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ABSTRAKT

Tato prace se vénuje problematice dielektrické spektroskopie kompozitnich systémi a analyze
systétmu smésnych vztahli pro dielektrické materialy, v druhé c¢asti nasleduje charakterizace
dielektrickych a piezoelektrickych parametrt v piezoelektrickych materidlech.

Habilitacni prace je predkladana jako komentar k souboru védeckych praci publikovanych
vétSinou v impaktovanych casopisech a ve sbornicich mezinarodnich konferenci, a ptredstavuje
piehled vyznamnych vysledkti dosazenych od odevzdani mé disertacni prace v roce 2008. Cela
dosavadni védecka prace je spojena s dielektrickou spektroskopii v prvnich letech zejména
polymernich materialti, v poslednich letech zejména piezokeramickych materiald.

Jelikoz primyslova praxe zada stale lepsi materidly s vyhodnéjsimi elektrickymi, tepelnymi
a chemickymi vlastnostmi, a dale zadda materidly umoziujici ptipravu tvarové slozitéjsich,
presngjsich a hlavné levnéjsich vyrobki, je jednou z moznosti vyvoje novych materialii zkoumani
a vyroba kompozitnich systémti. Proto se hledaji nové moznosti v oblasti dielektrickych
a magnetickych slozenych soustav — kompoziti. Nedilnou soucasti ptipravy kompozitnich systémil
jsou také empirické matematické funkce slouzici k predikci vyslednych parametri nového
kompozititu. Analyzou téchto funkci a navrhem nové funkce se vénuje prvni ¢ast predlozené prace.

Dielektricka spektroskopie (DS) nebo impedanéni spektroskopie, také znama jako
elektrochemicka impedanc¢ni spektroskopie, se ¢asto pouziva ke studiu odezvy dielektrickych
materiald vystavenych elektrickému poli. Elektrické pole mize byt stejnosmérné, Castéji ovSem
stiidavé. DS popisuje dielektrické vlastnosti materidlu jako funkci frekvence a nasledné analyzy
mohou popsat chovani molekul a charakteristické vlastnosti elektrickych dip6li.

V této praci je prezentovana metoda analyzy dielektrickych spekter podle nejbéznéjsich
empirickych vztaht.. Nasledné je v predkladané praci studovana zalezitost tykajici se rozborti dosud
znamych smésnych vztahti pro predikci elektrickych parametrd a navrh nového smésného vztahu
pro kompozitni systém polymer-kovové plnivo s unikatnim koeficientem reprezentujici velikost
dopantovych ¢astic.

V druhé ¢asti jsou prezentované vysledky analyzy dielektrickych a piezoelektrickych spekter
u olovnaté a bezolovnaté keramiky a vliv riznych dopantl na tyto struktury.

Bezolovnata piezoelektricka keramika je Siroky pojem, ktery obsahuje v zasadé¢ dvé obecné
skupiny. Z nichZ jedna skupina soutézi o podobné aplikace jako PZT a druha se zabyva vlastnostmi,
které jsou mimo rozsah aplikaci PZT. Do prvni skupiny patii materidly oznac¢ené¢ KNN, BCZT
a BNT-BT. Do druhé skupiny pak materialy zkracené oznaceny BZT, respektive BNKT, jejichz
piezoelektrické vlastnosti mohou byt horsi nez u materidlovych systémt PZT. Piezoelektricka
keramika je pouzitelna v Sirokém spektru odvétvi, naptiklad ve fotolitografii (mikroelektronika
prostfednictvim polohovacich prvki), ultrazvukovém zobrazovani (lékatfska diagnostika),
senzorech, ak¢énich ¢lenech atd. Bezolovnata piezoelektricka keramika, jako je BCZT, ma sice
vétsinu vlastnosti srovnatelnych s PZT, ale ptesto je v mnoha ohledech stale horsi nez bézné PZT.
Jedna se zejména o parametry vysoka teplota zpracovani a slinovani a velka velikost zrn, coz snizuje
moznost miniaturizace, proto je hlavni myslenkou vétSiny soucasnych praci studium strukturalnich
zmén keramiky pomoci dopovani riznymi prvky. JelikoZz se jednd o dielektrickych systém, je
dielektrickd spektroskopie vhodny néstroj pro vyhodnoceni zmén elektrickych vlastnosti
dopovanych materialti.



ABSTRACT

This work deals with the problem of dielectric spectroscopy of composite systems and analyzes
of the system of mixed relations for dielectric materials, in the second part follows the
characterization of dielectric and piezoelectric parameters in piezoelectric materials.

The habilitation thesis is presented as a commentary on a set of scientific papers published in
impact journals and proceedings of international conferences, and presents an overview of
significant results of clothing and dissertations in 2008. All scientific work is associated with
dielectric spectroscopy in the first years, especially polymeric materials in recent years especially
piezoceramics.

As industry practice demands ever better materials with more advantageous electrical, thermal
and chemical properties, materials enabling the preparation of more complex, more accurate and
especially cheaper products, one of the possibilities of developing new materials is to research and
manufacture composite systems. Therefore, look for new possibilities in the field of dielectric and
magnetic composite systems - composites. An integral part of the preparation of composite systems
are also mathematical empirical functions used to predict the resulting parameters of a new
composite. The analysis of these functions and the proposal of new functions are devoted to the first
part of the presented work.

Dielectric spectroscopy (DS) or obstacle spectroscopy, known as electrochemical obstacle
spectroscopy, often used to study the response of dielectric materials exposed to electric fields. The
electric field can be direct current, more often alternating. The DS describes the dielectric properties
of a material as a function of frequency, and the analysis can describe the behavior of molecules and
the key properties of electrical dipoles.

In this work, the method of analysis of dielectric spectra according to the most common empirical
relations is presented. Subsequently, a matter concerning the analysis of hitherto known mixing
relations for the prediction of electrical parameters and the design of a new mixing relationship for
a polymer-metal filler composite system with a unique factor representing the size of dopant
particles is studied.

The second part presents the results of the analysis of dielectric and piezoelectric spectra in lead

and lead-free ceramics and the influence of various dopants on these structures.
Lead-free piezoelectric ceramics is a broad term that basically contains two general groups. One
group competes for similar applications as PZT and the other focuses on features that are outside
the scope of PZT applications. The first group includes materials marked KNN, BCZT and BNT-
BT. In the second group, the materials are abbreviated BZT or BNKT, respectively, the following
piezoelectric properties may be worse than in the case of PZT material systems. Piezoelectric
ceramics can be used in a wide range of industries, such as photolithography (microelectronics via
positioning elements), ultrasound imaging (medical diagnostics), sensors and actuators, etc. Lead-
free piezoelectric ceramics such as BCZT have several properties comparable to PZT, but still is in
many ways a hall worse than a regular PZT. These are mainly the parameters of high processing and
sintering temperature and large grain size, which requires the possibility of miniaturization, so the
main idea is to conduct current studies to study the structural changes of ceramics using doped active
elements. As these are dielectric systems, dielectric spectroscopy is a suitable tool for evaluating
changes in the electrical properties of doped materials.



1 DIELEKTRICKA SPEKTROSKOPIE KOMPOZITNICH SYSTEMU

Kompozitni materialy jsou v dne$ni dobé na popiedi vyzkumu a rozsifuji obzory konstruktéri ve
vSech oborech. Spolecnost nevidi za leskly exteriér nebo zdvodni vykon jachty GRP1, ani neciti
slozitost struktury kompozitniho listu rotoru vrtulniku nebo moderni tenisové rakety CFRP2, ptesto
za kazdym zvySenim byt’ jednoho parametrt téch struktur stoji roky vyzkumu a vyvoje. [1]

Moje dosavadni prace V oblasti kompozitnich systémi byla zejména v dobé po obhajobé
disertacni prace zamétena na analyzu dielektrickych spekter a nalezeni novych smésnych vztahi
charakterizujici dané materialy. [A1-A8]

V kompozitech jsou materidly kombinovany takovym zptsobem, ktery ndm umoziuje 1épe
vyuzivat jejich pfednosti a do urc¢ité miry minimalizovat dopady jejich nedostatkli. Tento proces
optimalizace mize designéra osvobodit od omezeni spojenych s vybérem a vyrobou konven¢nich
materidli ¢i tvard. Maze vyuzivat tvrd$i a leh¢i materidly s vlastnostmi, které Ize pfizpisobit
konkrétnim pozadavktim na design. Vzhledem ke snadnosti, s jakou lze vyrabét slozité tvary, mize
uplné prehodnoceni zavedeného designu z hlediska kompozitii Casto vést k levnéjSim 1 lepSim
reSenim.

