Ceram c The present invention relates to a ceram c conprising (or
consisting essentially of) a solid solution containing Bi, K Ti and Fe
(and opt iwoabiyo1Bisy whi ch exhi bits piezoel ectric behavi eariGBR2oaz3€3sect ri
materials generate an electric field in response to applied nechani cal
strain. The effect is attributable to a change of polarization density
within the material. The piezoelectric effect is reversible in the sense
that stress or strain is induced when an electric field is applied to the
material. These properties are deplCesarci n pi ezoel ectric sensors and
actuators whi ch are used widely in a nunber of specific applications and

i npl es. of the use of pjezoelectric materjals include nedical

instr nts.
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There are a nunber of exanples of ceramcs wth a perovskite structure
whi ch Pigzeelpatieimgtsrinlaiganatgte afeleciicdief ip respenss ta appied aeehanitad stadie. The
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WO A- 2006/ 03 d| scl oses the | ead- cont ai ni ng perovskite conpound
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concern is reflected in environnental regulation and policy a result
t her e materiationeuds megical ultraseund and sewad- dcpesticp ivilratginatontrolk Smlt enites end Known

| ead-f e ials are NaNb03, Bi Fe03, (Bi u2Nau2)Ti GB,

(B uzlgﬁ%)%’ @% Aé‘gs%l %ﬁﬁn&%{ﬁé and solid solutions such as (Bi u2Nau2)Ti O3 -
(Bi 112K112) Ti O3 - BaTi O3, (Biu2Nali2)Ti O3 - (Biu2K112)Ti B - Bi Fe03(see
Zhou gthe &milyMitceraghieyviti&a BBy Sskite bt ingd@Bron83AnR8Re exHiBits AR B -

(Bi 112Ku2) Ti @3, (Bi 112Ku2) Ti 3 - BaTi O3, (Bi u2Nali 2)Ti G3 - BaTi G3,
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ZPbTi ch a BiaKi _a)Ti 1- x) Bi Fe erei nafter x| CBT-1-xBF

whi ch‘a(?éﬁbabst“a’ﬂﬁ)ﬁieéi‘} SPPeé%elﬁfF“%B"rha}S'@%vskl te phases typically exhibit a
hi gh Curie point and/or excellent piezoelectric activity. Thus viewed from
a fir : i i ing (eg
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nor e. Prefera bly ceram.c consists essentlallb of the solid solution.
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Parti b perovskite phase is selected fromthe
group%g(b)’ﬁlm étlﬁ/ln F%g@% %% g’ I&?%@i)o?ﬁm KTi O3, Bi Fe03 and PbTi 3. The
(or each) perovsklte phase may be present in an armunt of 75wt % or | ess,
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preferably 5wt % or |ess. The (aor each) perovskl ase may be present in a
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non- per ovski te phases present in the ceramc may be such that the phases
are non-discernible in an X-ray di ffrlacti on pattern. The ampunt of

non- per ovskite phases present in the ceramc may be a trace anount.
Preferably the total anobunt of non-perovskite phases present in the ceramc
is less than |OM % particularly preferably less than 8w % nore preferably
| ess than 5wt % yet nore preferably less than 2wt % still yet nore
preferably less than Iw% nost preferably less than 0. 1wt % The solid

sol ut| on may be a part| aI solid solution. Preferably the solid solution is

o, o




The solid solution may be substantially nobnophasic. The solid solution nmy
be bi phasic. Preferably the solid solution has two of the group consisting
of a rhomvohetrabosphase, a nonoclini c phase, an orthor heoieB2phasessand a
tetragonal phase. The solid solution nmay have a rhonbohedral phase and a
monocl i ni ¢ phase. The solid solution nmay have a rhonbohedral phase and

ort hor hombi ¢ phase. Preferably the solid solution has a tetragonal phase
and a rhombohedral phase. Preferably 0 <z < 0.3. In a preferred

enbodiThe present inventipn ipbaded oa therepagnithtinghas whiddisaieivns phformelaanBRK cHTO:-ses (eg
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non- perovskite phases. The solid solution may be a solid solution of

( Bi akP'®&)°17°84i fU8I":e03. The solid solution may be a solid solution of

Bi Fe03 in (BlaKi _a)Ti 8. WD 2012/ 013956PCT/ GB2011/ 051356 Preferably x is

i n t henhenefedrrdmaFirdt a2 i r; 8. range 0.7 to
0.9. Particularly g?éfe?ﬁ%gk#ﬁ&% fgm?ggggﬁﬁgégxg§% gg#@uégﬁgéggolution of a
t et r agomEstingergentialisiod heehnaistiphef3 e solRbsofutonlcdifénynupref erably x is in the
range 0.1 to 0.4. The ceramics in this range exhibit a surprisingly high
Curie point and are potentjally eful.jin high.tenperature environnents.
Particularly preferably xxéBga lﬁ)’#ﬁé_?’%ﬁﬁémz.fg’qf@’ 0.6. Preferably ais in
the range 0.45 to 0.55. Particularly preferably a is in the range 0.48 to
0.52. NbrewRé@ha. ARk @6i s 0.50. In the solid solution, one or nore of Bi,
K, Fe and Ti may be substituted by a metal dopant. The metal dopant for
each substitution may be the same or different. The presence of a netal
dopant mayOsixghlsficantly and unpredictably inmpact on the properties of the
solid solution. For exanple, there may be an inprovenent in the Curie point
and/ or theogiqgﬁglectric activity. The (or each) netal dopant nay be
present in ad amount up to 50 at% preferably up to 20 at% particularly
preferably up to 10 at% nore particularly preferably up to 5 at% yet nore
preferabl youp 4®5:3nat % nost preferably up to 1 at% The netal dopant may
be an A-site metal dopant. For exanple, the A-site nmetal dopant may
substitute Bi and/or K. Preferably the A-site netal dopant is selected from
t he group xowsistilng of Li, Na, Ca, Sr, Ba and a rare earth netal. The
nmetal dopant may be a B-site netal dopant. For exanple, the B-site netal
dopanthnaétﬁuq§titutelfg ﬁqﬁlpr ¥j. A‘Pr ter%ed A-site nmetal dopant is Li
or Na RgHRE the,eePics PUREEHAD; T O Ng BRIV AT RY8 e nmay nodify (eg increase)
the Curie point and/or favourably shift the phase conposition of any

bi phasigicaBl thélc&athiéldfoie fne&htioh aael i i i L A
prefer?gd g[sige met al dopant is CE%@%%bg%ﬁgggg$ﬂgk§§ggF??%?%&ﬁ3g?kta, Sr
or Babywliend0nGenmongay reduce dielectric loss, nodify (eg increase) the
Curie point and/or favourably shift the phase conposition of any biphasic

solid i I h hedral ~tetra | ,solid solution). ef erred
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La or hg%ﬂﬁy 'n%yease the piezoelectric activity at the exPense of the

Cur i ePIEIHYY 7%3% paymete. BRLHEMY Prisiably FiwiehomBpegomorgnelerhad v or

subst jjort i on by La and Nd woul d typically reduce the Curie point by about
100- 200C and increase the piezoelectric activity by 50% In a particularly
preferred enbodi ment, the A-site netal dopant is La (eg La3+) which

subst Preferddy the(cernti¢ furth®hemnwisbsone artniara perayskitephasee Partipniaklygpastedaplyt he

resi Sﬁl'e\fcl)rt e¥1bh) perovskite phase is selected from the group consisting of (Bi,K;.,)TiO3, BiTiOs,
KTiOs3, BiFeOs and PbTiOs. The (or each) perovskite phase may be present in an amount of
75wt% or less, preferably 50wt% or less, particularly preferably 25wt% or less, more preferably

