow sarvice to

. heat gases fTor sxnulatxng jet anglne conditions,

URH AS?)’K E‘;(’gfl 5”8/ 002
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C(f) Protection tubes for thermocouples and sensors in high~hset
-zones of kilns or>furnacea'and muffles for firing systems.

(g) - Heat resistant coétings to give protection from srosion by hot
gases; the coatings are sprayed by oxy-acetylene flame or
plaama jet:on, for exampls, rockef ﬁozzlés, combustion chambers,
valvas, pisﬁon hea@s and other engine parts,

- (h) Dissociation cellé in which YSZ serves as the slectrolyte at
1270 K making forvéxémpla hydrogan mora efficiantly from steem
dr; in nitrogen fixation chambers, to turn'atmospheric nitrogen
to nitrates,

(i) Burners for eithef internal or suxfece supported gas-air combustion
and;alacﬁrical resistancé heating elements for lahoratory
furnacéa. | |

Consequently, it was hoped that a furthér étﬁdy of fhé-properties of yttria

etabili;ed zir&énia, especially in singlelcr&stal forn, wﬁuld providse

_further undErstaqding of the physical processes on wﬁich the applications

were hassd,

1,2 - Stabilization

Thé pure oxide, which occuré naturally as thé miheral
‘.Baddéieyité (ZrDz), possesses most of fhehréfracﬁory properties required
for thesc applicaticns. Its melting point is 3000 K, M, Foak, 1967, (1)«
HQwever it suffers from the major disadvantage of being polymoxphic, At
-voom temperature it is monoclinic, Smith and Newkirk, i965, (2); it becomes
tetragonal at about 1400 K - the t:ansformation occurs at sbout 1200 K on
cobliﬁg - Duvai, Brown and Odell, 1951, (3) and finally.cubic at 2600 K,
(1) If the solid is cycied betwsen its meonoclinic and tetragonal forms it

breaks up., The cubic structure can be stabilised down to room temperature



by the additicn of more than 7 mole psrcent of yttrium oxide, (3), Not

{
i

‘only is the stabilised material_resiatant to damagse by temperaturs cycling
but alsc its slectrical conductivity is greater than that of the pure
oxide, It ia fdund that tha conductivity changeg with composition and is
highest for just-stabilised compositions, Strickler and Carlson, 1564,
(4). Thia information was used when chooging the cumpdsitiona for the

_ present siudye Zirconia may be ctabilised in its cubic form by the addition
of oxides other than ytiria. ﬁxidas of calcium, magnesium, cerium,

' dysprosium, lanthanum, neodymium, samarium,Aéurobium-and ytterbium have
been used for this purposs, Kohler and Glushkova, (5)o In industrial
applications calcia and sometimes maénésia are often usad for cheapness
but these stabilising agants have the disadvantage that they evaporats
‘slowly.a% high temperaturas_liﬁiting the lifetime of the meterial, YSZ is
more stable in this respect. It has beén stated, Meadoweroft, 1969, (6),
thaf the price of ytiria stabilised zirconia was sbout £20 per kilogramme

whereas calcia stabilised zirconia cost only about £1 psr kilogramme.

1.3' ‘ Oxygen vacapcies

Yttria stabilised ;irconia haéhbésically a fluorite structurs
but dose not have the required ratio of %he number of cations to the
number of anions of 1 25 Hsncé it éontaina defects, ﬁf'%hase,'the
' oxygen vacancies are of particular interest because it is on. them that the
slectrical conductivity depends; iv also seems likely that they have an
importent part to play in ths blackening and disintagration 6? the material
vreeulting from tha passage bf electric current, (The existence of oxygen
vacancies has been gsnerally accepted since it wae nroposed by Wagnar (7)
in 1943). Conseaunntly, relzatienships béﬁwagn lattics parsmetar snd density

are derived in Chaptsr 2, using three models for the defsct structure of



Y5Z, Density and lattice parameter measurements were made, as discussed
in Chépter 3 in ordexr tec make sstimaticns of the vacancy concentrationé
after various treatments, The accurrence of vacancies in the material
also suggested that, if unpaired electrcns-were trapped in vacancies
during electrolysis, useful information might'be obtéinable from electron
spin resonance studiesy this proved to be the case and the results are

reported in Chapter 4,

1,4 . Choice of material and preﬁaration of samples

Since moét of the preQiously reported work on yttria stabilised
zirconia had been performed on polycfystallina material, and sincse in
particﬁlar complementéry electrical conductiﬁity studies on polycrystalline
MeHoDo electfodes were being made at fhis time by Casselton at I.R.D.
Newcastle, it was deéided to concentraée on fhe study of éingle crystal
material, This choice had adéitidh&lAadvantages in that, from the con~
ductivity point of view, the effects of érain boundaries were avoided and,
from the e.s.r, viewpoint; very much more infoimatioﬁ could be obtained than
wuula have been possible frum.pnwdera; |

It would appear that if M.H.D. electrodes were to be made from
YSZ,a low yttria composition = containing jUst more yféria‘than the minimum
Arequired for stabilisation = should be selecﬁed in order {o give ﬁigh

. VB e e e R v .
conductivity. Fo? these reasgons the Fompcsxtlon (‘203)000830(21-02)00917

 was sclected, The propertiss of this composition were compared with those

of one containing more yttria, (!203)G°12.(Zr02)0088o Single crystals,

made by electrofusing mixtures of the pure powdered oxidss were obtained
from We & C. Spicer Ltd,, (The purity of the zirconium oxide and resulting
crystals used in this marufacturing process had previously been checked by

Heffelfinger, Bloeser and Henzy, 1964, (B8),), The single crystals had to
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be chipped or cut cut of the solidifisd welt but many were of quite large
size, e2.gs 2 cm x 1 cm X 1 cm. They wexrs found to vary considerably in
appearance ranging from %ranaparent amber to an almost opaque black.
Crystal orientations wers determinad by'Xaray backereflection mefhodsg

(séa Figure 1,1)3 tﬁa.genaral absence of evidence of partial Debye=Sherrer
rings and in particular the clear shaﬁeé of the individual diffraction
‘apcts indicatad that fhe singlg crystals were bf fairly high pexfection.
The crystals were robust and hard and were cut into the shapes required for
épacimena uéing_diampnd wheels without difficultiss due to fragmentation

or cracking, Ths visual effects of heat treestmsnt in argon,air and oxygen

were investigated, Section 3.2,

1.5 Electrolysis and Current Blackening

If a large enough electric current is passed through a YSZ
specimen it turns black, loses its mechanical gtrength and tends to dise
integrate., It is perﬁaps not surpriéing that the passage of current should
have soms éffact because the charge carriers are oxygen ions which are
removed from the solid (to form éas) at the annds, {(for further datails see
.Saction 6.2), Unless oxygen ions are p:oducad et the cathode &t the seme

rate their removal must result in a shortage of oxygen ions azound the

bt
¢}
Z3
Q
@]
23
[« 3

cathode, This would ect in 2 similar way to an excess cof metal
could lead to the formation of metallic barticles.

For the present étudy current blackened samples were propared by
passing direct current through as-recsived maﬁeriél in en a2rgon atmosphere
at 1070 K using platinum paste contacts to the platinum elsctrodes. This
temperature was low enough to be reached essily with a conventional
laboratory fu:nacé ye& s iyl enough tu wake the meteriel sufficisnily
conducting. Usually the samples were quenched eimply by withdrawing the

semnle holder from the fucmecs. Further sxpesimental detaile sre given

e e = " ——— o o Ay S AT o % oy we vmpr L ¢ ey e t = e o



in aectiﬁn To3 but it is worth smphasising here that sample preparation,
especially of curresnt blackened materisl, was by no means straightforward,
Apart from the every present risk of fragmentation the current blackening
procedure also xesulted in the formation of conducting surxface layars
whose removal had to be ensured bsfore meaningful measurements could be
made, The difficulties attendent on the production of sufficiently thin
currsnt blackened crystal elices also pravented, du:ing the course of this
work, any at%emp% to axemine etrﬁctural'changes by trangmission electron

microscopye

1.6 Eomplemantary Work

At the commancemant of this ressarch very little was known about
the properties of single crystel yttria stabilieed zirconias. As already
mentioned e programms of alecirical conductivity measurements on polycryse
talline material had bean ini%iafed af IoQQD, Co. Ltd. However, as regards
single crystal maéeriél, it was simply known from pravious Departmental
work that after high temperature electrolysis in argon, (a) very heavy
opticel abécrptian was cbzervaed iﬁ the visible, (b) ﬁhsre‘was a mozked
tendency for the crystals to disintegrate and {c) that electrcn spin resonance
signals wers observable. Consequently two complementary programmas of work
ware initiatede. In the first of thess, undasritaken by'Ao Aypaz, é&phasis_
| was placed on the uze of elesctron spin réaonence and of optical metﬁoda,_
primarily oﬁtical absorption 8pectroséopy, tﬁ examina the nature of single
crystal YSZ with particular rcfarence‘ta current blackensd samples; in the
course of this work it soon became clear that knowledge of lattice para-
matcfs would be dssirabls end this aspsct was included.. In the seacond
programma, wWnicnh is dsacribed in fhie thesis, sttention was concentrated on

tha implinaticns of the defect nsture of the materiel, on the mechanieme of




electrical condubtivity and on the structural changes resulting from
elecfrolysis. In view of tﬁe close relationship betwsen the two programmes
and because of an iﬁdependent astudy of fhe elastic ﬁrdperties of yttria.
gtabilised zirconia made in the Depaytment by members of the Ultrasonics
Research Graup two sections of the work described were undertaken:jcintly;_
these were the electron spin resonance studies (made with A, Aypar) and
the ultraéonic studies (made with J.M. Farley).

It m;y perhaps be mentioned that subsequently a considerable
amount of further work on electrolysed yttria stabilised zirconia has been
carried out in the Depaitment by HeP. Buckley; this has involved a more
detailed appreisal of the optical-propgrtiea (9) and‘é‘study of the di-

electric behaviour of the material _(10) .




Chapter 2,

Structure and Defects

- 201 Phase Diagrams

'A phase diagram for the yttriaazircunia system is shown in
Figure 2,1, This is basically similar to that (Figuia 2,2 a) suggssted
by Duvez, ﬁiawn and Odell (3), but has baeﬁ'mudified-alightly to take
account of more rscent measuremsnts., Duvez st al. held eamplés of the
-compasitiﬁna indicatéd at 2é78 K Tor bstwean twq and six hours or at L
1650 K'?or.336 hbﬁrs and thon quenched them, X-ray analyaié revealed
the presence of the phasas_qhown° - In eachvcasa the main'componant is
named on.thﬂ diagraé, Bsge "ZrO2 cubic solid so;utiunf is a single phase
solid solution with a cubic structure consisting cf.a largse emount of
zirconia (ZrDz) and a small amount of yttria (Y203)° This selid solution
is yttria stabilised zirconia and it was found.to hava the fluorite
(CaFZ) crystal structurs. | |

-Thermal expansion maaauremanté vere alsc made., OSamples with a
low yitria content underwent a sudden qonfraction at a particulsr
temperature as the tampaiature rose andAa guddan expansioﬁ as it fe;lc
Thié was attribuizd to a phaaé change anéA;t was concluded in theee cases
that the monoclinic phase observed in the'éuenched gamples did not corregpond .
to the teﬁperaturg before duenching. The phase bnundar;ea marked with short
dashes (= < =) were fitted betwsen the.exﬁarimehtal pointe, Ths phass
bﬁun&axies markad with long dashss ( *-'4—-;.) were tentatively filled in
on the basis of tha‘éxiatance of a'twoéﬁhass regioﬁ and ths lack of any
intermadiate compounds.

Fxrom cogiing curves M, Foex (1) found, in agreement with other
workers; that.pure zirconium oxide had a melting point of 3000 K and that

at 2600 K it changed phase, These tempsratures are well above the mono-
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clinic-tetragonal transition tsmperature., X-ray powder photographs of -
the hot oxide confiimed that it had & tetragonal structures at temperatures
betwsen 1400 K and 2600 K.aﬁd showed that at 2600 K its structure became
cubic, foex also found that the addition of other oxides réduce& the
tstragonal=cubic tranaifion temperature, The.additional phase lines
markesd by chainkeymbola (=m-omme =) haye therafora,beeﬁ included in Figurs
2616

Sévera; b;nary mixtures of comppunds like yttrie and>zirccnia
wers found to form intermediate compounds; some exemples of-%his ars
af theée,‘tha compounds

CeZO3 o 22:02, La203 o 22&02 20

containing zirconia had a pyréechlors type of structure., In the yttria=-

and Y203 o 2Ti0

zircenia system howsvsr neither Duvez; Brown and Ddell, or, Hund (11), 1951
or Roth (12), 1956 found eny evidence for ihe existence of Y2 5 ° 22:020

An alternative view was'propossd by Fan fu=Kang, Kaznatov and Keler {13),
1963\who cleimed ¢o have found extra lines'in tha X-ray powdexr pattsrns of
cexrtain compositions in the yttriauzirconia system, They interpreted

these &s being dus to the presence of a YZDS o 22:02 phase with a pyrochlore
structure and drew a very different phase dzagram (Flgure 2.2 b)., As
further evidence for the sxistence of this ccmp und thsy raporied tlat

both denaity~and conductivity measursments, made as functions of ccmposition,
showed minima oxr maxima respeétivaly at the composition corresponding to
 this formula, In latsr work D.K. Smitﬁ (14), 1966 suggested that yttrium
énd iirconium wers &0 siﬁilar that X-ray diffraction could nét satig=
factérily distinguish a fluorite structure and a pyrochlore structurs, The
two elements however have quite different neutron ecattering cross-
sgctions; Smith therefors studied samples using nautron diffraction; he
prepared two semples with mole ratios 1:1 and 1:2 (Y 03 : ZrDZ), fired

them at 2370 K for four hours and furnace cooled them. Both gaQe X=rxay

powder patterzns charascteristic of & fluorits structurs. A nsutron diff=




...'1[] -
raction analyeis was mede of the 1:2 sampls and this showed that a
fluorite and not a pyrcchlois structure waa‘presento The sampls gave the
same result after it was hesated to 1870 K for fourteen days, Smith
attributed tﬁe extra linse in the X=rey pattern of Fan Fu=Kang et al,
fo a combination of the effects of KA radiaéioﬁ and the absorption edge
of silver, Hencs hes upheld the phase diagram given in Figure 2.1,

More important fo;‘ths progent study is a knowledgs of ths
smzllest yfﬁria concentration required for stebilisation. -Duvez, Brown
and Odell, (3) believad th;a to'be 7 mole parcent; Strickler and Carlson
(4) thought it was a little higher at 9 wmols percert; (Fan Fu=Kang et sl. |
gave a much highar value), Both the 8,3.mole percent and tha 12 mola
pexcent crystals used hers gave stablas f.c.c, X=ray powder\p&tterns, in

egreemsnt with reference (3).