Koncept ,,kompozitid* neni lidskym vyndlezem. Dievo je pfirodni kompozitni material sestavajici
z jednoho druhu polymeru - celul6zovych vlaken s dobrou pevnosti a tuhosti - v pryskyfi¢né matrici
jiného polymeru, polysacharidu ligninu. Pfiroda déla design a vyrobu mnohem Iépe nez my, i kdyz
si ¢loveék uvédomil, Ze zpusob prekonani dvou hlavnich nevyhod pfirodniho dieva - velikosti (strom
ma omezeny piiény rozmér) a anizotropie (vlastnosti se vyrazn¢ lisi v axialnim a radialnim sméru)
je vyrobit kompozitni material, ktery nazyvame pieklizka. Kosti, zuby a skotapky mékkysu jsou
dalsi ptirodni kompozity, které kombinuji tvrdé keramické vyztuzné faze v matricich z ptirodniho
organického polymeru. [2]

Jednoduchy termin ,.,kompozity* dava jen malo informaci o Siroké Skale jednotlivych kombinaci,
které jsou zahrnuty v této tfidé materialti. Zminil jsem nékteré z téch znaméjsich, ale diagram na
obr. 1.1 poskytuje jasngjsi ptedstavu o rozsahu vynalézavosti, ktery ma k dispozici materialovy
inZenyr €1 védec a jeho zdkaznik, konstrukteér.

4 R
METALS AND
ALLOYS: metal-matrix composites,
steels, ceramic-matrix composites,
aluminium alloys, (including ordinary reinforced
copper & brasses concrete and steel-fibre rein-
titanium, etc. forced concrete)
Etheica CERAMICS &
resins (epoxies, etc ), GLASSES
thermoplastics,
rubbers, glass, ;
foams. fired ceramics,
textile fibres concrete,
(fibre-reinforced plastics
\(including GRP, CFRP,
|glass/PTFE coated fabrics),
'FRP-reinforced concrete
L J

Obr.1.1  Vztahy mezi tfidami materiall, ukazujici vyvoj kompozitt [2]



Kompozitni material ,,znamena jakykoli materialovy systém, ktery se sklada z minimalné dvou
slozek, z nichz alespon jedna je pevna, s makroskopicky rozeznatelnym rozhranim mezi fazemi*
[2,3]. Kompozity Ize oznacit jednoduse jako kombinaci nékolika materiali dohromady, které musi
ziskat jiné vlastnosti, nez jaké mohou poskytnout neékteré ze slozek samotné, nebo nez jejich
jednoduchy soucet.

Kompozitni materialy se obecné klasifikuji podle nasledujicich kritérii [2,3]:

matricovym materidlem (zakladni faze):

o polymer (termoplasty, termosety nebo elastomery)

o keramika a jiné anorganické latky (obvykle silikat, siran vapenaty nebo baze).
Podle struktury nebo geometrickych charakteristik rozptylenych castic:

o disperze (tvrdé kovy)

o castice (Castice, zrnitost)

o Castice pravidelnych tvart (koule, desticky)

o plynné inkluze (pérovité polymery, pénobeton)

o vlakno (dlouhé, kratké, usporadané, neuspotadané vlakna).

1.1 PLNIVA KOMPOZITU

Plniva jsou pevné latky, které se do polymert pfidavaji v pomérné velkych objemech za tcelem
upravy objemu, hmotnosti, ndkladud, povrchu, barvy, chovani pfi zpracovani, mechanické pevnosti,
elektrickych vlastnosti a mnoha dalsich parametri. Ve vétsing primyslovych aplikaci jsou obecné
plasty smichany s plnivy, aby se zlepsily jejich funk¢ni vlastnosti (tuhost, houzevnatost, tahové
vlastnosti), zvysila se trvanlivost gumovych smési a snizily se ndklady na kone¢ny produkt. Plniva
1ze obvykle klasifikovat do nasledujicich kategorii [2,4]:

fedidla nebo degradujici plniva (neztuzujici): snizuji jak mechanickou tak i elektrickou
pevnost smési, do nichz se ptidavaji, a ptidavaji se hlavné ke sniZeni vyrobnich naklad
zvySenim objemu a hmotnosti produktu (ve skute¢nosti vSak neexistuje plnivo, které je
pln¢€ neaktivni a snizuje pouze naklady), napt. pigmenty, uhli¢itan vapenaty, mastek, siran
barnaty;

vypliiova nebo ¢asteéné vyztuzujici plniva: maji maly vliv jak na mechanickou tak
i elektrickou pevnost smési, napt. tvrdy jil, vysraZzeny uhlicitan vapenaty;

vyztuzujici plniva: zvySuji mechanickou tak i elektrickou pevnost smési a podstatné
zlepsuji jejich mechanické vlastnosti, napf. srdzeny oxid kifemicity, pyrogenni oxid
kfemicity, saze.

Vyztuz 1ze definovat jako zlepSeni mechanickych vlastnosti sloucenin, ale také elektrickych
vlastnosti jako jsou elektrickda pevnost, permitivita, prirazné napéti, schopnost zhaset el. oblouk

a dalsi.

Kromé klasifikaci zalozenych na jejich mechanickém ¢i elektrickém ucinku v polymerni matrici
1ze plniva rozlisit také na zakladé jejich struktury a riznych rozmért Obr. 1.2[5,7]:

nulovy rozmér (0D): nizky pomeér stran, izotropni koule, kostky, mnohostény, napt. saze,
uhli¢itan vapenaty, fulleren;

jednorozmérné (1D): ¢astice plniva, ve kterych je jeden rozmér podstatné vétsi nez ostatni
(tyCe, draty, trubky), napf. uhlikové nanotrubice s vice sténami, uhlikové nanodraty,
sepiolit;

dvourozmérny (2D): ¢astice plniva, ve kterych maji dva rozméry znacnou délku (disky,
hranoly, desky), napft. vrstveny kiemicitan, grafen, grafit;

trojrozmérny (3D): ¢astice plniva, ve kterych maji tfi rozméry znacnou délku, napf.
boehmit, diamant.
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Obr. 1.2  Ruzné typy piimési [6]

Hlavni kritéria ovlivitujici vyztuz

Rozhodujicimi parametry, které urcuji t€inek vyplni na elektrické vlastnosti kompozitti a také na
jejich predikci, jsou geometrie vyplné (velikost, tvar, pomér stran) a interakce vypli-matice. [6]

Velikost castic

Primérna velikost ¢astic je obvykle prvni charakteristikou plniva, které je tieba vzit v tivahu.
V reakci na dilezitost malych castic pfi pripravé funkcnich, vysoce vykonnych kompoziti se
sofistikovanou architekturou se objevila nova generace nano plnidel. VIiv vyztuze se zvySuje se
zmenSovanim velikosti ¢astic, coz ptinasi vétsi plochu rozhrani polymer-plnivo a tedy ucinngjsi
mezifazovou vazbu. Samoziejmé tento jev plati jen v urcitém rozsahu objemového zastoupeni
plniva v matrici. Plniva maji obvykle pruméry ¢astic v rozmezi 10 nm az 200 um. Velké ¢astice
v plnivu jiz omezuji kontakt mezi matrici a povrchem plniva a plsobi jako mista iniciace poruchy,
které vedou k predc¢asnému selhani materialu[7].