5wt% or less. The (or each) perovskite phase may be present in a trace amount.
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A preferred B-site metal dopant has a higher valency than the val ency of
the metal which it substitutes. Conductivity in perovskites is usually
attri but avbeotaigdsect ron hol es or oxygen vacanci es. Sub®CitaB2ngsasshi gher
val ence netal dopant onto a B-site may enhance appreciably the resistivity
(i e suppress the conductivity). In a particularly preferred enbodi nent, the
B-site netal dopant has a valency in the range IV to VII. Mre particularly
preferred is a B-site netal dopant selected fromthe group consi sting of

Ti, zrhe ppn-Rprovsiite phases/mag he miked nyesel phases of twa orcubr(by thpsep bEBT, &J Ti, Fea

B-sit t a6t fr0 he group.consisting of Nbo, Ta, M, W Zr
and vsrgES%%ngggghﬁ§§%q%“ﬁ%?a?”g%gaﬁ?9$§¥§gvected from the group
consisting of Ti, Fe, Co and Ni. Particularly preferred is Ti (eg Ti 4+)

whi ¢h Thelbsbiritef asn-pero(dkéte phaks plefen idhe tabmRAnSNROMICH B thelhsseBai t € met al
dopant has a mj xed | ency. Substituting a mixed val ency metal dopant onto
a B-sft¥ ﬁ&%{“ﬁ%lﬂ 30 &1 é‘lf%fég‘m pajieny The gaeynt ebmaen-peroyskite phases presentinl y
prefeﬂﬁﬁgnﬁﬂpggygggqmwgQﬁoﬁﬁsite metal dopant is Mi. An advantage of M is
that it behaves as a buffer in the sense that it can adopt a range of

oxi dation states which can inprove resistivity in a range of ceramcs. In
a par Preferhbly the tptabimpunt of rorbpetpvalite phasheprBsent ingheredrahicd® 3iithah $0%i%s,

Typi cal L. itutes Fe (je Fe3+). The ceramic nmay take the formof a
t ext u?%%x%g?%ﬁﬁ%%?gbéy gef%‘é‘ﬁ%g”cvl('@s‘t’%ﬁe,l’f%feﬁah‘iy e Th Y% Y JRIE Sraferably dess

cer anthah @hwasstidl yet loddtprefepadly I¥6Y the®d NS rhést prePJrﬁ;lﬁ'I@pthbh%@” e point of
the ceranmic is 350C or nore, particularly preferably 400C or nore, nore
preferﬁbl y. 700C or nore. Preferably the ceramic has an X-ray di ffraction
pat t el A€ &lidselution mayype agartial salidrsatusign Rreferaglirthe soligksofutionhiea cenpletec may be
obt ai Ekﬁms%ldﬁén,Si ntering a sinterable formof a mxed netal oxide containing
Bi, K Fe and Ti (and optionally Pb) to produce the ceramc. Preferably t he
ceranic further conprises a pre-sintering additive. The pre-sintering

addi t Thesalidysohtiopnag datubstmnsnllpaobdphasit. 75w % or | ess, preferably 50w % or
| ess, particularly preferably 25wt % or |ess, more preferably Swt % or | ess.

The p&E-SIQte |,n]g ad\(i_l)i tbi_ve may be present in a trace amount. The

pr e- sit At ¥HdsglusaR may be binkgsind refersbiygbhe kalideolutine hpy ewosifithegrong candiiing ve may
be a bayebeBoRakavake! ; LA T : - Si i ng,additive my
be a | ead-_co(r)n ai n?ngéebi?%\%%n@lﬁ%%gh ?g%h%%ﬁl? gﬁ%ﬁ%ﬁéh%gﬁéa g%ltpgasﬁay be

PbTi OBhesolidisgiutign niy dayy erhombokedral phasiding iaenoeljnib phad dBd sphid tolug@ct i on (eg

post - i nat i f th i xed petal oxide contaiping Bi, K Fe and Ti
(and g’p ﬁ%v%a ‘1“;3‘%%%&”@’@596 ragggxlq}mrg?rpﬁlg pgasai ?ﬁe&éaﬁi%g%@ﬂ@ %Oq‘été‘ma}‘aé fntering

ai d. fetragonpl tfase arelch thotbddhsvealtphadehe ceramic is obtainable by a process
conpri si ng: (A) preparing an intimate mixture of a substantially

stoi cErig?rretric anpunt of a compound of each of Bi, K Ti and Fe (and

opt i ohtsfar3PlpPSz ¥ 8P converting the intimate nixture into an intimate
powder; (O inducing a reaction in the intimte powder to produce a m xed

met al 10xh B red td ] xed tal oxide into a sinterable form
and (B) %r?n{rgr %‘85@@59@% ?]stdé?’geg{:%ﬁlfy g}rl %?So?nql%ﬁigmerﬁqﬁléeaceﬁaé?lﬁlco?}%‘%?é 4% produce
t he cemaisisesseviialiyaxf of convists ofph slid doheiona$ feaiula: he present invention

provi des a process for preparing a ceranic as hereinbefore def i ned

conpri si ng:
P g *(BiK ) TiOs— (1-x)BiFeO;

wherein a is in the range 0.4 to 0.6 and x is in the range 0.01 to 0.99, wherein the ceramic is

substantially free of non-perovskite phases.

The solid solution may be a solid solution of (Bi,K;..)TiOs in BiFeOs. The solid solution may be
a solid solution of BiFeOsin (BiaKl_a)TiO3.



(A) preparing an intimate mxture of a substantially stoichionmetric anount
of a compound of each of Bi, K, Ti and Fe (and opti onal |y Pb); (B)
converti ngothe/iigdssmat e mi xture into an intimte powder PCT/GB2011/058356

i nducing a reaction in the intimate powder to produce a m xed netal oxide;
(D) mani pul ating the nixed metal oxide into a sinterable form and