2.2 X-ray unit cell

Yttria stabilised zirconéa has e fluoriie structure, Thia ig
face éentfed cubic, The cation aites-lie on a face cesnired cubic lattice
and the anicn sites lia at the centfsa of the small cubss formad by
dividing.%ha (cubic) unit cell into eight subeunits, Figure 2.3.:

Several investigators have méésurad the léttica paraﬁeter but
since thay used different yttria : zirconia compositions e direct comparison
Aof their results is impossibla, Hoﬁever, the lattice paramster iﬁ the
cubic solid solution varies linearly with yttria concentratiorn, Conse-
Aquently it was possibls to astimate the valuss which would hava been
obtained for the ytiria concentrations used in ghis work and so attsmpt an
indirect comparison, This is wade in Table é,i in which, where nscessary,
the 'a' parametera have bsen normalised %o ths 8.3 or 12 mole psrcent
composition by:interpola%iun or extrapolation, The various results appeay

to be in fazirly close agreement.
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Comparisen of valuss of lattice parameter obtained for YSZ

Investigator Lattice Paramsier - ' Comments

pm S IR (

8,3 mole % 12 mols %

Strickler and

Carlson (4) 513,9% 545.,0%# - . Polycrystallins
Lefevre (15) 513,74+ 514.8% . Polycrystallins
Hund (11) 512,3 593,0¢ - Polysrystalline

Duvez, Brown and o _ . .
Odsll (3) 513,8% 514,0% 7 Polycrystalline

Pace, Saunders,
Sumengen and Thoxrp

) . Single crystal
(16) 512,76 _ 514,01

(powdered)

Aypar and Roas
(sea aleo Section 513.9 514,.8
303) T

5ingls crystal
~ (powdered)

(¥, found by intezpoiations)

(+, found by extrapolationj)




2,3~ Defect Modsls

2;301.‘ Genesral featuras’

In yttria atabilised zirconia there are twe oxygen sites to
ons cation sits, Zirconia fits this strucﬁuraf In yttria, (Yzoa),
thers are ons and a half oxygen ions to each cationf Thus fitting
yttria into fhe Y52 structure requires the formation of defscts, These
may be either oxygen vacancies, or cation interstials, or both, The
. density of YSZ dapendslon tha defects praéen%e -Thq density and the lattice
parameter can be used to calculate the number 6f~a£o¢s iﬁ‘a unit esll,
This knowledge can then be used to compare the validity of diffsrent
‘dafect modsls, This was attémpted by F. Hund in 1951 and he substantiated
the proposal, made earlier by C, Wagner in 1943, thaﬁ_dxygen vacancies
ware presant, -

Thiz work has heen repsetsed using single crystsl matericl; tha
Xwray donsities agd defect concentrsticn; ware ﬁalculated using thes formulas

given in the following sections,

2,3.2, "Molecular Weight" and Density
Ong may define initislly that 100 n mele percant YSZ has e

formula (Zrl?iz),‘“n ° (Y203)n « Then the_formula co§taing 4
(1=n) atoms of zirccniuﬁ

and 2n atoms of yttrium
giving a total of (i + n) cations, In addition the formula contains (2 + n)

oxygan atoms, Thus the mass m of ons "formula" is given by

{1 - n) Aé} + ZnAY + (2 + n) Ab | 2.1

M

where A A, end A sre the eitomic wsighte of zircenium, yittrium end

[ gt .Zr“ ..Y- ..A.n.. ..O .3

oxygen respectively and N is Avogadro's numbsr,

The density d of 100 n mole percent YSZ can than be expressad as

d -] mf‘ - 4 . 202
ﬂlj N

a
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where f is the averags numbsr of formulss in the unit cell and a is
the lattice paramster, This relstion can be used in two alternative
ways.' If a valus for f is éssumed‘and & is measurad it can be used to
calculate an Xerey density; conversely, if d ahd & ere both measured

sxpeiimantally f can bs calculated fxom

£ = da ' S | 2,3
m : : : : 4

If f and a are known, then the dofect densities can be calculated.

203,33, Modals thch determine f
'bTﬁa value of f; the average numbexr of‘formulas in the unit cell,
is dependent on the nature‘of the defect model assumed_to bas opsrative,
There are two ezimple possible models :e
(2) Ostygean vacancy mudél
A cubic unit cell conteins four caﬁian gites, Here
it is assumed thet the only defects present are
oxygen vacéncieé and that the cation sites ars just
filled. Sincé'aach "Pormula® contains (1 + n)

cations ¥ is given by

4
{1 ¢+ n)
(by - Cation interstitial modsel
The unit cell ccnteins sight oxygen gites, .In this
model the assump%ions are that ths only defectis
present are catién interstitisls and that the oxygasn
Bitea.are just filled. -

There are (2 + n) oxygen ions in one “formula" so

f = B i - 2,5

e

(2 + n)
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2.3,.4, The Mixturs Model

It is ﬁoasible that yttria stabilised zirconia contains both
oxygen vacancies and cation interstifiels. (Such a mixture of defects
has been obasrved in calcia atabilisad‘zirconia quenched from 1EDD°Cp
Diness and Roy, (175,,1965), In this caéa f must bs calculated from
squation 2.3,

It is uae%ul to have expressiones for the concentrations of the

various types of defect, Since a unit csll conteins

(2+n) f oxygsnhatoms and B oxygen sites
and also
(1 + n) f cations and 4 cation sites

it follows that the concentration of oxygan vacancies COV is

or c @

ov @ Z +'n d . . - ‘206

and that the concanfration CI of cation intevstitials is

-

a : - . ) ) 2e
or ,CI (§ +n) d .gi . 1
\ e A .

1t is alaso worth noting that the concentration of yitrium iona, CY' is

- R} Lo S 2. )
2 oo ZeT
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2,3,5, The Effact of Sub=Stoichiometric Oxygen Content

Since the effact of gtoichiometry will be considerad in
Chapter 3 it is worth noting here ths effsct that a lowsr oxygen content
would have on tﬁa above expressiona, Ths gsneral formula for sub-

stoichiometric YSZ is

Zr(1=n) Y2n‘ 0(2 +n = x) instsad 9f Zr(1_n) YZn 0(2+n)

forvstoichiomat;ic material, Allowing.for this change equafidn 2,1 bescomes

(1=n) é;g + ZnAY +  (2¢n=x) Ag . 2.1a
v .

Correspondihgly equation 2,5 bascomes

£ = 8 o o ' . 2,5a
(2 +n = ) .

and the oxygen vacancy concentration is

c

e 8 - (2+ne~x)d 4 5 } " 2.6a
a3 ’ m ' ' o '

ov

Although other formulss imvolvs the new Value of m the ectual changs in m
will not be great, Thus thz main differences will ba in the concentration

of oxygen vacancies and in the predictions of the cation interstitial

model,

204 v Atomic Radii

For some purposss it is ccnyenient’to think of the atoms in a
crystal ag being hard impenetrable apherea.l In this model a crystal cone
teining two species of etoms is represented by two seis of spheres of
fferent diamcier. Each ciom touches its nsarést naighbour atoms of ths
epposite type., The ratio p of the radii is impcrtent aince thié determinzs

which co-ordination numbers sre possibls, (the coeordination number is the
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number of nearsst neighbours). Of the latter usually the highest is
taken, Hencs if“p is known for the atoms in a compound, the possible
structurss 6? that compouna can to some extent be praedicted,

The problem lies in finding the radii, for thesse not only
depend on the ionic states of the atoms, or the type of co-valent bonding,
but also to some extent on the other componénts present and the co-
ordination number, (CN), The ionic radius of a given ion increases by
ébaut 4% on going from CN = 4 {o CN = 6 end egaiﬁ on going frem CN = 6 to
CN = 8, If T, and r_ are the aﬁion and cation radii iaepectivaly and a

is the lattice parameter it is clsar that, for the fluorite structure

r, < % | 2.9
It can also be shown that
T, & 8 ' , _ 2,10
c S 373 )
and that ¢ + = = V3§ ‘ o 2,11
a c P ° a . i .
r .

As regards the ratio of the cetion and anion radii the co~ordination
numbers of eight and four for cations and anions respectively impose the

limit

2" !051
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~In yttria stebiliged zirconia, for which the lattice parametsr

is a = 514 pm (Section 2.2), substitution gives
126pm . 2 = p3 40 pm : 2,13

~and

94 pn < r £ 182pm - 2,14

When CN = 4 the radius of Ozm ig 134 pm, whicﬁ is too large, and ths
iadius of covalent oxygen'is ﬁé‘pm, which'ia a suitable valua, Similarly
the radius of Zr4+, whicﬁ is 83 pm, is %oo low., These arguments suggest
that the bonding contains a significent amount of coe~valency, In addition
to this the success of the ionic theory‘of electrical conductivity
applied to YS5Z indicates that e large amountypf ionic.bonding is alee

2+, (96 pm) sre within the limits of

present. The radii of Y3+ and Zx
eduatian 2.13 and presumably so is that of Zr3+ since the same elactron
shells are occupied in this ion as in Zr2+. Tha.radius of Y2+, (114 pm),
indicétes that.this ion could be préagnto

It should be emphasieced thaf-tha limits indicated are not
completqu rigid; this appliec especially in YSZ where, because there are
two types of cation with different valéncies, the cOoordiﬁation numbers
ere not fixedo- Despite this, the main conclusions are
(1) that the bonding is partially covalent and

3+

(2 that tho iona Y2¥, Y3¥ and 72°¥ would fit into the lattice.

Noto ¢ the radii quoted, based on an 0%~ radius of 140 pm when

CN = 6, are taken from Graenwood, (18), modified as indicated
above to taks account of co-ordination number; see also

Azaroff and Brophy, (13).



2.5 . Nomenclature

. Despits the comments above the ionic netation of Kroger and
Vink will be used in the analysié of ths low field electrical conductivity
and the election spin resonance data since consideration of the mixed
bonding doss. not provids greater inaight.in thess specific instances, " In
this notation the effective electrical charéaAan a gits is considered
to be the difference betwean the actual chsigé ;nd the chgrga tﬁa gite
would normally haveoA Superacripts of the type A', AX and A" indicate a
nagative, zexc and positive sffective éharge z:espectivalyc The normal
species to which a asita coréasponds is shown by a subscript; if ¢he sube-
script is "i" the site is interstitial,

Uaing this notation for yttria stabilised zirconia Y3+ in a

cation site is written as Yér and an oxygen vacancy becomas Vg. The

0

It is quite likely that an oxygen vacancy will bs associated with two

notation V répresents an oxygen vacancy containing one tranped electron,.

yttrium ions since this would achieve charge compensstion, i.8,

X

I e
2 YZr + VD D)
If only one yttrium idn is associated with the oxygen vacancy tha complex
would have an effsctive chaxge
’ ' .
Yoo * Vg T Uz Vgl
but if the vacency trépped an electroh.tha charge would be compensated;
this is indicaied by the changss

! e A sy Y M )
zx T o Yaes Yol

Ve & 8 —aV and Y

Thege complexes are relevent to the interpretation of the slsciron spin

resonsnce and slectrical conductivity date,




Chapter 3g

Meagurement of Densitv and Lottice Paramater

3.1 | Dafacts

This chabtaz degcribss the maasuremént of density and lattice
paramater, The experimeatally determimed density is compared with the
X=ray dansity for the models‘describad in Ssctioh_2,3°3 and the oxygen -
vacancy mode) is shown to give ths best fit although soms cation
interstitiala also ssem to be pressnt, For this reason defgct concen-
trations are calculated uaing'%he mixture model formulae given in
| Section 2.3.4, In makiﬁg these estimations it is assumed that the mixture
is gtoichiometric, Evidencs is given supporting ths correctness af
this assumption fqr the y%triaéstabilised zirconia crystals in the as
roceived state, It quickly bacams epparant Ebwgvar that even simple heat
treatments, 'wiﬁhout slectrolysis ; caused murked changes in ths appsarance

~of the crystals, Conssquently these effects were investigstsd first,

3.2 Effects of Heat Treatment without Electrolyeis

3.2,1 Heating in Air or Oxygen

The apbaarance of the as received crystals vafiéd conaiderably
according %n tﬁe ﬁoaition in the fussd melt from which they wore extracted;
‘ soﬁe, from near ths surfaces, ware ﬁslg yellow and transparenf, the
majority ambsr end transperent and somes black end almost opaque. Since
the crystals wers grown by electrofusion of 8 powdered mass-under reducing
conditions it was auggaofad that the as received crystals wers not
stoichiometric and hence that this might explain why they were coloured.
It was supposed that heating the crystals in air or oxygsn would restore

ths stoichiometsy and moasurcments ware mads to test this, The treatmsnte
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were performed in & veristy of ways @

(a) - heating in an opsn silice boat over a bunsen flamas;
(b) heating in a furnace with an air atmosphere and

(c) heating in a furnace with opasn ends through which a stream
of oxygen was pasced,

Typical observations mads ere recorded in Table 3.1, The two major
conclusions can be gummarized as follows :=A |

(a) Ths colour of the crystals fades and the cryatalé turn whits,
(b) The crystals fraqmsnt; probagly fram the surface inwards.

It may be noted hers that an object appeafs white becauss it scatters

or reflects light diffusely and does not selectivsly absorb differsnt
éoloursg Thug a fragmented colourless crystal, sugar for example, will
’eppéar white because the xandom orientafiona'of ths surfaceaz will provide
‘diffuse refléctinn and any light that pasaeabthxough a fragment will not
be selactively absorbsd, Reeent moasursments bg HeP. Buckley have shouwn
that YSZ whitened by hect treatman£ in oxygen scatters ;ight but absorbs
very little of it,. | o

| An increase of 1% in the ﬁxygan content of thess crystals chld

give a frgctional change in mass of 2,5 b3 10”30 The observed chenges in
mass due.to heat trastment aia shown in Teble 3,2, Normally there ig a
fractional gain in mass cf less than 1l3‘=3 (near the experimental
_sensiﬁivity)o Thig indicates that eithexr ths departure from stoichiometry
is less than 1% of the oxygsn content or that-%he samples are.stable
.when non-gtoichiomstzic, Ths lattsr situaticn has been encountered with
other materials; nonestoichicmetric compositions of uranium dioxide; which
also has the fluorite structure, arse in equiiibrium with high or low

partial pxessures of oxygen at elevated temperatures, (Roberts, 1967,

(20),

e o o ————— 1 A g . a8 v sm T A —— - S b A P ¢ TS T S Y Sm 4 = e i - g $ = & eme e



. Sample

5.5

SeT

S.8

S.11 (1)

Vigual
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Compoaition and Heat treatment

8.3 mole %, as receivsd
Aix, 1020 K; 6 her, furnece
Air, 1120 K,12 hr, furnace

Air, 1170 K,12 hr, bunsen
burner

8,3 mele %, as recaived

Oxygen, 1170 K, 4 hr,
furnace

12 mole %, as recsived

Oxygen, 1170 K, 4 hr;
furnace

8,3 mole %, as received

Oxygen, 1360 K, 3,5 hx,
furnace

8.3 mole %, as received

Oxygen, hsated to 1020 K
in 1,5 hr and cooled over
4 hr.

Oxygen, 1020 K; held for
1 hr

Tahls 3.1

Appearance and Commznts

Amber, transparent
Grey, translucent

Grey, translucent

. White, translucent

Transparent amber clustex
of crystals

'The crystals separated;

some turnsd grey, some
white, all were
translucent

Amber, transparent

Sample crumbled: pieces
were translucent, seither

" grey, white or brown

Ambezr, transparent

-Tianslucent, white with

an amber sheen

Transpareant,; amberi cut
into a block with
polished and unpolished
faces :

Colour faded
White patch in one corner

Surface covered in grey
blobs of which thera were
more on the unpolished
than polishsd faces

sffects of heat trectment in Alr and Oxyogen
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3.2.2 Haating in Argon

The eléctralysis of yttrie-stabilizedAzirconia crystals waé,
as will be described in datéil later (Ssction T7.3), normally carried
out et temperaturss nsay 800°c in an sergon atmosphers. For purposes
of reference, end tc estsblish the effects of heat treatmant aione,
observations ware made on some single cryatél aamﬁlea heated in axrgon,
The colour of thess crystels alao fadad and'tha.érystala cracked, Howe
ever, the cracking took place much méra‘slowly than whon tha atmgéphars
contained exygen, Polishing the facas of the crystal also retarded the
cracking, The similarity of %hese reaulté to thoge of the previous
aéction tenda teo confirﬁ the conclusion that these effects éra not due

to oxygen being taken up.

3.3 Lattine Parzmaters

in co;laboraticn with A, Aypax lattica.paramater measurensnts
were made by conventicnal X-rsy powder anslyeis, The Xersy phetographs
wers obtained with a 114 mm Dsbye ~ Sherrer powdér cansra mounted on a
standérd Phillips diffraction unit; All the photographs were taken with
copéez. Kot radistion using a nickel filisr, Many specimens wers
examined after a varisty of treatmsnts e.g. in the as received state,
after hset treetmsnt in air, oxygen or argon and affar high temperature
electrolysia iﬁ argen, Figurs 3.1 ahbwe the type of powder photograph
o oﬁtainsds generally spesaking the diffraction lines were sharﬁ and the
gverall clarity of the films sufficiently high to enabls accurate msasurs=
nerss of ths line positions %o be made, The lattice parameters were
calculated using a computer programme which gave & least squarss fit foxr
é Nslesen = Riley extrapolaticn. Some of the results are given in
Table 3.3, The main conclusions from this study were

{a) That all tha liness cbssrvad could be imdered on tha basis of a
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cubic fluorite structura,

(b) Tﬁat thére was'a slight incrsass in lattice parameter, from
513,% pm to 514.8 pm, sn incrsasing the yttria content from
8.3 mole % to 12 moie %.

and

(c) 'that, for a given yttria concentiatibh, fhera appaared to b;
no significant changes in lattice paresmeter resulting from
eithsr ths vaéioua heat treatmsnta or from slectrolysis,
Values of Xeray density were calculated from this daté for both

ihe ox&gan vacency modsl and the cation intorstitial modal.. Figures}3.2

and 3.3 show the results for the two yttria concentrationsy the Xeray

densities are indicated by the horizontal lines and the effect of a

4+ 0,5 mol % error in n, the assumsd yttria ccntént, is also shown, (Ths

abbreviation "m/o% is used For Mol %M).