Specificky povrch (SA) a porovitost

Termin ,,m&mny povrch* (SA) se vztahuje k ploSe / jednotkové hmotnosti a obvykle se vyjadiuje
jako m?/g. Specificky povrch piesné souvisi s velikosti ¢astic. Snizeni primérné velikosti ¢astic
plniva a nasledné zvySeni SA, zvétSuje mezifazovou vazbu polymer / plnivo, a proto je zadouci pti
navrhovani elektrickych kompoziti. Specificky povrch urcuje celkovy povrch plniva, které je
v kontaktu s polymerem. SA je charakterizovan méfenim adsorpce specifickych molekul. Nejcastéji
pouzivana adsorp¢ni technika je zaloZzena na metodé Brunauer-Emmett-eller (BET) adsorpce N2,
ktera poskytuje ,,celkovou* povrchovou plochu véetné pérovitosti. DalSim ptistupem je metoda
cetyltrimethylamoniumbromidu (CTAB) Obr. 1.3, ktera analyzuje vnéjsi povrchovou plochu, ktera
odpovida efektivni ploSe plniva resp. prakticky dosazitelné ploSe rozhrani plnivo matrice.
Jednoduchou metodou pro ziskdni hodnot souvisejicich se SA je stanoveni adsorpce oleje. Prazdny
prostor (prazdny objem) mezi agregaty a aglomeraty lze vyjadfit jako objem dibutylftalatu (DBP)
absorbovany danym mnozstvim plniva, coZ se odrazi v hodnot¢ ¢isla DBPA [8].

_ External surface

T rf :
otal surface " using CTAB

usingBETN, 3

) e by the rubber
Accessible by the rubber >
AND by some rubber polar

ingredients

Obr. 1.3  Srovnani metod BET a CTAB [8]

Absorpce oleje DBPA je technika pouzivana ke kvantifikaci mnozstvi a strukturnich
charakteristik stupné plniva poskytovanim informaci o stupni porovitosti a struktufe ¢astic plniva.
povrchu (zmenSeni velikosti ¢astic) poskytuje nizsi odolnost a vyssi pevnost v tahu. U elektrickych
vlastnosti jiz velmi zalezi na typu a velikosti plniva a je mozné dosdhnou jak poklesu, tak 1 ristu
elektrické vodivosti, prirazného napéti, permitivity atd. [8]
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Teoretické FeSeni sloZené soustavy

Slozené materialy predstavuji sloZzenou soustavu tvofenou makroskopickymi utvary dvou
nebo vice materialovych slozek. Podle [7] je slozenym materidlem soustava vyhovujici nasledujicim
kritériim:

e soustavu tvofi spojeni dvou nebo vice materidli rozdilného chemického slozeni se
zietelnou hranici mezi geometrickymi tvary slozek,

e gcometrické utvary jednotlivych slozek jsou v soustavé spojeny v celém objemu,

e slozena soustava musi mit vlastnosti odliSné od vlastnosti slozek,

e slozena soustava musi byt vytvorena ¢lovékem.

Vlastnosti slozenych materiall jsou zavislé na mnozstvi jednotlivych slozek, geometrickém
tvaru Castic slozek, jejich orientaci, uspotadani a rozlozeni v soustavé. Reakce na hranicich byvaji
nezadouci, protoze snizuji mechanickou pevnost slozenych materiali. Navic vedou k vytvoteni
piechodovych vrstev, které zt€zuji matematicko-fyzikalni analyzu slozené soustavy.

NejcastéjSim matematicky popisovanym piipadem slozenych soustav je soustava
dvouslozkova. Matematicky popis vychazi z udaji o vlastnostech jednotlivych slozek.

Casto se fesi slozené soustavy z hlediska relativni permitivity nebo relativni permeability.
V obecném ptipadé lze pro permitivitu viceslozZkové soustavy psat:

Vp,Vy eV, ), (1.1)

kde v1 az vn jsou pomérné objemové dily jednotlivych slozek soustavy, pfic¢emz plati
dv, =1 1.2)

Teoretické ptistupy k feSeni vztahu 1.1 vedou ke slozitéj§im vyraziim, nevhodnym pro
praktické aplikace. Za zjednoduSujicich ptredpokladl lze vsak z téchto slozitych vyrazii odvodit
jednoduché vztahy pro dvouslozkovou soustavu. Nejznaméjsi jsou vztahy Maxwelltiv a Bottcheriv
[3,4]. Tyto vztahy popisuji matri¢ni sloZzené soustavy s dispergovanymi ¢asticemi kulového nebo
alesponi priblizné kulového tvaru.

Maxwelliv vztah pro dvouslozkovou soustavu s nizkou koncentraci dispergovanych ¢astic ma
tvar

&y — & & —&

=3v,. . (1.3)
&, & +2¢,

Bottchertiv vztah pro dvouslozkovou soustavu s kulovymi ¢asticemi lze psat ve tvaru

E,— €& & —¢
2 =3v,.—1—2 (14)
&, & +2¢,

a je vhodny pro soustavy s vyssi koncentraci dispergovanych ¢astic.

V technické praxi velmi pouzivany je Lichteneckeriiv mocninovy vztah; pro viceslozkovou
soustavu plati

n
k k
g = E Vg, (1.5)
i=1
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kde k je empiricky parametr zavisly pfedevS§im na tvaru a orientaci Castic a nabyvajici hodnot
v intervalu <-1,1>.

Odvozenim z (1.5) pro k—0 se ziska LichteneckerGv logaritmicky vztah, ktery mé pro
dvousloZkovou soustavu tvar

log &, =v,.log ¢, +V,.log &, , (1.6)

Empirické Lichteneckerovy smésné vztahy byly odvozeny pro pomér permitivit mensi nebo
roven 4. Experimentalné bylo zjisténo, ze ¢im mensi je pomér permitivit €1 a €2, tim tento vztah
poskytuje lepsi souhlas s experimentalnimi vysledky.

Dalsi velmi pouzivané smésné vztahy jsou uvedeny v tab. 1.1 [3,4].

Tab. 1.1 Pouzivané smésné vztahy

Poznamky Reference

V2<0.05 Wagner

Looyenga

., i &H<< g
vodivé kulové & Corcum
v»<0.25

E, — &
malé kulové &|1+v, z_"d V,<0.2 Sillars
& + A, —

- - o , 1 —
elipsoidy — nahodna 5{1 +§sz &, —& }

orintace ~ g + A((92 _gl)

3e, +2v, (82 —81)
3¢, _Vz(gz _51)

Rayleigh

valcovy &

3e, +2v, (82 —6‘1)
3¢, _Vz(gz _51)

zplostélé &,y Bruggemann

&

vodivé elipsoidy 1_}\/ Z i Altschuller
324 A

) , &—¢& &y — & K=empiricky
libovolné Loy, 2 1L P y

2 Wiener
e+K g, +K parametr
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1.2 DIELEKTRICKA SPEKTROSKOPIE

Slovo dielektrikum je odvozeno od pfedpony dia, pivodné znamena skrz nebo napfic.
Dielektricka relaxacni spektroskopie (DRS) pfedstavuje jednu ze stycnych oblasti na pomezi fyziky,
chemie, elektrotechniky a materidlového inZzenyrstvi s vyraznymi aplikacnimi vystupy. V obecném
pojeti se DRS zabyva studiem molekularni dynamiky elektricky nabitych ¢astic, resp. dipoli a je
tvofena souborem teorii a metod k experimentdlnimu zkoumani této dynamiky. Na rozdil od
polovodicu je zakazany pas energii Sirsi, takze tepeln¢ generované nosi¢e naboje obecné chybi.
V pritomnosti naboj elektrického pole neprotéka dielektrickym materialem proud jako ve vodici, ale
pouze nastava pouze posun z jejich rovnovaznych poloh ,,polarizace dielektrika®. [2,10]

Polarizace dielektrik je tedy pohyb vazanych elektrickych naboji pod ucinkem elektrického pole
a vysunuti téchto naboju z jejich rovnovaznych poloh na ohrani¢enou malou vzdalenost, stejné jako
orientace poldrnich molekul. V pribéhu dielektrické polarizace dochazi bud’ ke vzniku
indukovanych dipolt obr. 1.4, ¢i k orientaci permanentnich dip6éla obr. 1.5, poptipadé k obojimu
soucasné.