(E) sintering the sinterable formof the m xed nmetal oxide to produce the
ceramic. In step (A, it may be advantageous for one or nore of the
conpodeferably xHgs in the range ddoli9 (and optionally Pb) to depart froma

stoi chi onetric amount. For exanple, one or nore of Fe, Ti, Kand Bi (and
optio j sent..Ln ex s of ..t he stoichionetric amount. For
exanp F%Hctxﬁg?é{ ég%na‘gl&%ol%%yth% eP&r ﬁ 97?{? g % ls)?rBF‘tlﬁrit%Wé qripd i, thisraugeis 2| ess,

pr ef emithlasic 161% Diutiorss a teasnat dhdHombbRkAHAKey 15% or |ess. By departing
from st oi chi ometry, the ceramc nmay be equi pped advantageously wi th useful
oXi degohases (gq(% perovskite phases). Preferably in step (A) the

subst Aaticalarly pesiesplprdsistthe eangeBdrie 0df Thaweranispouthis rafgeeabivital Bi, K Ti

and Fguba OO d Yoi i ‘ he. conpasi tional formula:

x( Bi b?l(l: Tiﬁg%l?@{l/ Bi Feél I}_IO clilga g}@&g@%@ﬁfﬁ&\;ﬁ@ %%ﬁ :tenﬁjr%p%urg BYNet al  dopant
as defined hereinbefore; b is inthe range 0.4 to 0.6; c is in the range
0. 4 t Ganicalarly preferably tcheinrthapagd05a0 0.65; and x, y and z are as hereinbefore
defined. In a particularly preferred embodinent, Bis Ti. In a particularly
prefegr&d mbadi rrEnt, B iS Co. In a particularly preferred enmbodinent, dis
in ther %{H@E agds ingheyrange Rgp & Poeck aflycpreferablyradis in the ganga0t48cal0l y

pr ef eMaé pRIQSsly B86.50.2 is zero. In a particularly preferred enbodi ment, b
is a as hereinbefore defined and c is (1-a). Step (A may include a netal
dopant oxi de which delivers a metal dopant as her ei nbef ore defined. The
conpolinthe selidspdutions orBi or nigre If Baky FEend Ahalappé subsiaduted biyld) me@ddpent. The

i ndep Legt fromth oup consj.sting of an oxide, nitrate,
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pr ef enmblsignifivanty ahel \@pckdRatdO et onEmaBmpeﬁieﬁbﬁhﬁbaﬁﬁsoﬁﬁ%n!‘mam;ﬁ??
intimgte mx‘%ure, may be a slurry (eg a mlled slurry), a solution (eg an
aqueollETBPT Hhinpravesicabiarils Grile Boial adér Sheriezoglegoicagiétityor a nol ten f1 ux.
Step (C) may include heating (eg calcining). Pr eferably step (C) includes

f:z)glp\erl;g@ (Read Y hiREY BbpdAefal BY pre§érﬁ Ro S Am Y up pekd eﬂ%, %}Fe?gr\%l%%p % 26 Qt%e, rval
particularly preferably up to 10 at%, more particularly preferably up to 5 at%, yet more

preferably up to 3 at%, most preferably up to 1 at%.

The metal dopant may be an A-site metal dopant. For example, the A-site metal dopant may
substitute Bi and/or K. Preferably the A-site metal dopant is selected from the group consisting

of Li, Na, Ca, Sr, Ba and a rare earth metal.

The metal dopant may be a B-site metal dopant. For example, the B-site metal dopant may

substitute Fe and/or Ti.

A preferred A-site metal dopant is Li or Na. The substitution of Li or Na on the A-site may
modify (eg increase) the Curie point and/or favourably shift the phase composition of any

biphasic solid solution (eg rhombohedral-tetragonal solid solution).



Where the intimate mixture is a solution, the conpound may be a salt (eg a
nitrate). Were the intimate mxture is a sol-gel, the conpound may be an
i sopr opoxwoen12/0i®s2012/ 013956PCT/ GB2011/ 051356 Wher e t hecCraB2atS13s Xt ur e
is a nolten flux, the conmpound may be an oxide dissolved in a salt flux.
The ni xed netal oxide fromstep (C) may be precipitated out on cooling.
Preferably the intimte powder is a nmilled powder. Step (A) nmay be:

(Al') preparing a slurny of a substantially stoichionmetric anmount of a
conpounprefrred Actitegnetd doprgt iTa,findr Ra( BrecsubpititomadfiGe, Bbor, B Althe ti-$itd ng t he

o Yo 308 R o MR (23] 9 DSl il R BB e b
i ncl udempssittpvafaay diphasit solidaolution (égn@ombehedtaptagenDkolidécditoa). cool i ng.

Step (E) may be carried out in the presence of a sintering aid. The
si.ntering aid pronotes densification. The sintering aid my
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aspect the present invertion provides the use a ceram c’as herelnbefore
def i n@iFzpeieciripicsiy i pietbe pxrensteati the Culk pdint: Blylwayiof ekdneple gfer agiven Bilfe®st 0 t he

i nventj [ tri.¢c device i.s.operable a tenperature in excess
of 050 hfonP SEBRRLER o L5 MG NEFold RS picis e Tut EFRRSEY bt B-censor
or trangCmddiicredse theqiaropleerit Betiviiydg@dbact ri c device may be an industrial

steam sensor. Preferably in the use according to the invention the
pi ezoel ectr.i evice i s depl oyed i n an aeroengine.

ic | ; ) WO
2012/ (1 8pBEPdsTCEsterEA grbsgimerh dophsiiemetal donsnt isdie (o8 Lo hebicheutstitissi bed i n
a nonyl ﬁakp?frhaé%u%ﬁﬂxzf%nf%azyhrng%fs%@ﬁﬁaﬂt X aRLiggy and acconpanyi ng Fi gures

in whic gure p thedretical density vs nmeasured density of
solid solutions xKBT-1-xBF where x=0.1 to 0.9; Figure 2: X-ray diffraction
pat t ernprefefred Britd nsadl Wopam baxKEEhdr-waBhcyhan ehexalindy b0th nfetal Whgihrie 3:

Perm tti v S e rature s f solid, sol uti ons xKBT-1-xBF where
xio. 4 sul{ﬁ/lgltteén(éor&fug{m% i perovslgle(s)tls usua liy attrlbutab e to efect?on h(ﬁes or oxygen
vacancies. Substituting a higher valence metal dopant onto a B-site may enhance appreciably the

resistivity (ie suppress the conductivity).

In a particularly preferred embodiment, the B-site metal dopant has a valency in the range IV to
VII. More particularly preferred is a B-site metal dopant selected from the group consisting of
Ti, Zr, W, Nb, V, Ta, Mo and Mn. Yet more particularly preferred is a B-site metal dopant
selected from the group consisting of Nb, Ta, Mo, W, Zr and V.

A preferred B-site metal dopant is selected from the group consisting of Ti, Fe, Co and Ni.

Particularly preferred is Ti (eg Ti*") which substitutes Fe (ie Fe*").

In a preferred embodiment, the B-site metal dopant has a mixed valency. Substituting a mixed

valency metal dopant onto a B-site may improve the resistivity significantly.

In a particularly preferred embodiment, the B-site metal dopant is Mn. An advantage of Mn is
that it behaves as a buffer in the sense that it can adopt a range of oxidation states which can

improve resistivity in a range of ceramics.