3.4 Density of single crystal Y32

Dire;t meaasuremsnts of dansity wara made on as received samples,
.un scme whitensd by heat treatment in air or oxygen, and on others
blackened by cusrent paasage in GLgon. Tha.denai%iea were moasured by
compering fhe weights of the samples in air and when submsrged in distilled

water, Since the upthrust due to air wee negligiblse ths simple formula

d, = Ty 9 o - 1S I
' (“a = mw)

vas usedg in this xeclation ds and dw are the densities of ths eample and
water respectively, m_ is the mass of ths sample found by weighing in air
and m, is the apparent mass found by weighing in water, Corrections were
mada for the vasiation of the density of water with temperature and for

the voliumz of suspending wirs submsrged, The choice of this method was




" DENSITY OF i2 m/o YSZ

626+ . o
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cation interstitial model
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dictated by the facts that the dansity of yttria stabilized zirconis,
(ebout 6 x 103 kQ/m3) was tso great for the application of flotation
‘methods and that a deterxmination from the waight of a rectangular'block

of precise dimsnsions would have invelved laborious crystsl polishing

and, furthermore, not have béen applicableAto treated samples which

tended to fragment, The samples used foxr the measurements wera carafully
sslectad; they wers picked or cut so as to bs homoganaousland free from
bubbles or powder which had incompletely fused, Their masses ranged
-from about 195gtov8089which resQltéd in tha apparsﬁt changes in mess (from
0.2¢ to 1959 bsing maasurable to a nominal eccuracy of 0.2 mg. Tha.
reproduciﬁiliéy wag checked by repeating the measursmants on every crystal
twice,

The results of the density meésdra%eﬁts are shown in Figures

3,2 end 3.3, ‘when thevﬁsasured dénsifics are compared with the Xeray
densities it can be ssen that they spproximately fit tha oxygen vacarncy
model; there is houaver'a_relativeiy emall but significant deviation which
indicates that some cation interstitials are also present. The acatﬁer of
results is a little greater than their reproducibility and probably
reflecte a real variation. (It ssems likely thgt R.23 waa really a 12 mol
% yttria sqmple)° The densitiss of the trgataé samples, including both
those blackened by electrolysis and whitened by heating in éir or qugen;.
fall within this scatter, Consequently, it appears that ths considerable
visual changes in appearence shown by‘tha semples examinad are not

associated with a gain or loss of more than i% of tha oxygen,

3.5 Defact Concentraticns

The concentrations of oxygen vacancies and cation interstitials,
given in Tables 3.4 and 3,5, wers calculated from the lattice parameters

given in Table 2,3 end the measuved densitiss shown in Figures 3.2 and

e wva—we remm B tm i g mae
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3.3 uéing the mixturs model formulaz quotaq in Section 2.3.4, For
each compoéition'tha minimum and maximum measured densities have bsen
tabulated, togsther with a mora representative typical valus,

A change of about 1025 oxygen vacancies par cubic metre
(1020 vacancisa cm°3) should be detectsble as a dansity change which
coulﬂ be quite relizbly measured; iﬁ ytiria gtabilized zirconia this
would represent & 5% changa in the oxygsn vacancy concentration., In tha
experimsntal work however a much greater absoluts arrdr than thie arises.,
Two factoxs confributs to this, The srrcr_dué to unceriaintias in the
lattice paramster (a) in itsslf émaunts to + 15%. Furthermore, tha
exact yttria concentrations are unknown and a change of + 0,5 mol % in
the value of the mole fraction of yttria (n) ussd in:the calculatibn
would also changs the valus of the oxygén vacancy canceﬁtration derived
by + 15%, The effect of these uncertainties on the éalculated value of
the cation interstitial concentration is grester and thasz values are
barely reliable to one significant figure. This shows how accurately the
density and lattice paramster must bs measured te obtain worthwhile
estimates of defect concentraticns. Finelly? the whole of the enalysis
made above assumes that the valancy differsﬁce batwsen ths two cations is
by faﬁ the most important source of defects. This aessumption is not
unraascnabie, The cﬁncentration of tharmally pxéduced oxygen vacancieag

-even at 1200 K, would only reach ths values mentioned above if the energy

20 J (0.4 8Y): this esems

requirad to producé one vacancy was shout 6 x 10
unrealistically low and hence thermal production of vacancies appesars

unlikely.
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Electron Spin Resonance

4,1 Introduction .

It is not unreasonabie to suppose that when an electric currsnt
is passed through Yttria stabilized Zirconia some of the axygen vacancies
will trép an electron, The resuli willAbe an F-ﬁentra° More significantly,
as mentioned in Section Z,S,Aalvacancy might ;ither haye four zirconium
iﬁns as its nearsst nsighbours or have one or more of tHese replsced by
yttrium, Electron spin resonance providses a means of detecting unpaired
electrons and determiniqg their environment., This allows the "vécéhcy-trap“
theory for ionic conduction in YSZ (seé Chapter 6) to be tested by enabling
the traps to be detected., The theory postulates that an oxygen vacancy
. surrounded by zirconium ions will be free to move at elevated tzmpsratures,
but that one 'trapped' by a yttrium ion, to focrm a ‘'complex', will not.

The present study was intended to continue at 35.5 GHz work started by

Mr. Boon at 9,3 GHz, but prematurely terminated.

4.2 Experimental Details

Oriented sampiss were investigated after various treatménts. Some
were studied in the.as received state, some were examined after curfent
blackening and othars after being heated in araon, a;r or oxygen without
having current passed through them.  Most of the samples were cleaved from
(1 mm)z_rodé. The as received material wasvvery strong, and t§ cleave it'it
was necassary io apply.a sﬁarp blow to é knife laid across the rcd., Usually
cleavage occurred in the {1d0} planes bﬁt clesvage in the {110} planes
wag quite common, Rods w;re blackene& by the passege of currents between 10
from 2 min, o 1 h, {More detsile of the blzchke

AR

“and 250 mA

. .
; Tor times w»anging f 2 min,

ening procedure are given in Section 7.3), Blackened samples were very friable

and had a silvery highly conducting surface layer. The suxface layer was

oy e g b — e . —— = <4 =
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removed by dipping the sample into hot phaespheric acid (typicélly for
5 8 at ZODDt)o_ Tge removal of the layer was indicated.by appearance, by
the high value of the surface resistance end especially by the reduced
effect of ths sample on the csvity demping. Etching was repeated until
there was no further improvement. for compérison purposes some samples
were prepared under the same conditions of atmosphére and temperature but
without passing current. ' |

| A cavity spectrometer employing phase sensitive detection at
160 kHz was used, The coupling and tﬁning of the caﬁity were adjustable,
A ruby éample (with which the cavity Q-factor was & 2000)>was used to
estimate the spectrometer sensitivity. From this it was deduced that the
spectrometer could detect 1013 spins per millitgsla.line widith at room
temperature, working under normal conditione with a powsr level of 11 md
and a time constant of 1 sscond, The introduction of yttria stabilized
zirconia samples into the cavity ef%écted the coupling, Furthermore
.currenf blackened samples degraded the cavity Q-factor seriously making
spectra difficult to observe. Accordingly the sample volume was chogen, at
about (1 mm)a, to give-a~éufficient number of spins in the-sample while
retaining an adequate Q=factor., With as recéivgd samplesii¢?900. Rough
estimates of ths number of ESR centrss in YSZ semples were made by assuming

that number of centres ©C hw

Q
‘where h is the height of the (derivative) ESR lines; w is their width and’

Q is the Q-fecteor of the loaded cavity.

An EMI R5146 Klystron provided ths microwave power and the phase
gensitive detsction system consisted of Brookdeal units 421, 450 and 411,
Most measurements were made at 290 K and soms at 77 K.

The magnetic field was produced by a Newport Instruments Magnat

type D with a type C225 power supply which contained a type A slow sweep
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uﬁito The controlling (sawtooth) voltage of the latter was connected
to the X~input of a‘Mcaeley T035A (Hewlstt-Packard) X=Y rscorder., Ths
range control of the X amplifiér waa set to (1 to 10) V/in and the set
zaro was adjusted te make the sweep end at 5.5 inchss. The vernier gain
then positioned the start of ths sweep at 0 inches., Thase settings did
not have to be changed whan the sweep time or sweep amplitude was changed,
The field and the swaep wera.cqlibrated uéing a Newport (proton snd
Lithium resonance) magnetomstasr type P, mark II, 'Thsifraquency of the
magnetométer:(or strictly its sub-harmonics) was»meaéured using a Marconi
Instruments Precision Hetrodynms Wavemsier TF 783. Evan with the probe
carefully positioned in ths centre of the fisld the Lithium signal was too
"small; so phase sensitive detection was used with 50 Hz medulation., Thus
calibration marks were.drawn directly onto a series of traces produced by
the swssp unit, For even the grsatest sweep amplituds ("100%") & graph of
magnefic field aga;nﬁ"X" onn the recorder was elmpat linzar. The resonant
field of each ESR line was found from the sweep calibratiocn and the position
| of a DPPH marksr.

| Samples.ware changed by unscrewiné the bass of the cavity, a&d
since the samples aztocd on e post Fitted to the'beea this procese xotated
the sampléo In order to orisnt the sample in the fisld the orientation of
the sample with respect to an external scale was first found using a B
travelling micrcat;.cpeo A cross-wire was alined with the dirsction of'traval,
é‘side of the sample was alined with the crnsawwire and the positione Gn
bath sideé of tha scale whare ths cross-wire crossed the scale ware found,
The base was screwed into the correct position gnd locked, A nylon thraad
wag drawn taut bat@een two fixed hooks to act as & datum line and the
orieﬁtation of the scale with respect to the datum line was found. (Again
readings were taken on both sides of the scale); Since the orientation of

the megnhet when its pols pisces wers parallel ic ths datum line was known,
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the orianﬁatian of the fisld with respsct to the crystal could be
calculated. (See Appendix 3), - |

Foxr tuning,“the Klystron mode could be displayed on an oscilloscops
by applying the timsbass of the oscilloscops fVia an attenustor) to the
Klystron raflector.' (The signal from the microwave crystal Qas
amplified with a Solartron D.C, decade emplifier)., Usually the cavity
absorption appeared as a large dip in the mode bui when the cavity conteined
a heavily blackened samples the absorption could flatten the Klysiron mode,

Than care had to be taken that the wrong‘cavity mode was not selsctad,

4,3 ~ Results

Shectra were ssfen in all aamplea, They wére characterized by three
types of line of differxent shaps, inﬁanaity and variatiﬁn with poler angle,
Similerly treatéd 8,3 and 12 mele % YSZ semples gave similar spectras

fhe linaa from the as racsived samples wers deduced to bs of two
typss, which will be referred to as t&ps-A and type-BA(Figgre 4.1} The
two lines labelled "A" hers,ssen when the mégnetic field lay in the (100)
plane, ware bslieved %o be_due to one fypa ﬁf site becéuae of their similarity
in shapa and intenaity and eepacially hacause of fhe vsriéticn of their
réaonant field with polax angle (Figuze 4,2). (Tﬁe positicn of the fypa wf
line shownih Figure 4,2 is nat the correct ona‘?or the calculation of gevalus
and hsnce2 doss not corresspond to the calculated g-values (Figure 4.4),) The
ﬁeak'tc peak width of an A=typs line vaf@ad according to the field value at
Which it occurreds from 20 mT at 1.35 T te 6 mT at 1.30 T in the (100) plane
reducing further %o § wT @t 1,26 T in the (111) plane. In ¢he (111} plene
three apperently symmatrical lines wexre clearly seesn near this range of g=-
values and a fourth was just detectable, Over a matter of montha crystals
kept.at room temperaturs lost their typs =A linas,

The einglse typa =B line was asymmetricel and of hicher intensity.
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Its slightiy anigotropic bshavicur and ths change in tha width with polar
angle were observed, The gevalues uariad from 1,990 along the <110
directions to 1,997 along the <100 directions, The linewidth in the
{100> directions was 6 wl and it incrocased asymmatrically to about 10 mT
in tha <110)> directions,

In aémplaa which ware hsat treated wiﬁﬁout current passage no
fype -A lines were cbserved, but the type =B ;ina seemad unchanged, The
‘ESR spectrum appeared to be independent of ths'atmcsphera (air, Oxygen or
Argon) used for the hsat treatment, Current blackenéd samplas exhibiféd
both type =A and type =B and also an additional psak (designated typs =C)
close to the type =B lins (Figure éoj)o The type =C line was iéotropic'and
so 2% goms polar angles was obscurad by ths type =B lins, The variastions '
with polar angle of the resonance field valuss for the type =A, ~B and =C
lines ara given in ?igure 4.2, Thexe was some indication that tha intsnsity
of tha type =L line incrsased with increaaiﬁg current density. Ths position
of the peak of the type ~C line corresponded %o 8 g-value of 1.986,

The information is summarizsd in Table 4.1. Only samples known to
exibit typs «A lines bafore treatment wara‘usedo

Fi@liminary meagurements have baen made at lowsr temperatures on
as receivad'sqa mole % YSZ samples. The spactra recorded at 77 K were similar
to those obtained at 290 K and no extra lines were seen, WYith current
blackened materisl the type «C liﬁe was also present down to 146 [, the.luéesﬁ
fempératura at which measursments wors queo The relative intensities of

the type =A;, =B and =L lines wors approximately the same at recom temperaturs

and low temperaturs.

4.4 Discussion
4;4,1 = Types =A lines

The resulte shown in Figurs 4,2 suggsst thot sach typs =A site must
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have a principal axis along ons of the <111 ’diiections, Thie would
mean that there weras four altarnative’Antype sitss corresponding to the
four thrse-fold axes. Thus, for certain orientations of the magnastic ¥ield
four type <A linss should be szen, Observations in the {i1%9) plans
supported this deduction, The intensitiss of the lines indicated that all
four sites waré occupied by roughly equal populations, Tha gevaluss of a
given site was a maximum parallel tﬁ ong of the. - (1115 directione and a
minimum (1,860 + OODQZ) perpendicular to it. Tha maximum g-value, calculated
from the values obssrved in the {100} planes (ses Appendix'd) was
(2.003_£'0,602)3 but dizect cbsergation, which was much hampered by the
preassnce of the type =B lins, suggésted a lowsr valus (2,600 + 0,003),

| The 'complex! (YZr° VD)x (See Section 2,5) provides a possibls
model for this centrs, This consists of two asaociatéd point defects, The
firet iz a trappzd slectron in an oxygen vacancy which provides a fras spin
on én oxygen site, The othar iz s ytitrium ion on oée of the nearest
neighbour zirconium sites, If ths remeining three nearest zirconium sites
were occupied by zirconium ione this would give the required axial symmetry,

The slectron paramagnetic resonance properties of Fecentres in alkali halides,

widths of more tham 5 mT, The correspondence between thess results and the
bahaviour of the typé =A lines (coupled with their time and temperature
dependence) supports the assignment of the ;ine tc this complex.