S dipélovym momentem
u=1.85D

Bez dipélového momentu

5~ 8" 5~ \
o, H,0 \)

Obr. 1.4  Vznik dipdlového momentu molekuly [10]

A o

r

@ Elektrické pole

Obr. 1.5 Nataceni dipdlu za pusobeni elektrického pole [10]

Jak je patrno z obr. 1.4 a obr. 1.5 molekula, ktera ma odlisné t&€zist€ kladného a zaporného naboje,
se chova jako elektricky dip6l. Dipol popisujeme veli¢inou zvanou elektricky dipélovy moment a je
zpravidla oznaCovana feckym pismenem u. Jeho hodnota je urcena soucinem elektrického naboje
q a vzdalenosti naboji . Jednotkou dipolového momentu je 1 D (debye) = 3,33564.10°° C.m.

V nasledujicim obrazku je nazorn€ uvedeno, jak se méni dip6lovy moment chlorovaného metanu
v zavislosti na poctu substituci vodiku chléorem. Molekula metanu sama o sobé¢ méa molekularni
dipdlovy moment roven nule (tj. molekula metanu je nepolarni), ponévadz obsahuje Ctyii slabé
polarni vazby C — H, které jsou umistény v prostoru symetricky. Vektorovy soucet jejich dipolovych
momentu je tedy roven nule.
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S postupnym nahrazovanim vodiku chlérem je symetricnost naruSena a molekuly
monochlormetanu, dichlormetanu a trichlérmetanu maji dipélovy moment nenulovy - tyto molekuly
jsou tedy polarni. Pii posledni substituci vznikd molekula tetrachlormetanu, ktery obsahuje ¢tyfi
silné¢ polarni vazby C — Cl, jez jsou ovSem rozmistény v prostoru symetricky, takze vysledny
dipélovy moment molekuly tetrachlormetanu je opét nulovy [10].

o = 0D
p=0D = 192D i = 1.60D = 1.04D {
8" 8- e 5" 5"
: é +«—§‘"‘7—~) )
ot + £
’ o &t J 5t ot J ~ ’,ﬂ— st "ﬁ" 54
N 5t st

o6~ &~
CH5CL CH,Cl, CHCly CCly

Obr. 1.6  Dipolovy moment vicenasobné chlorovaného metanu [10]
Velikost indukovaného dipolového momentu je umérna velikosti pasobici intenzity lokalniho
elektrického pole; plati
u=aE (1.7)

kde a je polarizovatelnost.
Dielektricka polarizace piedstavuje vektorovy soucet v§ech dipdlovych momentli molekul. Proto

plati:
D
P= 'T =n.c.E, (1.8)

kde n je koncentrace polarizovatelnych castic.

Pti vystaveni dielektrickych materidlti vnéjsim vliviim mechanické napéti, teplotni variace se
objevuji rizné dielektrické jevy jako piezoelektiina, pyroelektiina a feroelektiina, které se vyuzivaji
pro rizné aplikace v kondenzatorech, ak¢nich ¢lenech, ménicich, aplikacich paméti senzort atd.

Empirické funkce pro rozloZeni relaxacnich dob molekul

Pro popis dielektrické relaxace bylo odvozeno né€kolik, vice ¢i méné empirickych funkci.
StéZzejnim prvkem studia dielektrické spektroskopie je studium téchto empirickych funkci, resp.
jejich parametri v zavislosti na vnéjSich faktorech. Mezi nejvyznamnéjsi faktory patii teplota,
intenzita elektrického pole, vlhkost a tlak. Jelikoz realné dielektrické systémy jsou nanejvys pouhym
priblizenim ke klasickému Debyeovu modelu, pouzivaji se v praxi pro dielektricky popis néasledujici
empirické funkce oznaované jako rozdéleni. [12,13]

+ Coleovo — Coleovo (CC) rozdé€leni

» Coleovo — Davidsonovo (CD) rozdéleni

» Havriliakovo — Negamiho (HN) rozdéleni
V nasledujici ¢asti bude podrobnéji rozebrano pouze HN rozdé€leni, nebot poskytuje nejhlubsi
fyzikélni interpretaci jejich parametri.

Toto rozdéleni vzniklo na zaklad€ vyhodnoceni rozsahlého souboru experimentalnich dat
kombinaci CC a CD rozlozeni relaxacnich dob. Vyraz pro komplexni permitivitu ma tvar:

&g

E =&, +m (1.9
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Z uvedeného vztahu 1.9 je ziejmé, ze toto rozdéleni musi postihovat fadu experimentalnich
souborit dat Iépe, nez CC a CD, protoze obsahuje Ctyfi nezavisle volitelné parametry
(o, B, & — &=, 10 ), zatimco v Coleové — Coleové i Coleové — Davidsonové rozdéleni jsou tyto
nezavislé parametry pouze tii. Je vSak potieba si uvédomit, ze zvySovani poctu parametr vede ke
zvyseni shody pfislusné zavislosti s experimentem, neni vSak zarukou dokonalejsi fyzikalni
interpretace experimentalnich dat. Havriliakovo — Negamiho rozdéleni ma vyznamnou vlastnost, Ze
v logaritmickych soufadnicich je zavislost €''(®) tvofena dvéma pfimkami se smérnicemi o pro
®<<1/t0 a aff pro ® >>1/10. Z toho plyne, ze parametry o @ B maji nazornou geometrickou
interpretaci, a proto se Havriliakovo — Negamiho rozdé¢leni velice ¢asto pouziva pro popis relaxace
[13]. Na obr. 1.7 je znazornén prubéh HN rozdéleni v soufadném systému log ¢ - log o.
Na obr. 1.8 je pak uvedena zavislost ztratového ¢isla a relativni permitivity na frekvenci pro HN
rozd¢leni.

l logn —=

-6 -4 -2 0 2 4

Obr. 1.8  Ztratové ¢islo a relativni permitivita pro HN rozdéleni
(0=0,33, p=0,14) - simulace

1.3 NOVY SMESNY VZTAH PRO KOMPOZITY S KULOVYMI CASTICEMI

Kompozitni materialy s kovovymi plnivy piedstavuji dvouslozkovy nebo viceslozkovy systém,
jehoz vlastnosti jsou ovlivilovany vlastnostmi polymerni matrice [7,8,11], vlastnostmi kovového
plniva a jejich vzdjemnou interakci na rozhrani plnivo-polymer. Kompozity jsou ¢asto pfredmétem
soucasného materialového vyzkumu, dopadu velikosti ¢astic je vSak vénovana jen mald pozornost.
experimentalni studie a numerickou analyzu dopadu velikosti Ni plniva na dielektrické vlastnosti
celého kompozitu, 1 kdyz celkovy obsah Ni ziistava konstantni. Na zaklad€ experimentalnich zjisténi
byl vyvinut vzorec permitivity (dielektrickd konstanta) kompozitu, ktery zohledniuje jak koncentraci,
tak i velikost kovovych ¢astic plniva.
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Cilem vyzkumu bylo pozorovani a nasledné vyhodnoceni vlivu Ni kovového plniva v riznych
koncentracich na 5 rtiznych velikosti ¢astic v rozmezi 35 - 115 um na jejich dielektrické vlastnosti.
Uvedené vysledky jsem z velké vétsiny zméfil na Institutu fiir Physik Universitit Augsburg
(Némecko), nékteré dil¢i casti na UFYZ FEKT VUT v Brné. Vysledky byly publikovana
v A2-A4,A8. Jako matrice byl zvolen kopolymer ethylen - vinylacetat (PEVAc) se 45% (hmotn.)
podilem vinylacetdtu. Niklové praSkové plnivo bylo pouzito v riiznych velikostech Castic Ni
(oznacované jako ,,frakce®) a koncentraci. Pfehled studovanych frakei a celkového obsahu Ni je
uveden v nasledujici tabulce:

Tabulka 1.2 — frakce ptipravovanych vzorki

Fraction Range of sizes of Average
99.99 % of all particle size
particles from the | (diameter)
fraction parameter-b
1520 90-140 um 115 um
1320 45-125 pm 85 um
1120 30-96 pm 63 um
1020 20-71 pm 45 pm
1010 3-73 pm 35 um

Meévici zarizeni

Méfeni byla provadéna pomoci riznych impedanénich analyzatorti - HP 4284A Precision LCR
Meter, Alpha-Analyzer od Novocontrol a E4991A RF Impedance / Material Analyzer od Agilent.
Vzorky mély kruhovy tvar (d = 55 mm) a tloustku 0,5 mm. Kromé& toho byly pfi méfeni pomoci
Alpha-Analyzer pouzity obdélnikové vzorky o rozmérech 15x15x1 mm. Zkusebni vzorky byly
méfeny pii frekvencich 0,1 Hz - 10 MHz; tento ptispévek se vSak zamétuje na zavislost elektrickych
vlastnosti na koncentraci a velikosti ¢astic. Proto jsou uvadény pouze vysledky pti 1 kHz.

Méfteni na vSech dostupnych vzorcich pfineslo vysledky, které jasné dokazuji vliv velikosti
pfidanych sférickych castic Ni na métené elektrické 1 dielektrické vlastnosti. Obrazek 1.9 a) ukazuje
relativni permitivitu ¢ " a ztratové Cislo ¢" jako funkci velikosti ¢astic Ni pfi stejném obsahu Ni
(tj. Pocet vétsich castic je mensi, aby byl zachovan konstantni obsah Ni).

Rozdil mezi méfenymi vzorky lze také pozorovat na grafu rezistivity uvedeném na obr. 1.9 b).
Plné ¢ary oznacuji nejlepsi shody s namétrenymi hodnotami za piedpokladu linedrni zavislosti.

0.04 Y v 06 '0'.[ =

-a?1 § & |—e—15% Ni {7

25% N e fan i [ —&—25% Ni {1

JUN r=21007b+ 0.1 v oA ey, o [ e~ 34% Ni |1

,,‘_//-/ { " ‘§ : ‘-‘-"g.‘\“"-‘-
= 003 Sk B ! S St - e
g el 3 8 i e T e
g = ) et e s
i S o =~
02} -~ R |
\ ~l
10"} -
£'«31107640.12 E S
[ S
; : :
0.01 i i L I a.02 10"} >
40 60 80 100 120 20 40 60 80 100 120
b - size of Ni particle (um) sze of Ni particla (um)
Obr. 1.9  a) relativni permitivita &' a ztratové ¢islor €" jako funkce velikosti dopantovych
castic

b) rezistivita v zavislosti na velikosti dopantovych ¢astic pro 15 %, 25 % and 34 % hm
zastoupeni Ni [A3]
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Obrazek 1.9 b) ukazuje pokles odporu s rostouci velikosti ¢astic Ni a také skute¢nost, Ze rychlost
tohoto poklesu (sklon kfivky) roste se zvySujicim se obsahem Ni v matrici. Rovnéz velikost mérného
odporu obecné klesé se zvySujicim se obsahem Ni.

V dalsi ¢asti se pokusim matematicky popsat vztah mezi odporem vzorku a velikosti kovovych
¢astic. Cilem je najit vhodny matematicky vztah na zdkladé¢ zavedenych sméSovacich pravidel
i ¢iselnych hodnot ptipadnych koeficientd.

V prvni ¢asti analyzy byla na vysledky méfeni Obr. 1.9 a tabulka 1.2 pouzita fada klasickych
smé&Sovacich pravidel tab. 1.1. Stfedni kvadraticka odchylka pro smésné vztahy a vzorky 1120
a 1520 je uvedena v nasledujici tabulce:

Mixing rules root-mean- root-mean-square
square error error
Fraction 1120 Fraction 1520
my new rule 1,8.101 1,1.10%
Maxwell 1,3.10? 5,3.102
Lichtenecker 5,8.106 8,1.10°
log.
Lichtenecker 273,1 771,8
exp. k=0.1
Botcher 3,5.10° 4,1.108

Z4dny z testovanych vzorcii neobsahoval velikost ¢astic, a proto zadny z nich nebyl shledan
uspokojivym. Hlavni nevyhodou vétSiny smésnych vztahti byla skute¢nost, ze byly platné pouze do
50% obsahu plniva. Dle vysledki Lichteneckerovo exponencialni sméSovaci pravidlo s exponentem
k = 0,1 nejlépe vyhovuje kompozitu Ni-PEVAC, a proto bylo Lichteneckerovo exponencialni
pravidlo pouzito jako vychozi bod pro odvozeni nového smésného vztahu, ktery také zohlednoval
velikost pridanych ¢astic.

Lichteneckeriiv exponencialni vztah pro vnitini mérny odpor viceslozkového kompozitniho
systému je nasledujici:

P = Zvi Py (1.10)
i1

kde k je empiricky parametr, ktery zavisi primarné na tvaru a orientaci ¢astic, Y pi JSOU rezistivity
a vi jsou objemové podily jednotlivych slozek. Parametry lezi v intervalu (-1, +1) [A1-4].

V naSem piipadé€ se objemova koncentrace ¢astic Ni v matrici pohybuje od 15% do 75%. Aby
bylo mozné ustanovit nové sméSovaci pravidlo, je nutné najit funkci, kterd by charakterizovala
pokles kiivek odporu s rostouci velikosti ¢astic smérem k niz§im hodnotdm odporu. Analyza
namétfenych kiivek vedla k zavéru, Ze pfispévek matice k vodivosti kompozitu musi byt zménén
s ohledem na velikost ¢astic pomoci exponencidlni zavislosti:

P = Pom-€X0(-0,035b) (1.11)

kde pmm 0znacuje experimentalné stanovenou hodnotu mérného odporu matice, b je primér ¢astic
Ni v um a pm 0znacuje mérny odpor ¢astice vstupujici do rovnice 1.10.

Kiivky odporu nejenze s rostouci velikosti ¢astic klesaji na nizsi hodnoty odporu, ale jejich sklon
se také méni v zavislosti na obsahu Ni, jak je patrné z obr. 1.9. Proto bylo nutné zahrnout zménu
sklonu do nového sméSovaciho pravidla. Nejlep§im zplsobem, jak zahrnout zménu sklonu, bylo
vytvorit zavislost koeficientu k na velikosti ¢astic. Zavislost byla analyzovana a bylo zjisténo, ze
funkci vystihujici uvedené proménné je dana vztahem k = -9,8.10.b + 0,16.