Figure 4: Curie point of solid solutions xKBT-1-xBF as a function of
conposition; Figure 5. Strain-field response for various solid solutions
xKBT- 1- xBFQ 2higuB®s66: Room t enperature di el ectric const aotr/as206@l51356

sol uti ons xKBT-1-xBF as a function of conmposition; Figure 7: X-ray
diffraction patterns for 0.6Bi Fe09Co0. 103- 0.4Bi 112K112Ti O3 and

0. 6Bi Fe08Co00. 203- 0.4B1112K1121103; Figure 8: Strain-field plot for

0. 6Bi Fe08Co0. 203- 0. 4Bi 112K112Ti 3; Figure 9: X-ray diffraction patterns
for (&) apafygsiy prehBicBEmbodinBRT the(BysitOmsal ipadt i3 G4BT PpitdlyRdo substitpey 0. 625
BF-O.%% K%gw9.225 PT; Figure 10: Polarisation-field loop for 0.55 BF- 0.3
KBT- .f@ T”collected at 0.1 Hz and roomtenperature; Figure 11: Bi pol ar
strain-field loop for 0.55 BF- 0.3 KBT- 0.15 PT collected at 0.1 Hz and

r oom tTaepEtAidthey takd Bidfermd 8f a tRiursl RFantit,fainkld &gbial, h aaR filRor  c&rpihe 0. 3
KBT- 0.15 PT collected at 0.1 Hz and roomtenperature; and Figure 13:

Per ni (49 &¢ar3migiglase ppesrampigelymes campesitth. 55 BF- 0.3 KBT- 0. 15 PT (I abel | ed
0. 15PT) and 0.625 BF-0.15 KBT-0.225 (| abel | ed 0.225PT). 10 WO

2012/ &R0 .an o ri I 0 anpl e of
t he S%ﬁ%é@gﬁ%l on %&Z&%ﬁ%@wﬁlég%@ Hﬁg@ﬂ@%ﬁg@?g@g étj\g‘?ng a
m x ed nox¢, deorp pefessly 200°€ammat. ni ne conpositions where x=0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8 and 0.9 respectively The end point conpositions

where x=0 and x=1 were prepar for conparative purposes. The form
oo riiirahs Tyeirezans bgs AnRBay Alaston GRIrAP ST AD) o Bsteiad B §istih 2603 -
0. 2( Bir05K0. 5) Ti @3 x=0. 30. 7Bi Fe03 - 0. 3(Bi 0. 5K0. 5) Ti O3 x=0. 40. 6Bi Fe03 -
0.4(B io 5K0.5)Ti 3 x=0.50.5Bi Fe03 - 0.5(Bi 0.5K0.5) Ti @B x=0. 60. 4Bi Fe03 -
0. 6(Bi 0. 5K05) Ti @3 x=0. 70. 3Bi Fe03 - 0. 7(Bi 0. 5K0. 5) Ti 3 x=0. 80. 2Bi Fe03 -
0. 8( BiThe S¢t@mis) Mayse obt@ingfe bBriREOBg a sihtdfe fopmk@s)Tix@Bmetal oxide containing

Bi, K, Fe and Ti (and optionally Pb) to produce the ceramic.
Preferably the ceramic further comprises a pre-sintering additive.

The pre-sintering additive may be present in an amount of 75wt% or less, preferably 50wt% or
less, particularly preferably 25wt% or less, more preferably Swt% or less. The pre-sintering

additive may be present in a trace amount.

The pre-sintering additive may be a perovskite. The pre-sintering additive may be a layered
perovskite such as BisTi3015. The pre-sintering additive may be a lead-containing perovskite.

The lead-containing perovskite may be PbTiO; or PbZrOs.

The pre-sintering additive may be added post-reaction (eg post-calcination) to form the mixed
metal oxide containing Bi, K, Fe and Ti (and optionally Pb). The pre-sintering additive may

serve as a sintering aid.
In a preferred embodiment, the ceramic is obtainable by a process comprising:

(A) preparing an intimate mixture of a substantially stoichiometric amount of a

compound of each of Bi, K, Ti and Fe (and optionally Pb);

(B) converting the intimate mixture into an intimate powder;

6



The precursor powders (Bi 203, Fe203, Ti Q2 and K2CO3 99. 9% purity,

Sigma- Al drich) were dried at 130 C for 24 hours in order to renove any

noi st ur e woaot2m1pessENi t accurate wei ghi ng. The powders wece/amighsdssn t he
correct proportions to fabricate the target oxides |isted above (see Table
1) and ball mlled with yttria stabilised zirconia beads in 2-propanol for
17 hours. The resulting slurry was dried under heat |anps whilst stirring
and si eved t hrough 300 m cron nesh nylon gauze. Table 1 WO
2012/013956©mﬂmmﬁ@m356h@omwuppwdcrt@pyodm ghtixafm@alatddey) Wi ght of
Fe203 (g) Weight of K2CO3 (g) Weight of TiO2 (g) Total Wight (g) Total

Véi ght - C%B) &gglpl(l)latmgsthg %‘ﬁxgdl m(e)tgl7ox1de 1m% a0s1r%tgr(a)1bl% fg'rnil' %?1d837 47.349

(E) sintering the sinterable form of the mixed metal oxide to produce the ceramic.

Viewed from a yet further aspect the present invention provides a process for preparing a

ceramic as hereinbefore defined comprising:

(A) preparing an intimate mixture of a substantially stoichiometric amount of a

compound of each of Bi, K, Ti and Fe (and optionally Pb);
(B) converting the intimate mixture into an intimate powder;
(C) inducing a reaction in the intimate powder to produce a mixed metal oxide;
(D) manipulating the mixed metal oxide into a sinterable form; and
(E) sintering the sinterable form of the mixed metal oxide to produce the ceramic.

In step (A), it may be advantageous for one or more of the compounds of Fe, Ti, K and Bi (and
optionally Pb) to depart from a stoichiometric amount. For example, one or more of Fe, Ti, K
and Bi (and optionally Pb) is present in excess of the stoichiometric amount. For example, the
atomic % may depart from stoichiometry by £20% or less, preferably +10% or less, particularly
preferably +5% or less. By departing from stoichiometry, the ceramic may be equipped

advantageously with useful oxide phases (eg perovskite phases).

Preferably in step (A) the substantially stoichiometric amount of the compound of each of Bi, K,

Ti and Fe (and optionally Pb) is expressed by the compositional formula:

x(Bich)TiO3 - y(B iFeI_dBdO_:,) - ZPbTiO3

wherein:

B is a B-site metal dopant as defined hereinbefore;



2.277 5.263 200.725 200 0.2 142.524 43.417 4.697 10.858 201. 496 200 0.3
138.995 39.229 7.275 16.818 202.317 200 0.4 135.228 34.758 10.0273 23.179
WO 2012/013956 PCT/GB2011/051356

b is in the range 0.4 to 0.6;
¢ is in the range 0.4 to 0.6;
d is in the range 0 to 0.5; and
x, y and z are as hereinbefore defined.
In a particularly preferred embodiment, B is Ti.
In a particularly preferred embodiment, B is Co.
In a particularly preferred embodiment, d is in the range 0 to 0.2. More preferably d is zero.
In a particularly preferred embodiment, z is zero.
In a particularly preferred embodiment, b is a as hereinbefore defined and ¢ is (1-a).

Step (A) may include a metal dopant oxide which delivers a metal dopant as hereinbefore
defined.

The compound of each of Bi, K, Ti and Fe (and optionally Pb) may be independently selected
from the group consisting of an oxide, nitrate, hydroxide, hydrogen carbonate, isopropoxide,

polymer and carbonate, preferably an oxide and carbonate. Examples are Bi,O3; and K,COs.

The intimate mixture may be a slurry (eg a milled slurry), a solution (eg an aqueous solution), a

suspension, a dispersion, a sol-gel or a molten flux.

Step (C) may include heating (eg calcining). Preferably step (C) includes stepwise or interval

heating. Step (C) may include stepwise or interval cooling.
Where the intimate mixture is a solution, the compound may be a salt (eg a nitrate).

Where the intimate mixture is a sol-gel, the compound may be an isopropoxide.