To explain the temperature varietion cf the conductivity of
unblackened YSZ, Caillet (22) has proposed a model bassd on "frae' and
"¢rappsd" oxygen vacanciss, The vacancies were trapped by foiming a8 complex
with either one or two Y3+ ionms, fhe model suggestsd here corresponds to
Caillet's first "trapped" vacancy with the addition of an electron., With
regard to blackensd YSZ, Casselton (23) postulated that the onset of current

blackening and en enhancad cenductivity is accompanied by tho injesction of

e
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electrons from the cathc&a. Using the model suggesfed this would be
conaistant with tha‘rewappearanca of typs =A linza after current blackening
since the complexes would act 83 electiron traps,
The density of typs -A centxes in as receivad matsriel was about

1024 m 3; which implied that orly 1 oxygen vacancy in 10 gave rzsé to a
typéraA centre (ses Tables 3.4 and 3,5}, However this ratio (fa) is not
the fraction of the oxygesn vacanciae which were trapped (fﬁ) since

fy = £,f, s whers foo

had trapped one elsctron, In blackensd material f

is the fraction of the trapped.vacancias which
te might approach unity,
but unfortunately blackened material caused too much éavity damping to allow

any estimate of the density of centres,

4.402_ Type =B lins

The typa =B line was seen in sll semples irrespective of treatment.
The symmatiry of the variation of rasonance field with polar angle showed that
the most likely location for this defect centre would be a cation site, Ths
normél occupanta of these sites, Zr4+ end Y3+ are diamagnetic and cansequently
would give no epin resonance spactrﬁ° The defect haz ﬁat yet baen |
pesitively identificd. | | '

A possible cxplanation may be the valency changes of the cations;
Ionization energy considerations indicate that the ions most likaly to be
formed would be Z:3+ and Y2+; This may apply in the reducing conditioné
crgegad during crystal growth by slactrofusion. If the type =B centre is due
to ons of these, it is however surprising that the centre is not destroyed by

hsating in oxygen. WNu resonance datz on Zra+ “has been reported in the

literatura, Howevér Ct'Connox (24) has reported electron spin resonanca of

Y2+ in CaFZ'aﬁ 4,2 K end quotes a gevalue of 1,994 + 0,005, This is gimilar

to the mean gevalus, (1.993), found for the type ~B lins, The obsarved

) L . 24
intsngity of ths type =B line correspondsd o & spin density of about 10
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m~3° On the assumption that YZ+ was regponsible this would indicats

that about 1 in 104Ayttrium ians had'cﬁsnged their valency state,

An alternative posgibility, that the type =B line might be dus
to an impurity, ceanct be sxcluded although opiical spactrographic
analysis showad that the enly major impurities presant were hafnium-

(about 2.2%), titanium (300 ppm), calcium (100 ppm) and tantalum (300 ppm).

4;4,3 Type =C linss

Tﬁe fype =C lines only appeérad after currént passage, . The line
waa isotropic, with g = 1,966 and its intenaity (like those of the typa
-A and typs aBAlines) was not stroﬁgly depsndent on tempsraturs 6ver the
range studied,

A possible model for this site is an ?zcsﬁtre consigting of an
oxygen‘vﬁcancy with a trapped electron surrounded by a tetrshadrzcn of
zirconium icna, In as reczived material the existanca of such a site would
be more unlikely than the complex used %o sxplain tha_typé =A 1linsg, The
oxygen vacancies gccur because yitrium is aubstitﬁted for zirconium
(approximately one vacancy is produced for two yttrium ions, see Sactian
2,3), and the cation tetrahadra in which yttrium ig'not suhatituied for
zirconium would nqt be expected fo have an asaociéted vacancy; During
current passage the appiied potential may cause higration of vacancie; and
the iﬁj@ction of electrona; An electreon trgpped in a vacancy still
éssoéiatéd with a yttrium ion would pradgca a typs =A centre, but if the
vacéncy had broksn free of its yttrium ion (and was thersfore surrounded Ey
zirconium ions) the centre would be type =L, Thus a typs =L centre would

be ona of Caillst's "frees" vacancies plus an slectron,




Chaptar 5,

Ultrasonic,cptical and disleciric measurements
§.1- Ultrasonics

5,101 Aim

Solid material phase chénges are usually éssociatad with
changes in the slastic conetants and valocity of sound, It was hoped
that comparison of thess proﬁaxties of ytﬁria.stabilized zirconis, before
and after biackeniﬁg, weuld reveal whether blackenihé was tending to
cause de~-stebilization (i.e, phase changes), Thess techniques hed already
been used by Pace et ai.(16) 1969 to compare tha elastic conatants of as
received 803 and 12 mole percent yttria stabilized zircenia. The present
work was intendsd to extend theesarlier work sc as to compars as raceived
and cufrsnt blacksnsd material. In the courss of ths present work soms
errors in the identification of acoustic modss made in the_pravious work

wers corrected,

5.1.2 Theory of the ulirasonice measursmenta
As the strains induced by ultrasonic waves are only of the ordex
of 10“7, Hooke's Law is valid end each stress component Oij can be

concidersd as a linear homogsnsoua function of the strain comporients €kl t .

Cij = C,, 0 €. (i, 3, k. = 1,2, 3) " 5.4

ijkl "kl
where the connecting éomponants are the clastic stiffnesses or moduli
Cijkl“ The usual matrix notation giving these constants as Cij ig achiavad
by replacing 11 by %, 22 by 2, 33 by 3, 23 by 4, 13 by 5 and 12 by 6,
Symmetry in cubic crystals zeduces the 6 % 6 array for Cijkl in equation
S.%; =zo that only thres indepsndent slasiic cansilants, 511, 512 and 544,

remain. These can be determined frem tha velocities of three waves, Three

guitsble modes ars pronagated in tha [1101 dirgetion with velositise (Y

and particle diaplacements (q) as followe :




= 40 =

o , _ | -
/Ovi = (z:,‘1 + Cy o+ 2(:44)/2 = C 562 a

™

q along [1?0ﬂ » longitudinal,
2 | | .
,D-\rsom = Cygl q alorg [001] , shear, .- B2 b

“,ngﬂ'o o By = )2 = c";
' q along [d?o] » shaar, 5.2 ¢

where P is the density of ths s@mple. The thres censtants Cn, C44 and C’
can also bs used to define the thres indepandent stiffnessas and have
diract physical significance, Ffor the [110] direction a nocrmal etrass

gn, ec abplied through the longitudinal éound wavé inserted into the (110)
face, praducaé a strain C:fn paiellel %0 [’110] and @'n/é’;n is Cno Fer shear
waves pronagating dewn the [110§ direction, two physical situsfions occur;
first, for atoms vibrating in ths '[uoﬂ direction the ratio of shear

stress to shear strain is C second, for forces parallel to [1?tﬂ N

H
44
N . . 4
- the ratic igs C',
Another eimple deformation is a pure velume dilstion without shear,
expressed as the bulk modulus K, the measure of stiffness to voluma

dilation. This is given by :

K o -vde = b1 * % 5.3

dv 3
vhers P is pressurc and V is volume.

The slastic proparties of a eonlid can alsn be expressed in terms of the

slastic compliances Si:kl defined by
: J

Eij o Sijkl dklo : - 504




In this relation 5., . is the reciprocal tensor of C.. .. The
ijkl . ijkl

compliances of cubic crystals are given by

5, =(Cyy + Cy5) ; 5,5 a
(Cpy + 2050 (C, - )

S, = Lo . 5.5 b
(Cyq + 20, 0(C,, = Ty )

S4q = c1 5,5 ¢
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5.1.3 Experimental Techniques

An as=grown crystal, oriented Ey the syﬁmetry of Xerasy backe-
reflection Lage photographs to i_%o, was cﬁt with a diamond wheel and
polished to yield a sample 10 mm x B8 mm x 4,76 mm thick with'faces
(parallel to within 3 «x 10-5 radiéns) perpendicular to ths [110]

axis and edges parallel to-the [1?0] direction » This high degree of
Vparallelism of faces Qas in order tb keep the echoes reflecting %o aﬁd
fro in the same region. To achieve this finish thz crystal was polished
on a Logitech high precision polishing machine aﬁd the flatness achisved
was checked using interferomstric techniques using an optical fiat as a
reference standard,

Quartz X~ and Y- cut transducers, 5 mm in dizmeter, were used
to generate the ultrasound et carrier %;eqqencies of around both
15 MHz and 45 MHz, '"Nonagq" stop-cock grease formed a satisfactory
transducer-to-specimen bond from about 283 to‘77-K. The transducer was
pressed.on a spot of the grease and was moved round the surfacs of the
sample until it stuck, indicating that the bond was thin enough. The
prassura was applisd through a small pad of caﬁtén wool. To excite each

of the shear modes, the vibration direction {x-axis) of & Y~-cut transducer




was very caraefully aligned parallel to each of the requisite particle
displacement direétions, in turn, After measursments had besn made on
the crystal in ths aségrown gtate, it was blackengd by passing a current
aof 1,00 A batwaen faces (of arsa ¥ 40 mmz) cut parallel to tha (001)
planes, in an Argon atmoaphera'at 800°C for 10 minutes, This treatment
" was sufficieﬁt to producs marked visual blackening without causing f#aé—
mentation., The measurements. of the variation of ulirascnic wave transit
times with tempsrature, made using the pulse auperposition techniqus,
were then repeated, |

The sample was placed in the sample-holder shown in Figurse S.1,
This wholae appératus was enclose& in a convehtional cyrostet system for
working with liquid nitfogano Further tempesraturs control was providad by
the electrical hsater, The temperature was ﬁeasuraa using a copper-
conctantan thermcoouple, which wes glusd to ths sample with low temporaturs
glus to provide good -tharmsl contact. Electrical contact to the outsx
alactrode'on the transducer was via silver dag painted onto the surface of
the crystal.

The method illustrated is the‘éfrengement for the "eingle ended
technique®s in other words, the eame ¢ranaduces injecte pulees of ulfra»
sound into ths sample (under the influsncs of an Tefo elecfrical signal) and
detects the echoes (producing an elecfrical signal). A T=R junction is
. needed to protect the rsceiver by directing most of the driving signal into
thé transduceyr and shielding the receiyer, whils allowing signal from the '
¢transducer to reach the rsceiver, The pulse auparpositiqn technique'requiraa
echuaa from many different driving puls=as to superpose. For this reascn it
works best for matsxials which dﬁ not strorngly sbsorb oxr scatter ultrasound;
80 tﬁét @ach echo train contains many echoés° YSZ is not ideal in this

respect, but nevar=the-lass changes (due to temperaturs variationg) of lees

than 0,1% in the time teken for sound te travel through the cemple erxs
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moasurable,

This accuracy is achieved by mzasuring the frequsncy (\)P ) at
which driving pulses must be repsated in order to synchronize thsss
pulges with the aechoes, To a first apprbximation, synchronization ie
echiéved when, in the tims betwesn pulses, the ultrasound travels from the
top to ths bottom of the sample and baek, p times, whare p is an intéger.
When the wave is reflected off a gurface it nﬁrmally undergoes a phaso
changs (which depends on the relative acoustic impedances of the bonding
materizl and éhe érystal and the thickneés of the bénd), and this mey alsc
effsct the synchronization, However thia»involvas a timing srror of less
than half ths periodic time of the carrisr wave, per reflectioh, piobably
considerably less, - A'final difficulty is that partial aynchronization is
achieved if the pulses are n carrier waveleﬁgths out of step, whare n is
ap integer,

The circuit used is shown in Figuré 5,2, The frequency synthesiser
produced a frequency wh;ch'was selected by decade knobso This determined
the frequency at which the pulse gensrator opsrated and hence the
repetition frequency of the r.f. pulses from the oscillator., The carrisr
frequency producsd by the oscillator and the working frequency of the
ﬁreuamplifier wers togethsr tuned to a resonant frequency of the tranasducer
by trial and error, This maximised the detected signal, Ths envelopses of
the pulses wsre diapléyed on the oscilloscope, which wes supplied b& &

' calibrated, variable delay in ths triggaring to aweeb YAt, Gate A provided
an output while sweep A was sweeping, énd this supressed the driving ulﬁraai
sonic pulses in this period, Thus tha driving pulses were perindically

cut off so that the resulting sche pattern codld be observed without inter-
fersnce., The pulse repetition frequency was adjusted to maximise the haight

of the echoes, which indicated that the driving pulses and schoze wera
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In practiaa e ssries of maxim; wers obssrved (corraspdnding
tan=0;, 1, 2 ete), These wers wqually spacaed, the spacing being
ipversely proporticnal to the carrier frequency. Selecting the cofrect
maximum (n = 0) was troublesoms end for this reason the low carrier
frequancy was preferred, To identify the maximum, the echoes from a
singleApulsa'were observed by turning déwn the pulse repstition Freqﬁancyo
The varisble dslay was used to measurs the time lapee (46) betwaen two .
échoes, which wers as widely separated as possibls, This was  comparsd
with the corréspoﬁding tims lapss (%) for eaeh of'tﬁe maximiged. echo -
 pattermrs, In & good set of maxima ﬁhe difference (t = A ) changed by a
constant amount on going from aAy maximum to the next, and for one maximum
(t = A ) was almoat zero. The later maximum was taken to be the corrsct
cne, The value of p was deduced from tha‘ﬁeasured.magnituds of & since

epproximatély;'

P~ .
> O ’ _ 5.6a
More accurately
pA = _t - _n_+ 28 , 5.7
“ Ve W

where ) is the pulse repetition frequency, V. is the carrier frequency
and 8 is ths phase change (in wavelecngths) when the weve is reflamctsd.
Since n was supposed to be zero end measurihg B would have been an involved

aoperaticn it wae aseumsd that
py = 1/b ' ‘  5,.6b
For this reason thes velocity (V) of sound was calculated from
'V = 2 P \>p d 5.8

However the varietion of transit tims with tempersture can ba found to

greatsr accuracy than the transit tims iteelfé if ¢he propsriies of the bond
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" do nct. changa, Using equaticn 5.7 it can ba shown that; since *é
v

o C
is small :

A\ (T90) o°c)

@é@.ﬁi& ot _,%.,%Jf& <‘I ;" 2:0. ( \>’p(T°C) '— ép(ﬂot))) 5.9a
P ~

3.0 o :
: (1 +€) A 5,9b
SYCIE) : AR

P

where § = B - ﬁ_ and ¢ = ﬂ[ P ( ;SZ(TéC) m'*:>;(005)>4
v} _

Note that transit time depends on wave velocity and sample thickness and

that both are effected by temperaturs,

501.4  Results and Discussicn
The velocities of the ulirssound in B,3 mole % Y5Z- at 0°C were

calculsted as :

V, = 7,058, V = 3,05, V = 5,02

i so01 5170

(units km/s, sccuracy =+ 1%).

To this accuracy the values were the same before and after blackening, It
is worth noting.that in the worst casea ¢ failure to make n = 0 viouyld
resﬁlt in an errzor of 1.7 n % (for Voiqp)s @nd the error due %o g is 50 %
~(for V) (NeB. B € . |
Cémpariscn with thc dats published by Pace ate 8ls shows Lid
modes designated fast and slow were incorrsctly identified and must be
interchanged, {This was confirmsd by Pacs on consulting his experimental
log book),. Whan-ﬁhis alteration is mads, the velocities from ths previous
and prasant work sgrese to within the exparimantal arror of + 1%. The
corrected values of the elastic constants, using fha‘maasurad dsneilty of

'a . “r
6,00 x 10° kg/m” ars listed in tabls 5.1.

e e e e e e —n . i e ey b o gt 4w § ey Mg o et o = e b o
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If the intsr-atomic forces are central then the Cauchy relation

(C 544) Bhouid hold, The fact that it does not is further svidence

12 °
that YSZ is not purely ionic.

| A comparison of resulis befurs end aftsr blackening is made
in Figure 5,3, The ratio of the pulse repstition frequsncies is almoaf
thg raciprocal of the ratic of tha transit times, and theAlatter depands
only onﬁtha sample, Quantitativaly : € < 0,04 @ % (see equation 5.9)
and f is probebly less than ons, Wiﬁhip the expgrimantal error the
vélocities'and their temperatureAdependence are ;naltered. Hence the
alastic constants in the &s rsceived and blacksned states, and thus the
lattics stabilities; are the sams, This correlates with Xeray evidsnce
that the lattice parsméter remains unaltered after blackening at low current
densitieéo In the blackened crystal there was a marked deterioration of
ecﬁo quality and soms intermediate echoes alsc appeared : ths blackened

crystal ghows the charecteristics expected in an inhomogensous material.