Jelikoz nyni byly nalezeny vSechny vlastnosti souvisejici se zmé&nou velikosti ¢astic Ni ve
slozeném systému, l1ze nové upraveny Lichteneckertiv vzorec navrhnout nasledovné:
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pk _ Vl'prlili +V, '(pmm'exp[_ 0'035b])k
vs T Vl

kde k =-98.10"b+016a b oznaduje primér rozptylenych sférickych &astic Ni [pm]. Po
ptreskupeni 1ze vySe uvedenou rovnici zapsat jako:
log(V; pty +V, (P * (- 0,035%b))')
v, Kk

pVS = exp

Toto nové sméSovaci pravidlo velmi dobte vyhovuje celé analyzované skale obsahu Ni a velikosti
¢astic Ni. Graficka interpretace piedlozeného vzorce pro systém Ni-PEVAc je uvedena na obr 1.10.
Graficka interpretace pro jiné smésné vztahy je obsazena [A5-A8].
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Obr. 1.10 Aplikace nového pravidla sméSovani pro frakce 1120

Ptidani plniva Ni (sférické castice), s riznymi velikostmi, ale se stejnou koncentraci Ni, do
polymerni matrice vede ke kompozitim s rtiznymi dielektrickymi vlastnostmi. Nové navrZené
sméSovaci pravidlo popisuje chovani Ni-polymerniho systému v celém rozsahu dostupnych
koncentraci Ni, tj. v intervalu 0% - 75% obsahu Ni, a navic obsahuje koeficient charakterizujici
velikost ¢astic. Novy vzorec byl vytvofen a experimentalné ovéren pro systém Ni-PEVAc a Cu-
PEVAC. [A5,A8] Je pravdépodobné, ze toto nové smésné pravidlo bude, plati pro jiné systémy
obsahujici sférické ¢astice v polymerni matrici, ov§em nebylo jiz ovéteno.

2  DIELEKTRICKE A PIEZOELEKTRICKE VLASTNOSTI
PIEZOKERAMIKY

V dnesni dobé¢ se elektrokeramika pouZziva v mnoha aplikacich, jako jsou senzory, akéni Cleny
a piezoelektricka zatizeni. Titani¢itan-zirkonicitan olovnaty (PZT) je piezoelektricky material, ktery
vykazuje vysoky piezoelektricky vykon vhodny pro pouZiti v piezoelektrickych aplikacich. PbO
odpafeny béhem vysokoteplotnich procesti je vSak toxicka sloucenina pro ¢loveéka a Zivotni
prostredi. Evropska unie (EU) schvalila omezeni pouzivani tézkych kovi, jako je olovo (Pb),
kadmium (Cd), chrom (Cr), rtut’ (Hg), cin (Sn) a jiné tézké kovy [15,16]. Z téchto diivodl jsou misto
PZT vyvijeny bezolovnaté piezoelektrické materidly s podobnymi vlastnostmi pro pouziti
v piezoelektrickych aplikacich.

Piezoelektiina

Podle definice je piezoelektricky material necentro-symetricky material, ktery se stane elektricky
polarizovanym pusobenim mechanickeé sily [17]. Nazev piezoelektricky je odvozen z feckého slova
piezen, coz znamena stisknuti [18]. Tento efekt je linearni i reverzibilni, tedy velikost polarizace
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piimo souvisi s velikosti aplikovaného napéti, pri¢emz znaménko je zavislé na sméru napéti (v tahu
nebo v tlaku). VSechny slouceniny S necentro-symetrickou tfidou krystald kromé 432 jsou
piezoelektrické, obrazek 2.1.

Obr.2.1  Diagram ukazujici vztah mezi fyzikalnimi vlastnostmi a tfidou krystalti pro
dielektrické materialy

Skutecnost, Ze polarizace a napéti spolu koreluji, jak je popsano vyse, vede ke dvéma formalnim
definicim piezoelektfiny, znamym jako pfimi a nepfimi (reverzni, konverzni) piezoelektricky jev.
Piimy piezoelektricky jev je pozorovan, kdyz fyzicka deformace piezoelektrického materialu, nebo
na n¢j aplikované napéti indukuje polarizaci a odpovidajici povrchovy nadboj v materialu. Neptimy
piezoelektricky jev popisuje aplikaci elektrického pole na piezoelektricky material vedouci k fyzické
deformaci (pfetvoreni). Tyto dva efekty l1ze matematicky popsat pomoci rovnic 2.1 a 2.2 [19]:

D =dg,,T+¢"E piimijev (2.1)
S =dE +sET konverznijev (2.2)

Kde D je elektricka indukce, ktera pfimo souvisi s polarizaci materialu, T je mechanické
napéti,ﬁ je elektrické pole,§ je povrchové napéti, d je piezoelektricky koeficient vztahujici
elektrické pole podél osy a k vyslednému pietvoreni podél osy b, s je materialova konstanta (inverzni
k modulu pruznosti) a ¢ je dielektricka konstanta (permitivita).

21 KRIVKA DIELEKTRICKE HYSTEREZE.

Polarizace, ktera se obvykle oznacuje P, souvisi s elektrikou indukei D linearnim vyrazem:
Di =P i+EOEi

kde dolni index i ptedstavuje kteroukoli ze tii soufadnic x, y a z a & je permitivita vakua.
Dusledkem odolnosti proti prepinani domén, ve feroelektrickych materialech je, Ze polarizace je
hysterezni, coz znamena, ze D a P, jsou nelinearni funkce E a mohou zaviset na piedchozim stavu
materidlu. Konkrétné je polarizace P dvojitou funkci aplikovaného elektrického pole E, a neni tedy
s polem piesné reverzibilni. Horni ¢ast obrazku 2.2 ukazuje vztah mezi P a E pro komeréni
feroelektricky material. Tato kiivka je znama jako kiivka dielektrické hystereze.
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Obr. 2.2 (Horni ¢ast obrazku): Dielektricka hysterezni smycka PZT-5
(Obréazek spodni): Deformacni smycka PZT-5 ve sméru lesténi S3

Pokud je zpocatku nepolarizovany vzorek piezokeramiky vystaven rostoucimu elektrickému poli
pii teploté mirn€ pod jeho Tc (Curieova teplota), dipdly se postupné nataceji do sméru el. pole
a polarizace bude sledovat kiivku zobrazenou v horni ¢asti obrazku.

Pokud je aplikované elektrické pole malé, je pozorovan pouze linearni vztah mezi P a E, protoZe
pole neni dostate¢né velké, aby natocilo jakoukoli doménu, a krystal se bude chovat jako normalni
dielektricky material. Tento piipad odpovida segmentu OA v horni ¢asti obrazku 2.2. Jak se zvysuje
elektrické pole, fada negativné orientovanych domén, které maji polarizaci opa¢nou ke sméru pole,
se postupné zacne natacet do sméru el. pole a zacne probihat orientace domény. To ma za néasledek
prudce rostouci P s rostoucim polem E a polarizace se bude rychle zvySovat (segment AB), dokud
nebudou v§echny domény nato¢eny do sméru elektrického pole (segment BC). Toto je stav nasyceni,
ve kterém se krystal jevi, ze se sklada pouze z jedné domény, nato¢ené do sméru el. pole. Tento jev
je oznaCovan jako saturace polarizace materialu.

Jakmile poté intenzita el. pole klesa, polarizace se obecné snizuje, ale nevraci se zpét na nulu
(bod D v horni ¢asti obrazku 2.2). Jakmile je el. pole sniZeno na nulu, ¢ast domén zistane napolovana
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(natoCena) ve sméru el. pole a krystal bude vykazovat remanentni polarizaci Pr. Extrapolace
linearniho segmentu BC kiivky zpét na polariza¢ni osu (v bod¢ E) predstavuje hodnotu spontanni
polarizace Ps. Remanentni polarizaci v krystalu nelze odstranit, dokud aplikované pole v opa¢ném
sméru nedosahne urcité hodnoty (v bodé F). Intenzita pole potiebna ke sniZeni polarizace P na nulu
se nazyva koercitivni sila Ec. Pokud se el. pole dale zvétsuje v zaporném sméru zptisobi uplné
natocCeni elektrickych dipoli v tomto sméru a cyklus 1ze dokoncit opétovnym obracenim sméru el.
pole.

Tvar hysterezni kiivky se 1i8i u riznych piezoelektrickych materiald, ale remanentni polarizace
je u vSech material PZT obecné kolem 0,3-0,35 C/m2.