203. 193 200 0.5 131.199 29.976 12.971 29.985 204.130 200 0.6 126.878 24.847
16. 128 37.282 205.136 200 0.7 122.235 19.334 19.522 45.126 206.217 200
WO 2012/013956 PCT/GB2011/051356

Where the intimate mixture is a molten flux, the compound may be an oxide dissolved in a salt

flux. The mixed metal oxide from step (C) may be precipitated out on cooling.
Preferably the intimate powder is a milled powder. Step (A) may be:

(A1) preparing a slurry of a substantially stoichiometric amount of a compound of each
of Bi, K, Ti and K (and optionally Pb);

(A2) milling the slurry;
and step (B) may be
(B1) drying the slurry to produce the milled powder.

Step (E) may be stepwise or interval sintering. Preferably step (E) includes stepwise or interval

heating and stepwise or interval cooling.

Step (E) may be carried out in the presence of a sintering aid. The presence of a sintering aid

promotes densification. The sintering aid may be CuO,.

Step (D) may include milling the mixed metal oxide. Step (D) may include pelietising the mixed

metal oxide.

Viewed from a still yet further aspect the present invention provides the use of a ceramic as

hereinbefore defined in a piezoelectric device.

Preferably in the use according to the invention the piezoelectric device is operable at a

temperature in excess of 400°C.

The piezoelectric device may be a piezoelectric actuator, sensor or transformer. For example the

piezoelectric device may be an industrial steam sensor.

Preferably in the use according to the invention the piezoelectric device is deployed in an aero-

engine.



0.8 117.228 13.392 23.180 53.581 207.381 200 0.9 111.816 6.967 27.135

62. 723 208.641 200 1.0 105.946 0 31.424 72.637 210.007 200 The m xture of
dried, mwbedipassers was cal cined in covered al um na cratids2es/tsis6nduce a
chemi cal reaction to produce the desired perovskite phase. The tenperature
programme for this step was: heat at 150 C/ hour to 800 C, dwell at 800 C
for 4 hours and cool at 300 C/ hour to roomtenperature.

The present invention will now be described in a non-limitative sense with reference to

Examples and accompanying Figures in which:

Figure 1: A plot of theoretical density vs measured density of solid solutions xKBT-1-xBF where
x=0.1t0 0.9;

Figure 2: X-ray diffraction patterns of solid solutions xKBT-1-xBF where x=0.1 to 0.6;

Figure 3: Permittivity vs temperature plots for solid solutions xKBT-1-xBF where x=0.4, 0.5 and
0.6;

Figure 4: Curie point of solid solutions xKBT-1-xBF as a function of composition;
Figure 5: Strain—field response for various solid solutions xKBT-1-xBF;

Figure 6: Room temperature dielectric constant of solid solutions xKBT-1-xBF as a function of

composition;

Figure 7: X-ray diffraction patterns for 0.6BiFeq ¢Coq 103- 0.4Bi;,K,TiO3 and
0.6BiFeo_gC00.203- 0.4Bi1/2K1/2TiO3;

Figure 8: Strain-field plot for 0.6BiFej §C0g203- 0.4Bi1,K 1, TiO3;

Figure 9: X-ray diffraction patterns for (a) 0.475BF-0.45KBT-0.075PT, (b) 0.55 BF-0.3 KBT-
0.15 PT and (c) 0.625 BF-0.15 KBT-0.225 PT;

Figure 10: Polarisation-field loop for 0.55 BF- 0.3 KBT- 0.15 PT collected at 0.1 Hz and room

temperature;

Figure 11: Bipolar strain-field loop for 0.55 BF- 0.3 KBT- 0.15 PT collected at 0.1 Hz and room

temperature;

Figure 12: Unipolar strain-field loop for 0.55 BF- 0.3 KBT- 0.15 PT collected at 0.1 Hz and

room temperature; and

Figure 13: Permittivity vs temperature plots for 0.55 BF- 0.3 KBT- 0.15 PT (labelled 0.15PT)
and 0.625 BF-0.15 KBT-0.225 (labelled 0.225PT).
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The powder was sieved through a 300 micron nesh and nilled as descri bed
above. The powder was then nmade into pellets by loading 0.6g into a 10 nm
di e set twoheiymessed at 50 MPa. WD 2012/ 013956PCT/ GB2@tT/dB2aB8%8186nt eri ng
t enper at ures of 850C, 950C, 975C, 1000C, 1040 C and 1050C were tried in
order to achieve high density ceranics. Heating was carried out at 50
C/hour to 600 C and then at 300 C/ hour to the desired sintering
tenperature. Cooling fromthe sintering tenperature was carried out at 150
C/ hour Emamgleland then at 300 C/ hour to roomtenperature. A lower cooling
rate was used in order to mininize thermal shock. Prior to density, X-ray
di ffractEi on, el Zz,tri al and el ectronechani cal anal yses, the sintered
pel | et sEWEFEeGPOLAE fY St and parallel to noninally 1 mmthickness. Results
The optinum sintering tenperatures and resultant densities are shown in
Tabl e 2A siable®fhe Y5 Si10hBIF ; ity /g
abl e, 20 ARl RIBISILPAROR T SRRBIDA RS SRR fiige el

oxide process at each of nine compositions where x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9

respectively The end point compositions where x=0 and x=1 were prepared for comparative

purposes. The formal compositions were:

x=0.1 0.9BiFeO; — 0.1(Bio sKo5)TiOs
x=0.2 0.8BiFeO; — 0.2(Bio.sKo.5)TiOs
x=0.3 0.7BiFe0; — 0.3(Bio sKo.5)TiOs
x=0.4 0.6BiFeO; — 0.4(Bio sKo.5)TiO;
x=0.5 0.5BiFe0; — 0.5(Bio.sKo.5)TiOs
x=0.6 0.4BiFeO; — 0.6(Big.sKo.5) TiO;
x=0.7 0.3BiFe0; — 0.7(Bio sKo.5)TiOs
x=0.8 0.2BiFeO; — 0.8(Bio sKo.5)TiOs
x=0.9 0.1BiFeO; — 0.9(Bi sKo 5) TiO;

The precursor powders (Bi; 03, Fe;03, TiO, and K;CO3 99.9% purity, Sigma-Aldrich) were dried
at 130 °C for 24 hours in order to remove any moisture and to permit accurate weighing. The
powders were weighed in the correct proportions to fabricate the target oxides listed above (see
Table 1) and ball milled with yttria stabilised zirconia beads in 2-propanol for 17 hours. The
resulting slurry was dried under heat lamps whilst stirring and sieved through 300 micron mesh

nylon gauze.

Table 1

11



6.4 x=0.5 1040 6.8 x=0.6 1025 6.4 The density is also shown in Figure 1

pl otted agai nst the theoretica

density calculated fromx-ray diffraction

anal ysi s.wi2nmyo1giskf racti on anal ysis was carried out onpPChEGBRINGEIEM

pellets in order to confirmthe crystal
anal ysis is shown in Figure 2.
conpositions to be a single phase of rhonbohedr al

secondary, del eterious non-perovskite phases.

struct

ure.

The Curi

e point

The outcome of this
An interpretation of Figure 2 shows al
symetry. There are no
is the

t he

tenperature at which a ferroelectric material transforns to paraelectric.