5.2 Optical Scattering

5.2,1 Introduction

The experiment describesd bslow was & dsvslopment of ons devissd
by Dr. D.F, Crabtree 4o search for evidencs for thez formation of mstallic
particles im electrolysed yttris stabilized zirconiéa

Since yttria.stabilizad zirconia (at least in its as grown state)
is.an ienic conductor, thé passage of current through a sample is likely
to result in slectrolysis, In that event the metal need not necessarily be
deposited on the cathode, for, if »n number cf‘oxygsn vacancies coagulated &s
they travelled towards the cathode the result would be the formation of e |

small metallic particle at that position, Although the particle would

have a positive chargs this could be neutralissd if clectrons were injected

into ths aalid fzom the cathoda, The high Tisld thaet this would redquire
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.is bslieved to exist while cufrent blacksning is taking place, A
collection of such ﬁarticles, having & differant refractive index from
the matrin, would give riss to cpticai scattering, The scattersd
intensity might eithgr be independsnt of the wevelength cf the light or
inversely proportional to its fourth power, depending on the size ;f the
particles relative to the wavelergth, The intermediate case, whare éhe
dimensions of the particles are similaer to fhé wavelsngth, waé considersd,
_for spherical particles, by Mie. He concluded that scattéred intensity,

as a function of wavslangth, would havs a maximum, (See Born & Wolf (25))

SgéQZ Experimental

As a guide to deciding what really were the effects reéulting :

. from electroiysia, investigations wers made of optical scattering from as
recaivéd samples and samples whitensd by heat treétment as well as from
current blackencd samples. The samples ware cut‘into re;tangular blocks
(approximate dimensions = i0mm x S5mm x 5 mn) o Light from a D 2685
Hilger and Watts spectrometer was focussed into one side of the semple.

The bsam was viewed through & side perpenﬂicuiar to-ths first using &
Vickers MiZ2a metellurgical microscops to observe the scattered light. The
sides of the sample through which the incident light entered and the
scattered light left wers polished. The microscope had a cemsra attachment
'pn which & photomultiplier was mounted instead of a camsra, Dgpending on |
the poeition of a lever eithsr the area uﬁdar observaticn could be viswad
or the light could be directed %o an e#posurenmatsr. While +ths photomulti-
plier was in use the lever was left in its latter position to minimise
stray light, The arrangemant is shown in figﬁre 5.4, Great care was taken
to excluds stray light., To avoid recording light reflectsd from the
surfaces, rather than that gcattered in the bulk of the crystal, the

incident beam znd the arca observed wsre both kept away from the edge of
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'the cryatal, To find the position of the arsa under observation it was

only necessaiy toiswitﬁh on the lamp in the microscope, which illuminated
the area in question, The field iris wéa adjusted so that the
illumination just filled the fisld of view, The lamp was switched off
bafors aﬁy moasurements were made, This procedure appeared to”be sUCCE68=-
ful, for attempis to improve on it by using black papéf baffles did not' :
result in any improvemenf° In some casas;‘whers the sample héd been badly
cracked by the treatment it had underxgone, br;ght spots.wéfe seen under
the microscope, whers light had bgen channeled through the cracks, vSuch
spots were avoided when making acattéring measurements, |

The phoﬁomultiﬁlier currant due to acatterad light was_fﬁund as
a function of wévalengtha' The current was mesasured with a galvanomete¥o

The calibration was usuaily ché;kaa; befors and éftar each'run'
by attaching the photo=multiplisr directly to the specirometsr (with the
alits’at_a set width), That the effect of the microscops on the calibration
wag negligible ( t{i 20%) wes shqwn in two ways. In the first the sample
was replaced by a mirror which reflescted the light straight into ths micro=-
scopa, In thas second the microscope was laid hérizéntally so that the
light sntered it dizectly.

The intensity of the light fa;ling on the photomultiplier was
controlled by the widths of the slits on the spectrometer. For each
sampla-ihesé widths were set at different velues (thesa were noted); so
'thét the photomultiplier current remained within a reasanable-range. It
 was found tﬁat, as expectsd, the photomultiplier current was proportional

to the oxit slit width,

5:2.3 Results end Discussion : .

The results are shown in figure 5.5, The "relative scattering®

hag besn calculated from the formula ¢
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Yrelative scattering” = gn“___ ’ : 5.10
9%

where W and w, ere respectiéely the antrance and exit slit widths on the
spectrometer, while the intsnsity of tha scattered light was being
measured, g is the galvanometer deflection dus to scattered light at the
wavelength in guestion and 9 is the corrssponding calibration defle;tion, {
gc,is a function of wavelength { A ) which.includes the effecfs of the
lamp, #he spectrometsr and the photomultiplier, Since ths calibration
curves found did not gr@atly.differ from each.other an average'curve was
used, | | |
| Provided that lossnof beam intensity in the sample (due to
either scattering or\absorptibn) is nov serioqs "relative scattering" as
defined abcve shauld provide a true comparison of scattering from diffarent
aampleae. It is worth noting that the scattersd light recorded was always
less than 1% of the incident light, |

The as received crystals scattered least light, éo for them the
slits were opened widest, which gave the spectrometer a wide pass~band.
This résultqd in the larger error=bars on.the curves for as received samples
and ths smaller ones on the whiténed gamples,

Curves (a), (b) and (c) all peak at 585 nm and have the same shaps.
Since they are for a sample whitensd by'haating in oxygen (S7), a current
- blackened samplé (DFC1) and a brown as received sample (S19 ii),
.'reépsctivaly, the scattsring is obviously not due to metallic.particlas. fhs
‘gcatiering curve (d) obtained for a yellow as received crystal (S19 iii) was
roproducibly different from the othars and this indicatss that the curves
were not merely due to the apbaratuso The eh;pe of the calibration curve
(é), gshown for comparison, is completely different from that of the
scattsring curves, Curve (b) would probabiy fall nearer curve (a) if optical
_.absorptian in the blackened sample was corrected for.

1f +he curves wars dus to Mis scattering, then they would indicats
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- that both hesating in oxygen and currsnt blackeniﬁg produced en increasé ‘
in number of these centres without changing the size of ths centrss.,
This sesms highly unlikely. -One thing that is common to both whitened
and blackened samples is that bafh arc considershly cfacked; so it would
seem, not surprisingly, that more cracked samplss scattered more light,.
Why microecrecks should lead to a maxim;m gcattersd inténaity at such a
definite and unchangeable wavelength is, however, ohscure, It might
pozsibly be soms muitiple scéttsring affect,

More recent measurements have besn méds\by Mrs. H.P. Bucklsy
usiﬁg an integrating sphere {(9). These inditafa that whitened samplss
scatter light, but gbaorb little, that the reverse is trus of. blackened
samples and that a3 received samples give both low scettering and low
absorption, Howéver the scattering curves obtained are considerably

different to thoss recorded above.

5¢3 Dielectric Meesurements

This sectiqn describes how and why preliminary measursments of
the ralativé permittivity of Yttria sisbilized Zirconia were made and out=
lines attempts to msasure loss in the naterial, During the ESR studiss of
YSZ it became uvbvious that current blackening made the material more lossy
The Q-factor of the cavity was decreased much moré by a blackened sample
than by an as received sample, This suggastéd that dielectric condﬁctivity
. might be a uséful peramater for degree of‘blackenir"lgn The concept of die
electric conductivity ( & } is ons way of repreeenting the sum of -all loss
mecﬁanisms in %the material ( 26 ) Mf, Fe Gfeller had just suceedsd in
measuring the coqductivity of a block of germenium, which just fitted into
nﬁmber 22 wave guide (3,56 mm x T7.11 mm), by measuring the fractions of
microwave powarn which the block reflsctad énd tranamittsd, Thiz seanmed an

‘pasier way of measuring dielectric conductivity than using a cavity method.
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" The method also avoided the need %o produce thin, uncracked ard robust
samples of blackened YSZ, such as would be needed to make parallel
plate capacitors, Mr, F, feller's method required the relativs
permittivity of the sample toAba known and found the conductivity by
iterationA(sea Appendix 5). It appeared to be feasible to start with an
approximation for relative permittivity (E;) and iterate to find tw6
unknowng (E;:and(fa)o (The meaauremanta'deséribad below were intonded
to provide the first approxiﬁation). The method\had some success with
germanium but ths results for YSZ indicated tﬁat multiple reflections in
the eample.wara significant., When the computer prograﬁ which performed
the iteratiéns was modified to take account'of this, convergeﬁce wag
obtained. However the results for both as recaivedvand bleckensd YSZ were .
unreliable,

The relaiive permittivity of as réceivad YSZ was measured at
1 kHz using thin parallael sided slices of the material, Circular silver
elsctrodes waere éepoaitad ch both sidss of the slices, taking cara that
the elsctrodes were dirsctly opposite each other, The capacitance (C) of
the arfangemenﬁ was mzasursd using a HaynéfKerr bfidge. The thickness (d)
of the slice was measured in sevefal places using a micromster, and thez
lengths of two mutually perpendicular diameters of the elactrodes were
found using a travelling micruséope° Tﬁe_rasults are given in Tabla 5.2.
- These aré not ohly scattered but are also high compared with values found
by other investigators. Harrop and Wanklyn { 42 ) quote a value of
22'3_3 for the relative permittivity o% pure zirccnia (in agreement with
other authors) and 27 + 4 for polycrystalline Magnesia stabilized Zirconia,
_The ecatter of results might be explained by ;he prasence of stray capacitance,
fdr.although whén this was measursd it appearsd to be less than 0.1 pf,
tha results do fit a straight line of the type C = Co +€A/d rather well,
If A is the area of the elsclrodss &and € is ihe permittivity,; & bast
straight line it mekes Co, {the stray capacitance} 0.8 pF. This also gives

an 'average' reletive permittivity for Yttria stabilized Zircecnia of 32,
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However these measurements can only be rsgarded as being preliminary.
Since they were made Mrs, H.P. Buckley has used more involved methods to
find ths dielsctric constant and loss tangsnt of both as received and

blackened ¥5Z (10),
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Chaptex Egv

Low Field Conductivity

6.1 | The %srm "low field" is tsken here to indicats conditions for
which blackening doss not occur, This will later bs found to mean thét

| tha oxygen sdpply ie sufficient to cops with the current densities used.
The chapter will describe how the hiéh tembereture conductivity of YSZ
came %o be explained in terms oé movemsnt of oxygen vacancies, and how

the detailed v;ri;tion of conductivity with tampera%ure laﬂ to the idsa of
'trapped’ vacancies,or complexes. The chapter ends by describihg an
axperiment in which the tempsrature variation of conductivity of single

crystal YSZ was measured,

6.2 . Previous Work and Theony

Tha eonducting properties of YSZ havs long been Qsad in a typs of
lamp_callad the Nerst glowar. It was in oxder to sxplain.the conduction
* mechanism and evolution of oxygen.in these devices that Wagner invoked the
idea of oxygen vacancies,.
At high.tempara%ures the oxygen vacanciss aré mobile, Sinca thsy ars
effectively positively charged fhey will tend to migrafa to the cathode when
an slsctric fisld is applied, Thus the YSZ is eiéctrieally conducting,
Provided a supply of o#ygen can get through, or along the surfaces of, the
eléctrodasg a cloas&cycla will be sst up, Vacancies will be created at the
canode (liberating oxygen) and filled at the cathode, Tha electrods

» procegses can be represented by ths equation @

2vy o+ U2 (gas) « o7 —ShEEEMOdE. g% 6.1

“at anode
The conductivity { & ) due to a fixed concentration of vacancies at absoluts

tomporaturs {T) is given by the eguation 3
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emE/kT 6.2

;a'T = A
where A is & constant, £ is an activation eneréy énd k is Boltzmann's
constant, It sesmsd reasonable {o suppose that in YSZ the vacancy
concentration depended only on ths Yttria concentration and so, for a
given sampls, was fixed, Various authors (éoéo D.W, Strickler and
W.G, Carlson 1965 (4 .),-A.ﬁ, Antony 1965 ( 21 ), D.B. Meadowcraft
1963 ( 6 ) and J.E, Bauerls & J, Hrizo 1939Ak 28 | ) heve mads
measurements of ths conductivity of YSZ as a funct#nn of tsmperature and
composition, A.C, metheds wera-usually uged to aveid the effects of elsctro-
lysis, R;Eoﬂo Casseltpn, who was working in loose colloboration with our
group, has made such studies ( 25 ) and the xssults of the experiment
described in Section 6.3 of this thesis has besn published with his work .
(R.E.W, Casselton, J,5., Thorp and D.A, Wright 1969 ( 30 )), A more
detailed and comﬁrehensiva survey of conductivity moasuraments can baifound
in Casselton's thesis, Chaptef B‘(P.BS). Most of ths msagursments were
made on polycrystallins samples; Snly Casselton's group and ours seemed to
have usad single crystals, but no éignificant di??erenca haa been pbserved
between tha two types of samples.

Thers was widespread agresment that :

1. experimsntal fits tc equaotion 5.2 wars obiainad, undsr low Tisl

_cqriditionsp
20 at any given temperature thelconductivity variation with

composition was such that the conductivity wss a maximum when
the yttria concentration was a winimum for stabilization, (Since
the wvacancy ;oncentration increaces with increesing Yitria cone
centzation this result iv Suiprising. 1t is due To an incrsass

in activaticn enargy with Yttria concentration. It has bean

ussd by aeithsr strain
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produced by the esizs difference of the two cations, or by %he
vacanciés eithsr clustering or becoming ordersd, The preciss
mechaniém is not uﬁdarsﬁond)a
The transport numbsr of ths Oxygen iaﬁs (i,2, the fraction of
the total curzent they carry) was found to be very closs %o
unity ( 31, 32 ), |
Howsvar close inspsction of the éraphed rgsults revealed e
curvaturs about five times greater than that dus to the normal
practice of plotting in & againat!l instead of in (o T)
against 1 o Beuerls and Hrizo mads ;recision maaauraﬁants
(0,3%) QI a stable sample of YSZ and fittsd the resulting curve

to the eoquaticn @

.gEi/kT

aat2/ KT o 6.3

£ = A
= 1 2

within experimental accuracy. (/3 is resistivity)., They stated

fwn possiblae int@rpiatetions of this equation :

that the vacsncies could be trapped (probably by the Yttrium ions),
that the grains (thei£ sampls was pelycrystalline) were coatéd in

a thin leysr of yttria enrichad material (thickness 50 rm),

Since Casselion mede aimilar observations on single crystal material

4

’ *
he concentrated only on the firat intsrpratation. ' He enalysed

. his graphs of in ¢ against 1 (T = 820 K to 1720 K), into

: T
three straight line regions, which asuggssted the existsnce of two

types of trap., Thase he expléined by assuming that an Oxygen
vacancy could be associatad with one or two Yttrium ions to Tomm

. WX i o -
complexes (Y, ,Vo)° or (‘YZr° Va}” respactively (sse Section 2,3),
, 42 _

\

38}

2 He uagd this

faillsh st 8l. 10488 { S
model to formulate a semi=quentitative theory of conductivity

and found it wmore succeastul than either a trap free.or a single
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trap modsl, It did not explain the decrease in conductivity with

increasing Yttria concentration. To sum up

(1)

*1

e

low field elsctrical condustivity in YSZ is almoat entirely
due to Oxygen vacancy migration,

the vacancies can be trapped, prébably by tha Yttrium "ions" -
and probably in more ways thén onas, to-foxm such complexss as
% |

¢

(Y, ,V )}° and (ZYz.r,V0

2xr' o

However it should be noted that by the time he had complzted
his normal procedurs of "restoring the crystals to stoiche
iometry" by heating in air ths crystaels wers extensivaly

cracked,

Thess authars had zsjected tha complex (er, VG)x bscauss an

electron~hole contesibution to ths conduction was anticipated but
not obhsarved, However Casselion and Scott 1967 ( 33 ) found
that undar d.c. conditions, when th; ambient gas flow was opposed
#6 the direction of flow of the Oxygen vacancies and when the
tsmperature was above 1100 K there was a small dspendence of
conductivity on Oxygen paxtial #resaurao This depsndsence was

conaistent with a hole contribution to conductivity.
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6,3 ° An_experiment to measure the temperature veriation of

)

donductiviﬁy of a single crystzl of (Y203 (ZxD

womc

2)09083

0917

This expsriment wes originally'iﬁtandeé‘%o obtain measuremsnis
for comperison with thuose of Bauerle and Hrizo made on a polycrystalline
sample., In particular single crystal measurements should be able to dis-
tinguish betwsen the two intarpretaticns since only their ints:pietétion
a) would apply. for single crystals. (See anétion 6.3 snd surrounding
explanaticn), It rather degensratad into an inQestigation.of.tha difficultiea
involved., Preventing tha singls crystal breakingAup wae a major problem, |
If single crystal YSZ ig hmated in air or oxygen it breaks up ("whitansg®
see Section 3,2.1) although it will pass an electxic_cdirent'withuut
"blackening". If instead it is hsated in an inert atmosphere the fragment=
ation is slowed (Section 3.2,2). However if then an slectric current is
passed through it, it "blackens". This changes its conductivity and glao
causss fragmentation, In thig experiment a cnmﬁromiee was adeptsd. The
expariment wss perforied in the blackening'appafatﬁs (Fiéure 6o1(a)) with
the argen fléwing but with the rubber tube R not cohnectsdP 50 as to a;law
air into the apparastus. Thus the etmosphers was an air=argon mixturs,
The-aamples used for this experiment and the =sarly blackening expsrimanté
were 10 mm x 5 mm x § mm blocks. Current electrodes of Platinum foil
were attached to the small faces uzing Platinum pasts, which was then baked
at 1070 K, Similarly Platinum Joltéga.electrcdee vare nagted inte challow
grooves cut 2,5 mm from these facss. Ths samples were held by clamping
between the current electrodes as shown in Fiéura Eot(b)e Currént vas
measurad with a écalamp Galvanomstex or an Avometer as appropriate &and
valtage with a Phillips GM 6020 valve volimeter, The temperature was read
from the tamperéture controllex which used a singls Pt - 13% RnPt thermoe

couple closs to the semple, The contraller was calibrated using a similar
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thermocouple.