In the_present xKBT-1-xBF system this occurs with the transition froma
pol ar |rhonbohedral structpre to a ngn-polar cybic strycture and|was
nmeasurjed bé.@lotting the relative permttivity vs WO
2012/(%%@3 /iGB2011/ 051856 tenperature (see (Figure 3). A maxifnqumin the
rel ati perm titivity vs tenperature curve derjotes theg Curie poifbtal The
Curi e |poi nt of t}sl’{%g'zg%‘rpos ;"uetgh%ofxzo. Weightof 4 j|Weightief t|Eofal Misight a W eightii G0z be
found |usi ng t hi [SPt%B&ni quefPe@ne ¢ff% @i nt| 1€ ® c4.(8600 C). |8 order Jto
det er Ifi_ne t he Qurie _poi mt[of the coppositions (x=0-3—and—o0—4—the—ecrysta
structfre was stif§i*@d as BoFUMction|8f tenperdtluire. THiZOshowed |2A&t the
conpogition x=0.3 has a Clrie point |of 720 C gdnd the donposi tion x=0.4 has
a curi@lpoi nt of148@87C. Ffgneidie known-gurie pojnfs of Bighes. Y ,pg_assuned
that tthe Curie |point for phe conposiftions x=0.]1 and 0.2 i's betwgen 720 and
820 CgHowever atthzbe tenperatures—K20—and-Bi-263—becore—volatile—and-the
conposi tion nodi¥?e¢* The ﬁ§?57is shé®l7i n Fi qUOSS8. THO1EPezoel| @68 ri C
act i vitye—ef—t-hevarious—cpaposi-tions is shown lin Figurle 5 The c¢onpasition
x=0. 6 |&nibits t1838.99pt i muBPREXOEl e¢typizs act i VitegisWenpodiyen abophe sanme
drivel|field (7.5kvim 1), the piezoelectric actlivity (defined as|the nmaxi num
st rai igaxi mum|el ectric feld) for gactr conpogition g shown—nyfable—3—No
strain was gendrsoed8for BE7onposi| P87 =0. 1 23t17Phi § 298488ri c |2Del d
geners ! ; P

Tabl e {3 Conposilti on Piezoglectric agtivity / pgmV-1 x30.6 330

0.5 131.199 29.976 12.971 29.985 204.130 200

0.6

126.878 24.847 16.128 37.282 205.136 200

0.7 122.235 19.334 19.522 45.126 206.217 200

0.8 117.228 13.392 23.180 53581 | 207.381 200

0.9 111.816 6.967 27.135 62723 | 208.641 200

1.0 105.946 0 31.424 72.637 | 210.007 200

The mixture of dried, milled powders was calcined in covered alumina crucibles to induce a

chemical reaction to produce the desired perovskite phase. The temperature programme for this

step was: heat at 150 °C/hour to 800 °C, dwell at 800 °C for 4 hours and cool at 300 °C/hour to

room temperature.

The powder was sieved through a 300 micron mesh and milled as described above. The powder

was then made into pellets by loading 0.6g into a 10 mm die set to be pressed at 50 MPa.

12



x=0.5 130 x=0.4 90 x=0.3 45 x=0.2 25 x=0.1 - Figure 6 shows the room
tenperature dielectric constant as a function of conposition. Exanple 2
x=0. 6 y=0w02(1/04395Bi ( Fe(l _y) Coy) 03- x(Bi 05K05) Ti @3B WD PCT/GB2011/051356
2012/ 013956PCT/ GB2011/ 051356 x=0.6 y=0.1(1-x) Bi (Fe(l_y)Coy)03-

x(Bi 05K. 0.5) Ti @ x=0.6 y=0.2(1-x) Bi (Fe(l_y)Coy)03- x(Bi 05K0.5)Ti B The
precursor powders (Bi 203, Fe203, Ti 02, K2CC3 and Co0 99.9% purity,
Signma-Al drich) were dried at 130C for 24 hours in order to renove any

moi st ur Bintenigg tempseatires oBEWIC 29 ° G GAC NP0 d 0po M end 1060°€ weee wieddn i n t he

Tabl
cor et LR B APPURAIE, Ao IS RS S R Tl
17 hour &. 3OWH€/floels1lolthe dﬁ}lrsd mnfeylng\mpdfdu&d Coutiap floaothe bﬁt@ﬁg\t@mﬂei&u&tWarsr I ng

h 0 Table 4 Co t
AT TR N Nt SRR

rate was used in order to minimize thermal shock.

Prior to density, X-ray diffraction, electrical and electromechanical analyses, the sintered pellets

were ground flat and parallel to nominally 1 mm thickness.

Results

The optimum sintering temperatures and resultant densities are shown in Table 2.

Table 2
Composition | Optimum sintering temperature / °C | Density / g cm™
x=0.1 975 7.5
x=0.2 975 7.2
x=0.3 1000 7.1
x=0.4 1000 6.4
x=0.5 1040 ‘ 6.8
x=0.6 1025 6.4

The density is also shown in Figure 1 plotted against the theoretical density calculated from x-

ray diffraction analysis.

X-ray diffraction analysis was carried out on the sintered pellets in order to confirm the crystal
structure. The outcome of this analysis is shown in Figure 2. An interpretation of Figure 2 shows
all the compositions to be a single phase of rhombohedral symmetry. There are no secondary,

deleterious non-perovskite phases.

The Curie point is the temperature at which a ferroelectric material transforms to paraelectric. In
the present xXKBT-1-xBF system, this occurs with the transition from a polar thombohedral

structure to a non-polar cubic structure and was measured by plotting the relative permittivity vs

13



K2COB (g) Weight of Ti2 (g) Weight of CoO (g) Total Weight (g) Tot al
Weight - CO2 (g) 0.05 (5% Cobalt) 126.928 23.614 16.135 37.295 1.167
205. 1378 WOQo /w56 10% Cobal t) 126.976 22.380 16. 140 37P8@&E208341265. 140

200 0.2 (20% Cobal t)

temperature (see Figure 3). A maximum in the relative permittivity vs temperature curve denotes
the Curie point. The Curie point of the compositions x=0.1 to 0.4 is such that no peak could be

found using this technique (7e the Curie point is > ca. 600 °C).

In order to determine the Curie point of the compositions x=0.3 and 0.4, the crystal structure was
studied as a function of temperature. This showed that the composition x=0.3 has a Curie point of

720 °C and the composition x=0.4 has a Curie point of 700 °C.

From the known Curie point of BiFeQs, it is assumed that the Curie point for the compositions
x=0.1 and 0.2 is between 720 and 820 °C. However at these temperatures, K,0 and Bi,O3

become volatile and the composition modifies. The data is shown in Figure 4.

The piezoelectric activity of the various compositions is shown in Figure 5. The composition

x=0.6 exhibits the optimum piezoelectric activity.

When driven at the same drive field (7.5kVmm™), the piezoelectric activity (defined as the
maximum strain/maximum electric field) for each composition is shown in Table 3. No strain

was generated for the composition x=0.1 at this electric field.

Table 3
Composition | Piezoelectric activity / pm V"
x=0.6 330
x=0.5 130
x=0.4 90
x=0.3 45
x=0.2 25
x=0.1 -

Figure 6 shows the room temperature dielectric constant as a function of composition.