As a précaution against thermoelesctric vaeliages and to show
that blackening was not occurring, the potential‘difference betwaen
ﬁﬁa voltage probe was measured as a function of current thzough the
sample for each tsmperatuie. The resistance was taken from the slops ﬁf
the graph of volisge egainzt current. The etagaé of recovery from thé
polarization effacts aséociatad with the onset of blackening are shown
in Figure 6.2, Tha current veltage plot was initially lineax, region
AY on Figurs 6.2, Departure of £h3 graph from a straight line had been
found to indicate the onsst of blackening (AZ), ‘The onset of blackening
did not necessarily signify the end of the useful life of the crystal,
The crystal could recaver if left as @ high %emperature with the current
off (A3), provided the blackening had not gons to§ far, Curves B and C
indicats the}behaviaur after partial recovery, Tha‘eampla was then left
for over four hours without curzent passaés bs%ore its resistance was
measursd (Curve D), The slops of this line (55 .« ) agresd closely with
that of the imitial run (slcpaVST n ) indicating that recovery was
complete),

Ag is alss shown in this figurs, picke-up from the furnacs was &
serious problem, particularly wher the furnace was switching in its temper-
 ature control cycles, Before a current was passed voltage was detscted,

The two points numbersd "=1" (i,e, oﬂe minute before the start) in the
diégram show_the valtage datccfed,withlno current when the furnace was on
-and off, That there should be a voltags anything like as big as 64 nV |
with the furnsce off is highly dig%urbing, The problem proved highly
resistant to numerous re-arrangementa of earthing and shielding, Finally
attempts to solve it werz abendoned, on the grounds that provided all

measurements were made with the furnace either on or off consistant values

of resistance wsre obtained, Refsrring agein to Figure 6.2, in run(Ai
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all readings were taksn with the furnace on, in run D all readings were
taken with the furnace off, It should be emphasiged that the sxampls
given ip Figure 6,2 is an extreme ons, Normally chsexvation of the
peint numbered "7" would have led tc the immediate cwitching off of the
current, Figure 6.3 shows a typical run for finding the rasistarice at
one temperature, The reaistsncé of the ssmple was measurea as the tempere
ature was raised in steps of. roughly 105 K fram 725 K to 1175 K, The
maximum current used wae 100 mA, The sample was then axamine& and found
to be intact but just showiqg thé grey tings which appears at tﬁa atart of
"whitening", The process was then repsated using currents up to 1 mA,
(The larger currents, which increased tge probability that blackening would
oecur, were used in an attempt to improve the signel to noise ratio), The
sample was finally blackened by e curren£ of 7.mA;

| The.rasiativity temperature behevicur is shown in Figure 6.4,
These will subesguently be taken at face valus even though the methods used
to obtain them make this a little déngerous° In particular, of the
results on the left the top ones wey be doubtful because the signal to noise
| ratio is low and thes bottom cnés (for whiéh the signal noise ratio is much
higher) because blackening may be beginning,’

Tha experimental points Qere fitted. to eyuation 6.3 by adjusting
the parameters A.1,A2, E1,E:2 by computer to minimise % (1n y; = ln ;‘i)z
where the y; ere mxpe‘rimsnfal valugs cf ‘1? and the T, ére the corresponding
‘values calculated from aquation 6.3, (Program DAP 13P), Quite good first
_ épproximatiana wsre found using the tangsnts to the ends of thes graph.
The best fit was obtamined when :

1 «~19

T oamk,

L]
-
°
-
o
X
——l
o
[

A, e 1,25 x 10

A, = 1,58 x m"”,ms("’, E, = 3.02 x 10

(If only the highést results for 1/T = B.5 x 100 K end
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9,3 x’ 1074 K™' ars taken, to obtain a fit £, must be resduced to

1

1.9 x 10°20 Jdo ‘Althaugh such 8 selection of results is unjustified,
it domss show the neéd for more reproducibility and sccuracy)., Such a
va;ia%ion of resistivity with temperature can be explained in terms of
two mechanisms which dominate in different temparature rsgions. As
the tsmperatﬁre increases, first ths liberation of vacsnciss from traps
(i.0, the incrsass in carrier concentration) is dominant, then ths
_incresse in mopil;ty of the oxygen vacencies takes over. This intexr~
protation gives an activation energy for vacancy motion of 1.16 x iﬁm?g J
(i.e. 0.725 eV comparsd with 0,682 eV obteiﬁed by Bausrle and Hrizo and
0.7 avlby Strickler =and Carlson, both for 10 /o YSZ) and & complex
sgscciation snergy of 1,93 x 10“19 J (1,20 eV compared with 0,486 eV
obtained by Bauerls and Hrizo), Under the circumsfances this mgreement
ocn ths tbasic! lins is plsasing end the disagzesment on the detailed
Survsture nob sUYprising. |

It could bz argusd that since the atmnsphers must have-a low

partial prassure of oxygen if the crystal ie not to disintegrate, am Argon

atmosphere should ba ussed in canjunction with A.C. techniques, The lattsr

-n ae ol an e A

would prevsnt slectrolysis and tho build Gp of vacancy concsntration which
is believed to be the basis of the blackening, (There is no guarantse that'
it woul& not cause “whitening")., More recently J.E. Bausrle ( 34 ) has
made A.C. measurements of polycrystalline_YSZ using é rénge of temperatures,
fréquencieg and Oxygen partial prassurqs'and used complex admittance
diagrams %o analysis his resultas, Hs identified contributions from 1)
electrode polarizetion 2) a cepacitive, resistive electrolyte polarzization
3) a pure ohmic elsctrolyte polarization, This shows both the power of the

technique and the effort end care that must go into its interpretation,
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Summazr
Preventing Y5Z single crystals disintegrating while measuring tha
temperature variation of their cunductiyity ig a major problam, Thig
can bs overcoms by using an ARir, Argeon atmosphara but the problem then
bacomeé one of preventing blackening., The raaults'abéainad tend to
confirm Bauerle and Hrizo's trapping model (i.e, that the Oxygen vacanciss

. which are the charge carriers in Y5Z can be trapped).




Chepter T.

Current Blackening and "High Field" Conduction

7.1 This chapter will be concernsd with the changss thet take
place when such & high electric current is passed through (hot) YSZ that
the supply of oxygen at the cathcde is not sufficient. (See equation
6.1), -

The saemple (originally white (if polycrystalline) or amber (if
* single crystal)) turns blac_k° This process takes the form of a blackened
zone or "tongus' growing from the cathode. The mechanical atrength of
the sample is destroyed and it tends to break up, Thexe are changes in
the electrical properties, but these are masked by the formation of a con=
ducting layex on blacksned matsriel in éha presaﬁce of traces of eir. Ths
bulk cunducti&ity hecomes slectronic. Under "heavy blacksning conditiona®
gome of ths oxide can bs reduced teo zizcenium through electrolysis, Soms
oflthe obhservations and'measursmanés mada while single ;ryatal samples of
| YSZ were being blacksned will be given. These wers pasrtislly done for their

own sake and partielly to prepare specimens for cther expsriments,

7.2 Suzvey

- "Highfield" cenduction is of intsrest because of the potential
uses of YSZ electrodes (in an &ir atmoaphere) for magneto-hydrodynamic
powsr genaratione The currsnt dersitiss requized {many A/cmz) ars sufficient
Ato céusa "hblackening” undsrs normal operating conditicns. The result is
cracking and shattering of the cethode., (The anode also tends to crack,
but not as badly since only the cathods "bla;kens"), This can be avoidsd
by limiting the current, (The critical current for a given electrode in a
particular environment can be determined fzom its curxant,poteniial

differance charzcteristice. (Ya.P. Gakhstein & A.A. Sofonov 1970 { 35 }),
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| An oxide-metal junction is neseded to carry ths curvent to the esxtornal
circuit and i¢ islfrom here that the trouble originates, The situation

can be improved by drilling heles in the metal to incresse the supply ’

of Oxygen %o the junctien., (R.E.W, Casselton & M.D.S, Watson 1968 ( 36 )),
The disintegration is not dus to ths formation of & moneclinic phase,

(S.K., Adams énd R.E.W, Casaelton 1970 { 37 }). . -

I? aléctric current is passsd through Y32 in an Oxygen-free
~ atmosphera ioqic ;onducfion cannot persist, becsuse it requires ﬂxygen to
be liberated from the selid at the anode and atmospheric Oxygen is néeﬁad
at the-cathode to meintain the supply. . (Equation 6,1), Thus the cone
ductivity must either fall to‘zero or bacoms electronin(possibly due td
the oxide being reduced electrolyticelly tao form metal)} In fact ths
material turns black and becomes &n slectronic poﬁductor without becoming
metalliec, (Metallic Zirccnium h&s been detectsd in blackened YSZ { 36 )
© but often it is not)., This also happens to some sextent if Oxygen is
presant but in insufficient quantities, 1In thia_case e black "{ongue" ccmes
vut from the cathode and grows to an aquilibriuﬁ size determinad by the
Dxygen supply and thes current,

M, Jacquin, M, Guillou and J, Millst 1567 ( 38 ) continuously
weighed a sample of Celcia stabilized Zirconia thle thay passsd a constant
~ currsnt through it in en inert atmosphere, At first there was a loss of
mass which correlated with the evoluticn of Oxygen, but the mass became
constant end the evolution of Oxygen stopped, although the curvent continued,
indicating electron conduction, Calcia stebilized Zirconie is, liks YSZ,
an ionic conductor in a2ir: sc prscumshly YSZ would behave similerly,
Refersnce 36 quotss a loss of masé about 0.65% on blackening for the
most bleckensd parts of their (Y5Z) samples, This paper also notes that
compacted polycrystalline YSZ is much less rasistant to thermal shock than

porcus metarial; and presumably single crystal material ia even less
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'rasistanto Although there is no evidence to suggest that the disinte-
gration of YSZ on'blackening.is due to tharmal shock, this suggests an
explanation for our not detecting mass losses on blackening single cryetél
méterial; namely that the crystals disintsgrate befors tha slectrolysis
has gone far enough to bs detected. The size limitation on siﬁgle crystals

is an additiunal abstscles- )

' When YSZ is blackened in the preaenca of air a gold-coloured
' phase, which ;s hlghly elaétrlcally conductlng, forms on the surface (and
as 1n;luslons in polycrystalllna materlal), This has been reported by
JoP. Loup, Z, Miheiloric and P. Mofvan 1965 ( 39 ) and A, Wilcocksen
and R.E.¥. Casselton 1970 ( 40 ), It has been identified, Trom x-ray
powder photographs, as a solid solution based on zirconiunm nitride (2xN),
the other component being probably zirconium monoxide (Zz0) (which does
vnot exiet by itself in the solid state). The zirconium oxynitride can be
re-~oxidisaed by haatlng in air; to leavs a whits substance with %ha sams
lattice parameter as the atartlng\materlal (YSZ). The oxynitride only
forms if the current paszage leads %o blackening,

In order to make conauctivity msasursments on blsckened material
which was free from oxynitride, Casselton and Watsen ( 36 ) rigorously
excluded Nitrogen from ths atmosphere around their samples, The samples
were in a double walled alumina tube an& a stream of Argon (purifisd of
Nitrogen and nygen by being passed over hot Zirccnium turnings) was pasped
‘through both chambers of the tubs. No oxyﬁitride formation wés detectad.
Thess suthors have shown that when a blacikened zore is formed the potential
dlffqrsnce acrogs the zone is depressed and so the potential distribution is
non=linsar, Thus the term “conductivity of blackened YSZ" must be trested:
, wifh caution, (In unblackened material, the potentisl gradlent is constent
except near the electraodes). Howevar the distribution depands on the

current dencity and the Oxygen pariial prsssure in the atmosphers; and high
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currenfs and low pressures give roughly linear distributicns. The
conductivity of YSZ blackened imn Argon is reported to be iﬁdependant-of )
current density above-a cortein limit (3 A/x:rrf=2 and up to at least

20 A/cmz) (See reference 30 )., (Belew the limit, conrductivity
increased non=reproducibly with current density), The resulting cone
ductivity at 1400°C is roughly an order of magnitude higher than that of
unblackened material, and its temperaturs variation cafresponds to an

2 B
20 J (i.8. 0,2 8Y co.f, 0.7 oV for unblackened

activation snergy.of 3 x 10°
materié&l)° Casselton suspects that this conducticn is due to eslectron
hopping. Finally it is‘worth noting that the mgasurements of Cassaslton

et, 8l, show that much of the potential drop across a sample of YSZ,
blackened or not, occurs near the slectrodes (i.s, is d;e to polarization).

(In heavily blackened YSZ there is a negative spacé charge next to the

cathode) .

7.3 Currenf Blackening Procedure with‘Dbservations and Msasurements macs
The apparatus used for blackening has.baen shuQn in Figure 6,1a
together witﬁ the semple holders for thick (6.1bi} and thin (6,1bii)
samples, Usually current was supplied by & Farnsll L30B power supply which
vhaslnut only a simple voltage control but also an adjustable current
limiter. The limiter was used %o reduce the applied voltage automatically
so as to keep ths current down to ihe set limit, (If a current greatsr
than 1A was raquirad; it wse gunplizd by the 24 V B,C, well supply in ccoh=
junction with a simnle potentiomater). The normal procodure was ¢o mount
the sampls in the apperatus and set the Argon ftlowing. The main furnace
was set at 800°C~and switched on, It usually took about ons hour to reach
800°C. After the desired current had been passed for the requirsd ﬁimg tha
sample was'quanﬁhad, The rubbsr tube "R" was discennected and the silibaﬁ>

tube was sealed with Q-compound, This was repeated with joint "J¥ and the
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tube was lifted out of the furnace, The temperature of the sample
dropped to 400°C in 2 miéutes.

The procedura‘dsuaily gave blackened crystals whose surfsces
ware coated in a silvery conducting layer, This caused no concafn since
it was removed by either polishing (optical samplss) or etching (E.S.R.
éamplES) or, for ultrasonics samples,; was leiTt since a conducting surface
" layer was advantageous, If-the blackening had not gone completely
thfcugh tha sample it appears& as an opaque “taﬁgue" coming out of the
cathode (see Figures 7.1 and 7.2). Thees couid easily be seen if the'
sample was illuminatad from behind, but proved difficult to photograph;
When oxynitrids was present in such a casa it could be detscted with en
Avometer and was found to remsin within the boundarias of the tongus,
(There was one exception to this, the surface of R11f which had been in
contact with the hﬁlder was conducting well beyond the blackened region).
Figures 7.1 end 7.2 illustrats the reeults of an experiment to compare the
blackaning pnoceaﬁ in ths two compesitions (8,3 m/o and 12 mo). For sach
part of the experimsnt a § x 4 x 10 mm3 sample of each composition was
used, Both samples were treated by either tha_sams‘current (Figure T7.1) or
the seme voltage (Figuxe 7.2). No-consisﬁent dirference was cbserved in
blackening bestween ths two compésitionse

In Figure 7.2 crystal R2 is shown after it has bssn blackened by
pasgage of 100 mA for 1 hour (bottﬁm negative) then by passage of 150 mA
‘for 8 minutes (top negative), The second passage seems to have flattenga
the tongue thch the: first passage had Seen pbsnrved to producs.