Example 2
x=0.6 y=005 (1-)(7) Bi(Fe(l-y)COy)O;;- x(Bi0,5K0_5)TiO3

14



127.074 19.908 16.153 37.338 4.671 205.1437 200 The m xtures of dried,

m |l ed powders were calcined in covered alum na crucibles to induce a

chem cal weaot¥mswsso produce the desired perovskite pha®eT/GHre11080356r at ur e
programme for this step was: heat at 150 C/ hour to 800 C for 4 hours and to
cool at 300 C/ hour to roomtenperature. The powder was again sieved through
a 300 gmnesh and mlled as descri bed above with 1 wt % & ascol HA40 bi nder
and sieved a final tine. The powder was then fabricated into pellets by WO
2012/ 013956PCT/ (3B2011/ 051356 | oading 0.6 g into a 1 O di aneter die and
pressed at 30 MPa for 5 mnutes. The pellets were then cold isostatic
pressedxtl? ¥i0de ni nut(és) Bi(FesgCnpas- xBinsless)Tigst enper at ures of 1000 C and
1025 C were attenpted in order to obtain high density ceram cs. The
sintering regime was as follows: 50 C/ hour to 600 C and then at 300 C/ hour
to the sintering tenperatures outlined above. Cooling fromthe sintering

t enper a¥tke Xws2 carri dé->dBi(Fei-)@800€/4BiusK¢0Ti080 C and then at 300 C hour
to roomtenperature. Cooling rates were lower to mnimze thermal shock.
Prior to density and X-ray diffraction analysis, the pellets were ground
flat and parallel to Immin thickness. Prior to electrical testing such as
strain Thepgepserppovadeas (Bt keQi.t Ti0s, KeGPernd Go® 999y pirity, Sigmaphldrict)s

were gr d |4 u Figure 7 shows. X-ra
diffr ac??%ndr%ég?%teﬁr?gcf%g azé . %@fég’bg@b@(ﬁﬁ&%&%fnﬂ%ﬁfl i BePATY accuite
0. 6Bi Fe®8igbing20B: powdetBwki?KeibAdd @Bthe Tdoeregairbpurtisnsagoefabichd thefth@seoxides

perovskj.t e d sho nQ seconda nop- perovski te phases. The

strain/ !éﬁteé%ﬁeg?‘@ ?ﬁele\gﬁgler‘@saﬁgﬁgﬁ “P{J%{d VEhpEER lsfagﬁ‘s%ﬁ@?@P‘ay[leﬁqu‘ni XPIop@ah forn

Fi gure 87 hdd. Mhe 2ebubingl e el WhLEHJd hdbd IRlablaBips WHKM FRfide arll Sdved@kito@dh PHod4%
was generated with a high field d33 = 1100 pm V-1 which is far higher than
i s obseMiERN mashpyion gaugen e 3 A sanple of the solid sol ution

x(Bi aKi _a) Ti @3-y(Bi Fe03) - (1-x-y)PbTi 8 was synt hesi sed using the m xed
oxi de process described in the previ gusle Bxanpl es at each of the foll ow ng
conpositions 0.475BF-0. 45KBT- 0. 075PT 0. 55BF- 0. 3KBT- 0. 15PT

0. 625BF- p—15KBT=01225PF
Compositi Weight
position Weight Weight | of CoO Total
») Weight of of Fez03 | Weight of | of TiOz Total Weight -
Bi203 (g8) (® K2C0s (g) | (8) (8) Weight (g) €02 (g)
0.05 (5% 126.928 23.614 | 16.135 37.295 1.167 205.1378 200
Cobalt)
0.10 (10% 126.976 22.380 | 16.140 37.309 | 2.334 205.140 200
Cobalt)
0.2 (20% 127.074 19.908 | 16.153 37.338 | 4.671 205.1437 200
Cobalt)

The mixtures of dried, milled powders were calcined in covered alumina crucibles to induce a
chemical reaction to produce the desired perovskite phase. The temperature programme for this
step was: heat at 150 °C/hour to 800 °C for 4 hours and to cool at 300 °C/hour to room

temperature.

The powder was again sieved through a 300 pm mesh and milled as described above with 1 wt%

Glascol HA40 binder and sieved a final time. The powder was then fabricated into pellets by

15



WD 2012/ 013956PCT/ GB2011/ 051356 The powders were wei ghed in the correct
proportions to fabricate these target oxides (see Table 5). Table 5
Conposi t iwo 2Weigbdaseof Bi 203 (g) Weight of Fe203 (g) Wi glbtr/aH20KAC0E6( g)
Weight of TiO2 (g) Weight of PbO (g) Total Weight (g) Total Wight - CO2
(g) 0.475BF-0.45KBT- 0.075PT 120.680 28.064 11.505 31.027 12.387 203.663
200 0. 55BF-0. 3KBT- 0. 15PT 115. 058

loading 0.6 g into a 10mm diameter die and pressed at 30 MPa for 5 minutes. The pellets were

then cold isostatic pressed for five minutes at 350 MPa.

Sintering temperatures of 1000 °C and 1025 °C were attempted in order to obtain high density
ceramics. The sintering regime was as follows: 50 °C/hour to 600 °C and then at 300 °C/hour to
the sintering temperatures outlined above. Cooling from the sintering temperature was carried
out at 150 °C/hour to 600 °C and then at 300 °C/hour to room temperature. Cooling rates were

lower to minimize thermal shock.

Prior to density and X-ray diffraction analysis, the pellets were ground flat and parallel to Imm

in thickness.

Prior to electrical testing such as strain field loops and permittivity v temperature analysis, the

pellets were ground flat and parallel to 0.3 mm.

Results

Figure 7 shows X-ray diffraction patterns for 0.6BiFey9Cog103 - 0.4Bi;»K;5,TiO; and
0.6BiFeqC00203 - 0.4Bi;2K;,TiO3. The patterns are single phase perovskite and showed no

secondary non-perovskite phases.

The strain/electric field response for composition x=0.6, y=0.2 is shown in Figure 8. Using an
applied electric field of 4 kV mm’, a strain of 0.44% was generated with a high field d3; = 1100
pm V™' which is far higher than is observed in PZT.

Example 3

A sample of the solid solution x(Bi,K ) TiO3 — y(BiFeO3) — (1-x-y)PbTiO; was synthesised using
the mixed oxide process described in the previous Examples at each of the following

compositions
0.475BF-0.45KBT-0.075PT
0.55BF-0.3KBT-0.15PT

0.625BF-0.15KBT-0.225PT
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30.982 7.313 25.356 23.620 202.329 200 0.625 BF-0. 15KBT-

0. 225PT 109. 937
33.640 3.494 20.189 33.853 201.113 200 X-ray diffraction data are given in
Fi gure 9.wBaesitisvséabl e 6 shows density and sintering tecpamEburesiiser the
three conpositions. Table 6 Conposition Sintering Tenp (C) Density (kg/nB)

The powders were weighed in the correct proportions to fabricate these target oxides (see Table

5).
Table 5
Weight of
Weight Weight PLO Total
Composition of Bi,O; | Weight of Weight of of TiO, Total Weight -
(® Fe,0; (g) | K:CO; (g) | (9 ® Weight (g) | CO; (g)
0.475BF-0.45KBT- 120.680 | 28.064 11.505 31.027 12.387 203.663 200
0.075PT
0.55BF-0.3KBT- 115.058 | 30.982 7.313 25.356 23.620 202.329 200
0.15PT
0.625 BF-0.15KBT- | 109.937 | 33.640 3.494 20.189 33.853 201.113 200
0.225PT
X-ray diffraction data are given in Figure 9.
Results
Table 6 shows density and sintering temperature for the three compositions.
Table 6
Composition Sintering Density (kg/m3) Te (°C)
Temp (°C)

0.475BF-0.45KBT0.075PT 1045 7000 -

0.55 BF- 0.3 KBT-0.15PT 1035 7250 525

0.625 BF-0.15 KBT-0.225 1025 7300 590
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Tc (C) 0.475BF-0. 45KBT0. 075PT 1045 7000 - 0.55 BF- 0.3 KBT- 0.15 PT 1035
7250 525 0.625 BF-0.15 KBT-0.225 1025 7300 590 WO

2012/ 0139%56PCH/GEB2011/ 051356 Figure 10 is a pol ari sati orciicB2dilsessef or
0.55 BF- 0.3 KBT- 0.15 PT collected at 0.1 Hz and room tenperature. The
remant pol arisation and coercive field are simlar to that observed in
PZT. Figure 11 is a bipolar strain-field loop for 0.55 BF- 0.3 KBT- 0.15 PT
collected at 0.1 Hz and roomtenperature. The total peak to peak strain is
> 0. 7% Fienggul0ds 2 polagsasiondiesbloap fastOr i BE-f0.2KBTH 6dp PlogollectbatBEL HR aid KBT-

0. 15 PT . m t erature. The total strain,. exceeds
0.43 % g%weﬁﬁi@ﬁﬁfh%hgﬁ%“ﬁ%ﬁ&?ﬁﬁgﬁ% %‘&gcrg(%’f?é‘é? T e il ey SHSBSV edin 575
pmV-1. PZGure 13 illustrates pernittivity vs temperature plots for 0.55 BF-
0.3 KBT- 0.15 PT (labelled 0.15PT) and 0.625 BF-0.15 KBT-0.225 (| abelled

0. 225PT} okl ' ' ' rd t e nferre

P 225 higuliAT ol T ReldYo0h R OIS CORBY205 £ Gpeledy € trandsao

r espect iopel tpmpdatire dha totelpealotd mak sthinis @8%. ng from high tenperature at a
frequency of 100 kHz. Summary The conposition 0.55 BF- 0.3 KBT- 0.15 PT
exhi bi t g; [ hi hGhet | r t. har
O o L Pighrepgbs gt (5 R34, RED s AT B IPTRhRR RBIHEREL ¢ e
densi t yraom tempeseturd e tdvaltstrein eRZEd¢ 0P I%e el 1.ykV/HOQ. Tiee MO APIdWHB Chaxstyaibe

usef ul . lications. The total strain (both bipolar and Unipolar)
exceedsfﬁéﬁﬁ&gﬁﬁsz?fgﬁﬂby conventi onal PZT based materials. WO

2012/ 013956PCT/ GB2011/ 051356
Figure 13 illustrates permittivity vs temperature plots for 0.55 BF- 0.3 KBT- 0.15 PT (labelled

0.15PT) and 0.625 BF-0.15 KBT-0.225 (labelled 0.225PT). From the maximum in dielectric
constant, the inferred ferroelectric — paraelectric transition temperatures are 520 °C and 590 °C

respectively. The data was collected on cooling from high temperature at a frequency of 100
kHz.

Summary

The composition 0.55 BF- 0.3 KBT- 0.15 PT exhibits a high field d33 of 575 pm V™' which is
higher than most hard commercial PZT materials and a T¢ of 525 (PZT max = 350). In addition,
the density is lower than that of PZT (typically 7700 to 7900) which may be useful for some
applications. The total strain (both bipolar and Unipolar) exceeds that exhibited by conventional

PZT based materials.

18



CLAIMS

1. A ceramic comprising a solid solution of formula:

X(BiaK1-a) TiO3— yBiFeO3- zPbTiO3

wherein 0.4<a<0.6;

O<x<1;
O<y<1;
0<z<0.5;and
X+y+z=1,

wherein the ceramic is substantially free of non-perovskite phases.
2. A ceramic asclaimed in clam 1 wherein0<z<0.3.

3. A ceramic as claimed in any preceding claim further comprising one or more perovskite
phases selected from the group consisting of (BiaK1-a) TiOs, BiTiOs, KTiOsz, BiFeOs and PbTiOz,

4. A ceramic as claimed in any preceding claim wherein the solid solution has two of the
group consisting of arhombohedral phase, a monoclinic phase, an orthorhombic phase and a
tetragonal phase.

5. A ceramic as claimed in any preceding claim wherein x isin the range 0.7 to 0.9.
6. A ceramic as claimed in any of claims 1 to 4 wherein xisin therange 0.1 to 0.4.
7. A ceramic as claimed in any of claims 1 to 4 wherein x isin the range 0.5 to 0.6.
8. A ceramic as claimed in any preceding claim wherein ais 0.50.
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9. A ceramic as claimed in any preceding claim wherein in the solid solution, Bi and/or K
are substituted by an A-site metal dopant selected from the group consisting of Li, Na, Ca, Sr, Ba
and arare earth metal.

10. A ceramic asclamed in any preceding claim wherein in the solid solution, Fe and/or Ti
are substituted by a B-site metal dopant which has a higher valency than the valency of the metal
which it substitutes or has amixed valency.

11. A ceramic as claimed in any preceding claim wherein in the solid solution, Fe and/or Ti
are substituted by a B-site metal dopant selected from the group consisting of Ti, Zr, W, Nb, V,
Ta, Mo and Mn.

12. A ceramic asclamed in any preceding claim wherein in the solid solution, Fe and/or Ti

are substituted by a B-site metal dopant selected from the group consisting of Ti, Fe, Co and Ni.
13. A ceramic as claimed in any preceding claim obtainable by a process comprising:

(A) preparing an intimate mixture of a substantially stoichiometric amount of a
compound of each of Bi, K, Ti, Fe and Pb;

(B) converting the intimate mixture into an intimate powder;

(C) inducing areaction in the intimate powder to produce a mixed metal oxide;

(D) manipulating the mixed metal oxide into asinterable form; and

(E) sintering the sinterable form of the mixed metal oxide to produce the ceramic.
14. A processfor preparing a ceramic as defined in any preceding claim comprising:

(A) preparing an intimate mixture of a substantially stoichiometric amount of a

compound of each of Bi, K, Ti, Fe and Pb;

(B) converting the intimate mixture into an intimate powder;
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(C) inducing areaction in the intimate powder to produce a mixed metal oxide;
(D) manipulating the mixed metal oxide into a sinterable form; and
(E) sintering the sinterable form of the mixed metal oxide to produce the ceramic.

15. A process asclaimed in claim 14 wherein in step (A) the substantially stoichiometric
amount of the compound of each of Bi, K, Ti, Fe and Pb is expressed by the compositional

formula:
X(BipK¢)TiOs — y(BiFe1-aBdOg3) - zPbTiOs

wherein:
B isaB-site metal dopant;
bisintherange 0.4 to 0.6;
cisintherange 0.4 to 0.6;
disintherange0to 0.5; and

X, y and z are as defined in any preceding claim.
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