The grephs on these figurss show how tha blackening process can
be detesctsd by & fall in the total resistance of the semple. (Note that
the flat portions on the current graphs sre dues to the operation of the

current limitsr, which reduced the applied voltags from .30 V, and not to the

2 4
tof

s 2 g 2., 2 P Y ST SO TR T 3 AP,
achisvemant of a new uqi..illlu.l..;uuo (Th;a takas about an houljj. F.Lgum::

shows soms correlation between orowth of blaeckenad tengus and fall in
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resistance, {(The current risss most quickly in ths cass whare the
tongue grows moetje Figure 7.2 shows that while wuch of the change takcs
place within the first minute it does continus at a slower rate. Using
the fall in ressistance, thes importance of Oxygen partisl pressure in
blackening was demcnatrated when sampls 1A10r (a (1 mm)2 rod of 8.3 w/o
crystal) waa.blgckened'at so0® C, At firsﬁ the atmosphere was air, When
30 V was applied, for 7 minutes the current fluctuetsed between 15 and
18 mA, Then tha Argon flocw was turned on, and immaﬁiately tha current
begen to riss, rsaching 250 mA in 3 minutes,

It proved possible to ’unblacken':a crystal by hsating in what
waes nominally an Argon atmosphsre, Fur.examplé : gffer ths éituation shown
in Figures T.2;R2 was blackensd throughout by further passage of current '
(100 mA Tor 50 minufag), Then heating it in "Argen" et 910°C for 3 hours
15 minutss rasulicd in a crystal which wasAbrnwn end transpsrent. It only
differed in sppeavance Viom en a2gereceived crystal in having some small
bulk cracks and a slightly mottled surface., (See also Figure 6,2 and

Section 6.,3), It was for this rsason that we quenched our samples.

7.4 Degrae of Blockening

It can be seen from the above that a full specification of tne
blackening a crystal had receivsd would include the paranetsrs z'cu;rant
density, Oxygen partial pressure, time for which current wac passed tunless
equilibrium had been reached), anneaiing treatment, and probébly sample
(and in particular cathode) geometry. Thus it might be wise to measure the
change in the crystal rather than record thé treatmant. Tha sample is
not necegasarily uniformly blackeﬁed, The loss in mass is small and
aifficult fo.maasureo The optical absqrption is so high that it is
difficult to transmit visible light even through a thin sample., Blackened

Y37 chsorbs microwavss mors heavily than does as recaivad material bus
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attempts to measurs these losses were not very fruitful., No significaﬁt
change in lattica.paramater was measured and the only change detected

by ultrasonics was bulk cracks., In short we lacked a satisfactory parae
meter for "degree of blackening ". More recent optical work has suggested
that it might be possible to use the absorption coefficient at the wave-
length of %hé absorption peak responsible for Bléckening as a msasure of
the "degree of blackening"; "This involves ‘*diluting® a powdered sample

in a transparent medium,
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Electron spin resonance in single crystal
yitria stabilized zirconia |

J.S. THORP, A. AYPAR, 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 mol ‘%, yitria 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 g, == 1.880

4+ 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 rear g = 1.986. The type A lines are aitributed 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 zirconinm

oxide (ZrO,) stabilized by the addition of more

than about 7 mel¥%; of yttrium oxide (Y,Ojy).
Pure zirconia cxhibits a phase change between a
monoclinic and a ictragonal structure at about
1400K and thercfore, due to the associated
volume change, is unsatisfactory as a ceranic
[1]. However, the addition of yttria enables the
refractory properties.of zirconia to be used since
yitria stabilized zirconja adopts a cubic structure
between room temperaiure and its melting
point, about 2800K {2]. For yttria concentra-
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 ai the centres of the small cubes formed
by dividing the unit cell into eight (Fig. 1). There
are two oxygen sites to one cation site. Thus the
presence of the yttria implies that there must be
defects, either oxygen vacancies or cation inter-
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 densily measurements [5]. Since the
vacancies are mobile at elevated temperatures,
the material is valuabie as a refractory conductor,
e.g. in MHD electrode and fuel cell applications.
(At 1400K  ihe conductivity of (VyOs)y0s
(ZrO4)g.g2 is about 1.2 2-2 m="). When an electric
field is applied the vacancies migrate to the

© 1972 Chapinan and Hall Lid.

cathode. However, if there is not sufficient
oxygen to fill them as they arrive, a black zone
starts to spread from the cathode and eventually
the material crumbles. Preliminary electron spin
resonance studies on single crystal YSZ have
been reporied previously [6] and the present
work was undertaken in an attempt to examine
the defect structure more ciosely.

2. Experimental detaiis

Single crystals of (Y,0.) ¢ (ZrOs)gse and
(YaOu)p12 (ZrOs)ess made by electrofusing
mixtures of the pure powdered oxides [7], were
obtained from W. & C. Spicer Ltd. The as-
recejved crysials varied in appearance from
transparent amber to dark and almost opaque.
Their orientation was determined by X-ruy back
reflection methods. They were robust and hard
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-reccived
state; some were examined after current blacken-
ing; others after being heated in argon, air or
oxygen, without having current passed through
them. Curient blackened samples were prepared
by passing direct current through as-received
material (using platinum paste contacts) in an
argon atimosphere at 1070K. (This temperature
was low encugi (v be reached casily yei lugh
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: (@) general view, (b) plan view in which the numbers give the heights

of the sites above the base in terms of the latlice parameter.

passed, for times ranging from 3 min to I h
through rods of 1 mm? cross-scotion. Im-
mediately “after current passage the sample
holder was withdrawn from the furnace allowing
the sample to cool under argon to 670K in
2 min and subsequently to room temperature.
This made the rods very friable. It also left them
with a silvery, highly conducting surface layer.
The occurrence of conducting surface layers has
been reported previously [8, 9], and here they
were thought to arise from impurities in the dried

dipping the sample into hot phosphoric acid
(typically for 5 sec at 200°C). The removal of the
Jayer was indicated by appearance, by the high
value of the surface resistance and especially by
the reduced effect of the sample on the cavity
damping. Etching was repeated until there was
no further improvement. For comparison pur-
poses somc 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 white and ‘ransiucent and showed signs
of cracking. Treatments ranged from heating in
“air at 1020K for 6 h (which only whitened a

730

sample to 2 depth of a few mm) to heating in
oxvgen at 1275K for 50 h (which whitened a
sample throughout). No change in weight
greater than the experimental sensitivity (1 part
in 10°) 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
spectremeter empioying phase sensitive detection
at 160 KHz was used. The coupling and tuning
of the cavity were adjustable. A ruby sample
(with which the cavity Q-factor was = 2000) was
used to estimate the spectrometer scnsitivity.
From this it was deduced that the spectrometer
could detect 1012 spins per millitesla lincwidth at
room temperature, working at a power level of
1 mW with a time constant of 1sec. The intro-
duction of yttria stabilized zirconia samples into
the cavity aflected the coupling. Furthermore,
current blackened samples degraded the cavity
Q-factor seriously making spectra difficult to
observe. Accordingly the sample volume was
chosen, at about 1 mm?3, to give a sufficicnt
number of spins in the sample while retaining an
adequatc Q-factor. With as-receive
QO =~ 900. Most measurements were made at

290K and some at 77K. The magnetic ficld was




ELECTRON SPIN RESONANCE IN SINGLE GRYSTA
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Figure 2 Spectra observed in as-reccived 8 mol 74 yltria
direction in (00 1) planc; 35.5 GHz, 290K.

measured using a calibrated sweep and a DPPH
marker. (I millitesla = 10 gauss.)

3. Results

Spectra were seen in all samples. They were

characterized by three types of line of difierent

shape, intensity and variation with polar angle.
In 8 mol% YSZ the lines from the as-

received samples were deduced to be of two

types, which will be referred (o @s type A and.

type B (Fig. 2). The two lines labelled “A™ seen
when the magnetic ficld lay in the (100) plane,
were believed to be due to one type of site
because of their similarity in shape and intensity
and especially because of their g-value variation
with polar angle (Fig. 3). The peak-to-peak
width of an A-type line varied according to the
field value at which it occurred from 20 mT at
1.32 T to § mT at 1.27 T in ihe (100) plane,
reducing further to 5 mT at 1.26 T in the (1 11)
plane. In the (111) plane three apparently sym-
metrical lines were clearly scen near this range
of g-values, and a fourth was just detectable.
Over a matter of months crystals kept at room
temperature lost their type-A lines.

The single type-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-
jcally between 10 4 I mT and 6 + 1 mT corre-
sponding 1o the (110> and {100} directions of
the unit ccll. The g-values were 1.990 and 1.997
along the ¢110) and {100} directions respec-
tively.

In samples which were heat treated without
- current passage no type-A lines were observed,

stabilized zirconia. Magnetic ficld 16 degrees from [100)
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Figure 3 Variation of g-value for two z\;t,\'pc 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 ficld 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 cuirent density. The position of

i
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Figure 4 Spectra observed in current blackened 8 mol ¥
yitria stabilized zirconia. Magnetic field 5 degrees from
[100] direction in (0C 1) plane; 35.5 GHz, 290K, ’

the peak of the type-C line corresponded to a
g-value of 1.986.

The information is summarized in Table L
Only samples known to exhibit type-A lines
before treatment were used.

Preliminary measurements have been made at
lower temperatures. For as-reccived § 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 mol 9
samples the type-C line was also present down

TABLE 1

Dascription of
sampic

Type of line Result of treatment
preseni " {compared with 1)
(room tem-

perature)

(1) As-received (new) A, B

Reference standard
(type-A and type-B
present)

Type-A not present
Type-A not present

(2) As-received (old) B

(3) Heated in argon B
without curient
passage

(4). Current blackened A, B, C
(while heating in
argon)

(5) Hecated inairor B

Type-C is weak.
(N.B. Type-A pre-
sent)

Type-A not present

oxygen without
current passage

(6) As (5), subse- B
quentiy heated in
vacuum at
1100°C.for 3.5 h

Faint tracc of Type-
A lines

to 148K, the lowest temperature at which
measurements were made. The relative intensitics
of the type-A, -B and -C lines were approximately

134 -
331
132 |
¢
)
i
9431
w
i
w
g
<130
Zz
0
(9]
(17}
o
129
128 |- .
—— S b T
127} x o ey x-n— &~
1 1 [ L | 1 1) 1 —J
-80°  -60°  |-40° 20 i 20° 40°| 60° ec®
{CO1) PLANE 1101} 1Col [110]  POLAR ANGLE

Figure 5 Variation wiih polar angle of line peak positions in"as-received and current blackened YSZ. (Key: open
circles, A-type line in as-reccived sample; crosses, B-type line in as-reccived sample; open square, B-type line in
current blackened sample; addition signs, C-type line in current blackened sample.)
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the same at room temperature and low tempera-
ture.

In as-received and current blackened [2
mol & YSZ similar results were obtained.

4. Discussion

4,1. Type-A lines

The results shown in Fig. 3 suggest that each
type-A site must have a principal axis along one
of the [I 1] directions. This would mean that
there were four alternative A-type sites corre-
sponding to the four three-fold axes. Thus, for
certain orientations of the magnetic field four
type-A lines should be seen. Observations in the
(i11) 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 [I11]
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 conlains oxygen vacaiicies.
The electron paramagnetic resonance properties
- of F-centres in alkali halides, reviewed by
Markham [10] show g-values between 1.987 and
2.0029 with linewidths of more than 5 mT. The
correspondence between these results and the
behaviour of the type-A lines (coupled with their
time and temperature dependence) supports the
assignment of the line to a complex.

To explain the temperature variation of the
conductivity of unblackencd YSZ, Caillet [1i]
has proposed a model based on *“free” and
“trapped”” oxygen vacancies. The vacancies were
trapped by forming a complex with either one or
two Y3 ions. The model suggested here corre-
sponds to Caillet’s first “trapped” vacancy with
the addition of an electren. With regard to
blackened YSZ, Casselton [12] postulated that
the onsct of current blackening and an enhanced
conductivity ic accompanied by the injection of
clectrons from the cathode. Using the model
suggested this would be consistent with the re-
appearance of type-A lines afler current 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 thrce nearest cation sites occupicd by
zirconiunt ions.

4.2. Type-B line

The type-B line was 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't and Y3+, are diamagnetic and
consequently would give no spin resonance
spectra. The defect has not yet been positively
identificd.

A possible explanation may be valency
changes of the cations. lonization cncrgy 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 clectron
spin resonance of Y*' in CaF, at 42K and
quotes a g-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
105 mm~% On the assumption that Y3+ was
responsible this would indicate that about | in
101 ytirium 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 specirographic analysis showed

‘that the only major impurities present were

hafnium (about 2.29%), 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, with g = 1.98¢,
and its intensity (like those of the type-A and
type-B lines) was not sirongly temperature
dependent over the range studied.

A possible model for this site is an F-centre
consisting of an oxygen vacancy with a trappzd
electron surrounded by a tetrahedron of zir-
contum ions. In as-received material the existence
of such a siie would be more unlikely than the
complex used to explain the type-A lines. The
oxygen vacancies occur because yitrium is sub-
stituted for zirconium (one vacancy is produced
for iwo ytirium ions), and the cation tctrahedra
in which yitrium is not substituted for zirconium
would not be expected to have an associated
vacancy. During current passage the applied
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potential may cause migration of vacancies and
the injection of electrons. These electrons may
be trapped in vacancics having two diflerent
surroundings (i) a tetrahedron of four zirconium
jons or, (il) a tetrahedron of three zirconium
jons and one yftrium ion as proposed for the
type-A. site. The isotropy of the type-C linc may
be explained because this tetrahedral 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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APPENDIX 2,

JOURNAL OF MATERJALS SCIENCE 7 (1972) - LETTERS

Effect of Current-Blackening on the
Elastic Constants of Yltria-Stabilised
Zirconia

The passage of current through yttria-stabilised
zirconia in reducing atmospheres produces visual
blackening and leads (o an increased 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,
ultrasound wave velocitics have been imcasured
in single crystal, 8 mol ¢ yttria-stabilised
zirconia before and after blackening by current
passage.

For elastic wave propagalion in the [110]
direction of a cubic material three modes can be
excited with velocities (v) and particle displace-
ments (q) as follows:

prty = (C + Cpp + 2C49)/2 ;

} q along [110], longitudinal
P20 = Ciy; ¢ along [601], shear
pPPa1e = (Coy — Cr)f25

q along [110], shear

Measurements of the variation of ulirasonic
wave transit times with temperature were made
by the pulse superposition iechnique [3] m a
conventional crvostat system. Pulse superposi-
tion allows an accurate estimation of the varia-
tion of the transit time (4) with temperature
since the ratio

40°C)  prf (1)
ATy T pl0°0)

(where prf(T) denotes the repetition frequency of
the pulsed rf oscillator required to give supet-
position of successive echoes at a temperature 7)
is essentially independent of the properties of the
seal and transducer [3].

A crystal, orienied by the symmetry of X-ray
. back-reflectionn Laue phoiographs to 4-3°, was
“cut with a diamond whee! and polished to yield a
sample 10 x 8 x 4.7 mm thick with faces
(parallel to within 3 x 10-? radians) perpendi-
cular to the [110] axis and edges parallel to the
[170] and [001] axes. Quartz X- and Y- cut
transducers, 5 mm in diamcter, were used to
gencrate the ultiasound at a carrier frequency of
15 MHz. “Nonaq” stop-cock grease formed a
satisfactory transducer-to-specimen seal from
about 283 to 77 K. To excite cach of the shear
modes, the vibration direction (x-axis) of a
Y-cut transducer was very carefully aligned in
turn parallel o each of the requisite particle dis-

© 1972 Chapman and Hail Lid.

placement directions. After measurements had
been made on the crystal in the as-grown state,
it was blackened by current passage in dry argon
at 2.5 Afem? and 800°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 ultrasoric data are:

v, = 1.05, v599; = 3.03, 5330 = 5.02
(Units 10° cm/sec, accuracy, 1%

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. This also
applies to the data given for 12 mol % ytiria-
stabilised zirconia. When this alteration is made,
the velccities from the previous and present work
agree to within the experimental error of +1%.
The corrected values of the elastic constants,
using the measured density of 5.99 g/cm 3, are
listed in table I. From these the latticc energy
per mole U, has been recalculated, assuming
ionic binding, from [4]

a?e*NA 1
| S iy _ -
Yo = 3, (l n)

Here §,, is the cube root of the molecular volime,
As, is the Madelung constant (7.33038 for the
fluorite lattice) and « 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
_ 1 98'K
n=1+ et Ase

TABLE | Elastic constant data for 8 mel %, ytiria-
stabilised zirconia. (As-grown single crystal

material.)

Elastic-stiffness constants FElastic-compliance constants
Units 10'2 dyn cm—2 Units 1073 cm?* dyn~!

Cy 3.94 S1t 2.78
Ci 0.91 Sie —0.52
Cu 0'56 : Sia 180

Bulk moduius, K Anisotropy ratio

Units 10'* dyn ecm™*

2C,,

Ch + 2Cy,
' (Ci, = Cie)

3

= 1.9 = 0.37

Cauchy relation g—‘— = 1.6
Cl-l
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Figure 1 Comparison of temperature dependencies in as-
grown and curreni-blackened 8 mol % YSZ single
crystals. Key: opencircles, as-grown; crosses, blackened
Full line, shear mode with ¢ along [001]. Chain line
shear mode with g along [170]. Dotted line, lonyi-

tudinal mode.

and is 12.0 for this solid sotution. The Madeiung
attractive energy Uy has been calculated as
—2945 kcal/mol and the repulsive energy U, as
245 kcal/inol. Thus the total binding energy
U, (= Uy + U,)is —2700 kcal/mel. The elastic
stifTness constants were also used to estimate the
isotropic Young's modulus; the value obtained
(2.1 x 10" dyn cm~¥) can be compared with
that (1.5 x 10" dyn cm ~2) for poiycrystalline

sintered non-stabilised zirconia [3].

A comparison of results before and after
blackening is made in fig. 1. It can be seen that
the temperature dependencies are substantially
the same. Within the experimental ecrror the
velocities are unaltered; the elastic constants in
the as-grown and blackened states, and thus the
lattice stabilities, arc the same. This correlates
with X-ray evidence [1] that the lattice parameter
remains unaltered after blackening at iow current
densities. In the biackened crystal there was a
marked deterioration of ccho quality and some
intermediate echoes also appeared : the blackened
crystal shows the characteristics expected in an
inhomogeneous material.
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APEENDIX 3,

Use of ths E.G. Nice calculator teo find the setting on the

magnet scale which makes the magnetic field parallel toc 2 crystal

face, when using tha E,S.R. cavity mentioned in Chapter 4.

The calculator consists of a white scale calibrated in degrees

running anticlockwise and a black scele calibrated in degress running

clockwise, The scales ars pivoted about & common axis on which an arm

is also pivoted, ‘Two fixed cursors (D' and D") are at opposite sides of

the white scale and a third (M') is at the side of ths hlack scals. The

procedurs is as follows,

1,

2,

3e-

4.

The white scals is rotated to cet the firét détum line position
under the D! lins, The scale is then adjustad to helve the
angle between the D" line and the eecond datum lina positien,
(This corrects for the datum line not running di¥ectly under
tha centre of the cavity scale),

The arm is rotated soc that the lines &t fha ends ara over the
"erystal sida positiona" on the white scale. (;orrecting as in
1))

Withouf moving the arm the black scale is rotated to position
the bread xed'triangles under the arm lines,

The required setting on ths magnet ccale is tﬁen opposite the M'»

line,

See alsoc A, Aypar thesis Appendix 3, page $32




APPENDIX 4,

Calculation of the principal g ~ veluse and the dirsctions along which
they spply. |

In E.S.R, an axparimental g - valus (gerp) i3 calculzated from the formula :

g = h
BXp 3

where h is Planck's constant, ¥ ie the frequency of the radiation used, /3
is the Bohr magreton and B is ths rssonant fié;d of-tha Ee.SeRe linme gexp
variag with thé orisntation of 3, This is expressed in vector notation by
making g a symmetrical tensor (éij)o A "g2 « tenser® can be defined by the

equation

2
94k ,é gij 95k (reference 41)
If x,y,z i3 an orthogonal co-ordinate system and B lies in the xy plans at
angle B from ths X = axis @

2 2 2 2 . 2 * 2
Ooxp °  Iux COS g+ g, @in g o+ %y

sin B cos B

Hence the 6 independent énmponents of the gznﬁensor can be found from 6
siperimsntal gevaluss taken with B in the xy, yz, and zx planes, at least

one value coming from one plans and two from each of the others, A
transformation gxists which diagonalieea'boﬁh the gzotensor and ths. g-tensor.
The principal values of the gz-tenscr are the squares of the principal veluss

of the g-tensor, The new st of axes correspond to the principal values.

Computer program DAP 131 carries out theses procesdurss.



DAPL3IL

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 AXES.6 EXPERIMENTAL G-VALUES ,COMING
FRGNM THE (1C0) PLANES IN THE IMPLIED AXES,ARE REQUIRED (AT LEAST 1 VALUE
COMING FROM EACH PLAME)-SEE E.G.NICE THESIS PAGE 10 :
- DAT A CARDE )6 EXPERIMENTAL VALUES (F6947§%0RRESPGNDKNG 6 ANGLES BETWEEN

B AND IMPLIED AXES (F5.1)%A 6-DIGIT NUMBER,EACH DIGIT BEING THE NUMBER OF
THE . PLANE CONTAINING THE MAGNETIC FIELD FOR THE CORRESPONDING VALUE
(PLANEL£(100),2£(010),3£(001)). '

USED IN CONJUNCTION WITH.#SSPo.

DIMENSION AA(6,6),G{6),VI3y3),4(06),5(6),1P(6]} o 0001
READ (541) GyAy 1P ‘ . €002
1- FORMAT (6F6.456F6,1,611) o B 0003
WRITE (612) GfAi 1P ’ . ‘ 0004
2 FORMAT (11X,'EXPERIMENTAL G-VALUES*;6FT.4 ,/,% ANGLE BETWEEN B AND CO05
1 CHOSEN AXES®,6FTo1s/927X, "PLANE 1o6{I146X))
0O 4 I=1,6 _ 0006
DC 4 J=1;6 coo07
4 AA(I,J)=0.0 ‘ ‘ 0008
DO 12 I=1,6 o 0009
GLIN=GtI)=G(I) ' , , 0010
A(1)=0.0174533=A(1) - 0011
S{IV=SIN(ALT)) ‘ 0012
3 A(I1)=COS{ALI)) CO13
IF (IP(I)=2) 5;6,7 : 0014
5 AAM(T,3)=S(1}#S(I) , CO15
AALT 1)=ACT)=A(T) . 0016
AA(1,2)=2.,0%A(1)&S(T) , G017
GG TG 12 | ' 0018
6 AA(T,6)=S(1)=S{TI) - : 0019
AA(T,3)=A(T1)*A(I) ' 0020
AACTy5)=2.0%A(1)%S( 1) : . 0021
GO0 TO 12 . . 0022
T AAlTI,61=A{TI®*A{T) A : cQ23
AA(T,1)=S(I)aS(1) - 0024
AALT,4)=2,0%5(1)%ACT) , 0025
12 CONTINUE : 0026
CALL SlMQ(AA?GvQyKS) 0027
0028

IF (KS.NE.G) GO TO 9 A
CALL EIGEN(G,V43,0) - 0o29

G(1)=SCRT(G(1)) 0030

G(3)=SQRT{G(3)) : ‘ - - G031

G(6)=SGRT(GI6)) - | 0032

WRITE (6,8) G(1)2G(3),G(6),((VII,d),J=143),1=1+3) L0033
8 EORMAT (/o 14X, 'PRINCIPAL G-VALUES  'y3(4X FTaé)//418X,'PRINCIPAL 0034
1 OAXES ' 23(AXsFTe30y/52035Xy 304X FT03)4/))

60 TO 11 : 0035
9 WRITE (6;10) - 0036
10 FORMAT (' THE SIMULTANEOUS EQUATIONS ARE SINGULAR®! 0037
11 STOP 0038

END aane

" TOTAL MEMCRY REQUIREMENTS 00069A BYTES
EXECUTION TERMINATED



APPENDIX 5

To find ths conductivity of a slice of germanium (thickness x)
which fillsd the complete cross-section of a waveguide, the fraction (0 )
of the incident microwave power that the alice reflected and the fractiuﬁ
(T) that it transmitted wers meusursd. Thern r; the power reflection

cosfficient fyom the surface of the sample, was calculated from ths

formulae 
P2 (o)) ez (1) s o= 0
-rZ(Te;qu + ey 4 2pe™ 4 12" = o 2

by assuming a value for?7, the powar attenuation coefficient, q was
changsd. until the sppropriete roots of 1 and 2 were equel. Then ihe

conductivity ( 6 ) of the samsle was caleculated from
" . .
o= f 0 + 4 WP Me€)/a o) 3

shere w is 2 W @ microwave frequen:y,,ﬂls is the permscbility of fies spac
and £ is the permittivity of the sarr;plge

This was moderately successful when the éttenuation in germanium prevented
multiple reflections in the sample, but in this cése simplar versions of
Aaqﬁations 1 and 2 apply. The defect was that equations 1 nnd'2 really only
apply %o incoherent waves, Correcting for this produced a far greater

incresse in the complication of the method than in ths reliability of the

H
Al

answers, Indeed in some cases negative values for 1? were obtained. The

exercigse was thersfore abandoned,



APPENDIX 6

Program DAP 13P fits a set of n points (Xi, Yi) to 2 curve

1

of the type

Y = aet* 4 e

)

as describad in section 6,3 (where for the sxample given x = 1
4 ' _ T
A, E, B end F are adjusted in turn by multiplying A by TA and B by TB

and adding SE to E and 5F to F, This procedure is repsated NCYCLE times,

" while TA; TB, SE and 5F are modified to ensure an increasingly accurate

fit. The program requires the following data -

1) n and NCYCLE (formst 13, 15)

2) all the Yi A (format BE 10,.3)
3) all the X, .( "o )
4) starting values for A, E, B, F, TA, SE, TB, and SF

(format 8£ 10.3)
It prints out each set of A,E,B and F it tries and the beat set, which it
calls AM, EM, BM and FM and uses to calculate values for Y(Xi) (which are
listed undexr R), the c&rrespanding valua of §I(ln Y(Xi) ~ 1n Yi)z which it
callé SOMIN, and other data.
N.B. You will get more than 4 »NCYCLE lines of output; so it might be best
to keep NCYCLE small and use the progrém a second time if the first printout

shows that tha sufficient convergence has not bean achisved.
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NIMENSTON Y (100),X{
BEAD(S,1 ) Ny NOYOLE
ERRYAT(T3,1%)
WRITE (6e4) NNCYTLE
ENDMAT (v M=t TR,
BEAD(H, IV IV Ty
WRITFE(G, &) -

nnoInNR T=1 .8
WRTTE(ARG) YDV eX(]

NRMAT(1Y,2F12.3)

T

T e TG
o
D I

i

op

Yo7

1190)

CYoLeS=', 158}

IND
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}
)
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F ) 7

7(TY=aL0G(YETD)

FOSMAT (RE10.L2)

SEAD(S,2) A, E R, FyTAGSF,TR,SF

ENRMAT (210, %)

WOTTE{S,10) A+E0P ey TA,SFLTRGSF

EARMAT(t A=t 1PFIN.Z, P E£=1,E10,0 P=t FHO.E !

SV E10.3, 0 RE=T,E10,3,0 TR=YL,E10,3.0 0 SF F10n.2
CALL CHECKIA, S 0,5, SHECO, X 2 DLOSHM, MY

SOHTN=S514G0)

n; 107 d=Y  MIYOLE

E=C+5F

CALL CHECLLALE (R, &y SUIMED Xy Ly LDt

TF (5U4S. AT OLDSH) SE=~0,5%5%

TE (SUMSGL, LT SRMTNY CALL BESTIA,S R F A, FH, R, FY
E=E4SF

CALL CHECK (8,5, P8, SHMGO,X . 7,008, N)

TE (SU®SO,.AT.OLOSUMY SFE=-0, 5%CF

TE (S, LT SGMINY CALL REST{A,F, R FgAM BM RY,F,
A=ARTA :

CALL CHECK{A,F,.R, FeS ug(.,z.:::,?,ﬂl.DS-iJVus'\H

LE (SUMSA. AT, ALNSIM) TA=1.0/SORT(TA)

TE (SN, LT.SOUINY . CALTL MEST AT R F alt, By RIS,

R=RxTR

CatL CHECK (AL

TE {SUYMSH
TF (SU%50
WRITELS, O
ORMAT (!
Qr\:Tt\ - ¥
A‘HXS‘T :((.!v-‘./‘-
FORMAT {8Y
AT T O B
PaAMEEIYDE
FORMAT (1Y
WRYTE(&, &
TTND
xS}

AR ]

“
\
I

ol
LT, SOMTH)
6T, 0LRSs

SO
A=t
F10,7%)

)

(Xl

g B Fy SUIMS 0D,

CALL

Th=1

Fid <

D AP

Xy

RFST(A,?.

- -~
E“i':'15_1.5

PR

1)

EMuY (] } )

I

§

7L DSIE, M)
Dyt
(0/SORT(TA

AMTH

AN

i’xM:' 9‘?190

f\-':, P?",F;“rq

I3

5HMS0

SIS, SO

L3 ‘Q!J"P”ﬁ

DAGE

kRS

1A

y

car TN

SN I

)

annt

=3




OARTR
v G

ooy
307

0oe2
0004

noos

00nk

007
onoR
anc,\
201D
D011

"]
ot
D

by

o

ST

fourd
¥

CUADILFP

ot

CHOCK Ga-11

ot

SUBRNUTINE LHECK (A FL 8, FLaSUME0, X, 7,
1

DTMENSTON Z01060) X (1
GLNSHM=GHIMCN
SHMEQ=0,0
NO10D T=1.H

= A r\q(““Y(}))+‘”FYD(E*V(§))

TN SHMSH= GUMEHE CRS
00 W?TTC(n,f

. RN
7 OEOEMAT(! CAZTL,TINL3, 0 E=0,E10.5,

—

lﬂz',ﬁza,g
fETUEN
ENG

TOTAL MFMJPV PENTREME

P2LR,23

"!TC ’)AIO’?’)(L

FIRTRAN TV G COMPTILER

P arEgT 0R-11-7 12:1p, 7

3001 CHARAUTING AZSTIALE R, F JAM
2002 SOMIN=SUMS D

I

Don* _ =2
0004 FM=F
8]

o

03008 P =
0004 ’ M=t .
a0n7 EETIAN
VO CAD

2008




50

DAP 13P' calculates Y {called, for his

&, E, B, F, for NSTEP values of x inec

STEP, .

ORTRAN

[v G

BGo
00n2
0003

0004

o

terical reasons, R) given

reasing from XMIN in steps

Co¥pPILFR MA TN G8-21~72 10:5A,12
READIS 1) AWS 8,0, XMIN, STER , NSTERS
1 FORMAT(EII0,3,T110) :
WRTTELAHWI) AT G, F, Xt I\’,(T*‘ JNETERS
2 L;DwAT(//' b=t IPEI0L 7, E=f F10,R3,0 HB=t,T10,2,1
LXMIN=' yFi0e2,F  §TFEP= 'vr_w.3,= NUMRER DF STEPS=t, [7
2R
X=X N
DO 100 T=0,M5TEDS
R=ANFEXD (F%X ) +3%EXD(FxX)
1100 WRITE(5,7) X,R
2 OFORMAT(IX, 2F12,7)
100 X=X+S71FP
STnp
END : :
TOTAL MEMOPY REOUTSENENTS 30070F RYTES

F=tyt
//’In [