Dolni ¢ast obrazku 2.2 ukazuje odchylku relativni deformace vzorku Sz (tj. ve sméru polarizace)
elektrickym polem a je vidét, ze také vykazuje hysterezni charakter, ktery odpovidajici piesné
ucinku pozorovanému pro polarizaci.

2.2  LINEARNI TEORIE PIEZOELEKTRINY

Na Obrazek 2.2 zobrazuje hysterezni chovani feroelektrickych materiali. Pfesto je Cinnost
feroelektrického materidlu omezena na takzvany linearni rozsah, pfedstavovany pfiblizné
segmentem CD. Je vidét, Ze vétsi aplikace elektrického pole znamena vétsi nelinearitu. [20]

Chovani piezoelektrickych materidli v linedrnim rozsahu lze vysvétlit linedrni teorii
piezoelektriky, kterd je uvedena v této ¢asti. V ptipadé€ neferoelektrickych materiali, jako je kiemen,
je tato teorie velmi piesna. V piipadé feroelektrickych materiald je nutné vzit v ivahu jeji omezeni.
Obecné plati, ze aplikace linearni teorie piezoelektfiny je omezena a neplati na rezonanci materiald,
jejich depolarizaci a na dalsi nelinearni efekty. [20]

Materialové konstanty jsou standardni hodnoty uréené na definovanych télesech (odpovidajici
IEEE Standard on Piezoelectricity 1978)[25]. V souladu s touto konvenci se ortogonalni osy X, Y a
Z (také 1,2,3) obvykle pouzivaji jako zaklad pro identifikaci elasto-piezo-dielektrickych koeficientl
materialu. Smér Z je uréen jako smér polarizace. Cisla 4, 5 a 6 popisuji mechanicka smykové napéti,
které plisobi tangencialné k oblastem definujicim soufadny systém. Jak je zndzornéno na obrazku
2.3, 1ze je chapat jako rotace kolem kazdé osy.

3.(2)

1(X)

Obr. 2.3  Konvence pro osy.
2.2.1  Zakladni rovnice

Obecné lze piimy piezoelektricky efekt (tzv. Senzorovy efekt), ktery se aplikuje na
piezoelektricky materidl v jediném krystalu, popsat matici, kterd vysvétluje polarizaci vyvinutou
krystalem pfi vnéj$im napéti (normalni, T1 az Tz a smykové, T4 az Te). [21]

Specificky ptipad pifimého piezoelektrického jevu je, kdyz je mira polarizace provadéna na
vngjsim elektrickém poli E = 0 V/m. V tomto ptipad¢ je polarizace rovna volnému naboji d, ktery
je na elektrodach, jak je dano rovnici (2.1).

Py = q;= d;; .T; (2.3)

V rovnici (2.3) predstavuje Qi linearni volny naboj rozprostfeny na povrchu ve sméru i. Rovnici

(2.3) lze také vyjadrit jako:
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T,

q1 di1 diz dyz diy dis dis T

{QZI = [d21 dy, dyz dps  dys dzs] -3 T3 (2.4)
a3 d3; d3p d3z d3q dzs dse T§|

LTGJ

V rovnicich (2.3) a (2.4) se polariza¢ni vektor rovna volnému naboji na elektrodach v dusledku
nulového vnéjsiho elektrického pole.

Ptedchozi rovnice (2.3) plati pIné pro monokrystaly a v takovém ptipad¢ pfedstavuje polarizaci
generovanou v materialu pfi pisobeni mechanického napéti. Piezoelektrické koeficienty djj indikuji
intenzitu polarizace v kazdém sméru. [21]

Pokud vezmeme v uvahu linearni rozsah, ekvivalentni vyraz pro feroelektrické materidly je dan
vztahem

Py = (Fy);+ dj.T; (2.5)

V praxi se Ps uvazuje pouze ve sméru polovani, protoze v pfi¢énych smérech je zanedbatelny.
Tedy (Ps)i = Pa.

Nepiimy piezoelektricky efekt Ize popsal pomoci napéti generovaného v piezoelektrickém
materialu, kdyz je vystaven vnéjSimu elektrickému poli Ej. Zejména pokud material neni upnuty
(podminka volného posunu, Tij = 0), lze konverzni efekt vyjadfit jako:

S; = d" . E; (2.6)
nebo presnéji

- 0T 0T 6, 1
S1Y diy  dy; dig
1 0 6T 6T
S, dyy  dyy  dy g
0 6T 6T
) S3 - d3;  d3p dgj {El} 2.7)
- 6,7 6,7 6T |* :
S dyy  dgy  dgy | E,
Ss 48T gor  gor
s, J 51 52 53
6 0T 0T 0T
Ldgy  dgy  dgz |

V piedchozich rovnicich (2.6) a (2.7) se dg-’Tnazy’/vé nabojovy piezoelektricky koeficient. Tento
koeficient udava intenzitu deformace ve sméru i, Si, kdyz je elektrické pole aplikovano ve sméru |,

Ej. Indexy horniho indexu se pouZivaji k oznaceni veli€in, které jsou udrZzovany konstantni nebo
nulové. Piezoelektricky koeficient djj je tedy stejny jako u pfimého efektu. [21]

2.3 KONSTITUTIVNI ROVNICE

Obecné muzZe linearni dielektrikum odolat souc¢asné vnéj§im podminkam teploty, mechanickému
namahani a elektrickému poli. V tomto pfipad¢ je mozné analyzovat mechanické a elektrické
chovani materidlu a nasledné spojit oba vysledky.

2.3.1  Mechanické chovani piezoelektrického materialu

Parametr S popisuje mechanické linearni chovani (aproximace Hookova zakona)
piezoelektrického materidlu vystaveného elektrickému poli E, napéti T a zméné teploty AB. Tento
stav je zobrazen v nasledujici matici:
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0T 0T 0, - “@EO EO oEO E6 EO oE6- ET
diy  diy dg3 S S S13 S1a  Si1s S (a

s 11 12 16 T 1
1 6,T 6,T 6,T E® E® E8 oE0 E® E® 1 ET
|(52\| dyy dy;  dag E Sar Saz S23 San S5 Sa6 T, a;
0,T 0,T 0,T 1 E0 E0 E.8 GEB E® E® ET
S3| _ d;; d3y di; E 4+ S31 S3z S33 S3i Sz S34 T3 iy as L AQ (2 8)
So | g0r 407 40T 2 GEB GEB GEO ¢EO GEO GEO| )T, aBT '
S 41 42 43 [\E3 41 42 43 44 45 46 |T | 4
5 6,7 6,7 6,7 E0 E0 E.0 GE0 E0 E0 5 ET
k56} ds; ds; dg; Ss1 Ssz Ss3 Ssa Sss Ssé kT6J RE
6,7 6,7 0,7 E0 E0 EO oE®@ E0 E0 ET
L dg;  dgy  dgs | Se1 Sez  Se3 Sea  Ses  Seb A A" J

Koeficient a je koeficient tepelné roztaznosti, definovany jako [21,23]:

a5s;
ot =[5] 29)
00 1g T=const

2.3.2  Elektrické chovani piezoelektrického materialu

Elektricka odezva materialu je popsana linearni polarizaci P generovanou v materialu v dasledku
mechanické, elektrické nebo tepelné deformace a je dana rovnici (2.10) [23]:

(le

dfée dfég T, E0 E.0 E,0

E® JEO JEO JEB
D, diy diy  diy dy
T, €2 &3

T €11 €12 €13 | (E;
_|4E08 EB EO JEO Ef JEB 3 EO _EO _EB
Dyt =1dyy  dyy dys dyy dys dyg | sl E=% Ep¢+

D E0 E0 EO JEB E0 E0 E0 E® E6|\E
3 d3y d3p  dyy diy  diy dgg |T5 €31 €32 &33 3
kTGJ
p1”
pa’F A0 (2.10)
ps”
Koeficient p je pyroelektricky koeficient, definovany jako:

T,E oD;

== 2.11

l [ 96 ]E,T=const ( )

2.3.3  Globalni odezva: Spojeni mechanického i elektrického chovani

Piezoelektrické koeficienty, dij, jsou identické pro elektrickou i mechanickou odezvu. To
znamend, 7e piezoelektfina zahrnuje interakci mezi elektrickym a mechanickym chovanim
materialu. Z tohoto diivodu je mozné vyjadrit globalni vyslednou matici, ktera spojila obé chovani.
Tato matice se nazyva elasto-piezoelektricka matice a je uvedena v rovnici (2.12) [23].

st si s osiY sy sy Ay aly ady
(S1) (S S Si Sa S S; day dgyy gy | (T
X EEEEEE LIl
A\ Ssr Sas Saz San Sas Sag day dyy  dgg T,
V55 (=[St S5 Ss Ssi Sz Sse dsy dgy dgy |(Tsp(212)
gi ng@ 552:9 Sg:f@ Sgé': SgEé'HH Sgléj@ dgl;l'TB dé:]i dgé: gi
D, diy  dyy diy dyy dis dig &5 &y &3 E,
\Dy) | 45 diy diy d3y diY di) ey &5y 55 | \Es)

L d5Y dgy A5 diy d5Y a5l e ey el |

Ptedchozi matice je takzvana konstitutivni rovnice d-formy a obvykle je reprezentovéana
v kompaktni formé¢, jak je znazornéno rovnici (2.13) v tabulce 2.1. Volba nezavislych proménnych
je libovolna. Dana dvojice rovnic piezoelektrické matice odpovida konkrétni volbé nezavislych
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proménnych. Rovnice (2.13) az (2.16) ukazuji dal§i mozné konstitutivni maticové rovnice
pouzivajici rizné nezavislé proménné.
Tabulka 2.1. Sada konstitutivnich rovnic pro piezoelektricky material [23]

ﬂ‘fﬁﬂi typ Piezoelektricky vztah forma
re e = e d
2o et =S e “
o me [y
oo @ =[EEE e e

[E] a [D] jsou tenzory prvniho fadu; [S] a [T] jsou tenzory druhého fadu (matice 3x3); [d], [g],
[e] a [h] (piezoelektrické koeficienty) jsou tenzory tietiho Fadu (matice 6x3); [¢], [A] (dielektrické
koeficienty) jsou tenzory druhého tadu (matice 3x3) a [S], [c] (elastické koeficienty) tenzory
¢tvrtého tadu (matice 6x6). Ve vySe zminénych konstitutivnich rovnicich nebyl uvazovan tepelny
ucinek a musi byt zahrnut, pokud jsou uvazovany pyroelektrické materialy[21,23].

2.3.4  Interpretace elasto-piezoelektrickych koeficientu
Piezoelektrické koeficienty

Piezoelektricky koeficient dij je znamy jako piezoelektricky napétovy koeficient. Protoze
koeficient d je ekvivalentni pro pifimy a nepfimy efekt, je mozné jej definovat pomoci dvou
ekvivalentnich vyrazi, jak je znazornéno rovnici (2.17).

[a_EJi]Dg [m/v] piimy jev
D .
3T

ProtoZe piezoelektricky material miiZze byt anizotropni, jsou jeho fyzikalni konstanty (pruznost,
permitivita a piezoelektrické koeficienty) tenzorové veliCiny a vztahuji se jak ke sméru ptisobiciho
nap¢ti, elektrickému poli atd., a také ke smérliim na n€ kolmym. Z tohoto dlivodu jsou koeficienty
obecné dany dvéma indexy. Dolni index, ktery odkazuje na smér dvou souvisejicich veli¢in (napf.
napéti a pruznost). Horni index se pouziva k oznaceni veli¢iny, ktera se udrzuje konstantni.[24]

U piezoelektrickych koeficientt, které odkazuji na elektrickou a mechanickou veli¢inu, oznacuje
prvni dolni index smér uvazované elektrické velic¢iny (posunuti nebo elektrické pole) a druhy dolni
index oznacuje smér uvazované mechanické veli¢iny.

Dalsi matice zobrazuji strukturu z d-matice pro tfi dilezité piipady piezoelektrickych materialt:
monokrystalicky kiemen, feroelektricka keramika PZT a feroelektricky polymer PVDF.[24]

(2.17)

[c/N] neptimy jev

Monokrystalicky kiremen

Apono= 0 0 0 0 —dyg —2dqy (219)
0 0 0 0 0 0

d11=2,3.1012 C/N; d14=-0,7.10"22 C/N
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BaTiO3, PZT, BCZT a dalsi polykrystalicka feroelektrika. (osa pélovani = 3)
0 0 0 0 dy O
dpzr= 0 0 0 d;s 0 0,(2.20)
d3; d3; ds3 0 0 0

PVDF piezoelektricky polymer
0 0 0 0 dys O
dpypr= 0 0 0 d,, 0 0,(221)
d3; d3; ds3 0 0 O

Zbytek piezoelektrickych koeficienti ma analogickou definici, jak je uvedeno v nasledujicich
rovnicich:[25]
Piezoelektricky napétovy koeficient
as; .
0 [BD ]Da — [ 2/C] neprimy jev
dij — 7 (2'22)

ij
[zi [Vm/N]  Piimy jev
Tj

S,0=konst.

Piezoelektricky koeficient tuhosti

[ ] [N/C] neptimy jev
hz — s t1D,6=konst. ) (2'23)
[K [V/m] primy jev
J S,0=konst.

Piezoelektricky e koeficient

6T
[ 3E; [N/m/V] neptimy jev
e_@ — D 6=konst. . (2'24)
aD;
a5 [c/m?2] PYimy jev
S,0=konst.

J

Elastické koeficienty

Pro vyjadfeni vztahu mezi mechanickym namahénim a napétim lze uvaZovat dva elastické
koeficienty: poddajnost a tuhost.

Poddajnost materialu je definovana jako ptetvofeni produkované na jednotku aplikovaného
napéti. Miize byt méteno pii konstanté elektrického pole nebo pii konstanté elektrického néboje, jak
je uvedeno v nésledujicich rovnicich:

Elasticky koeficient poddajnosti sjj:

559 [Zsi] [m2/N] Shoda p¥i E = konst.nebo nula (SHORT) , (2.25)
Tj E,0=konst

SZ /0 [gsi] [m2/N] Shoda p¥i D = konst.nebo nula (OPEN) , (2.26)
Tj D,0=konst

Prvni dolni index se vztahuje ke sméru pietvofeni, druhy ke sméru napéti. Naptiklad: SZ; je
soulad pro normalni napéti kolem osy 3 a doprovodné napéti ve sméru osy 2 za podminek konstanty
elektrického pole.

Podobn¢ je definovan koeficient tuhosti jako:

Koeficient pruzné tuhosti Cij:
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cEP = [ﬂ] [N/m?] Shoda pti E = konst.nebo nula (SHORT) , (2.27)

b 9S; E,0=konst.
a .
sbo = [i] [N/m?] ShodapiiD = konst.nebo nula (OPEN) , (2.28)
Y 0Si D,6=konst.
Dielektrické koeficienty

Permitivita je definovédna jako posun dielektricky vazanych nabojti na jednotku elektrického pole.
Je reprezentovan dvéma dolnimi indexy: prvni dolni index udava smér natoceni dielektrickych
dipolt, druhy udava smér elektrického pole. Mize byt méieno pii volném posunuti (T = 0) nebo pii
blokovaci sile (S = 0), jak je znazornéno v rovnici (2.29) [26].

fj'e = [%] [E] Permitivita pti D = konst.nebo nula (blokovaci sila) , (2.29)
an S,0=konst. m
aD;
giTj'e = [aEll [F/m] Permitivita pti T = konst.nebo nula (volny posunuti), (2.30)
J T,0=konst.

2.3.5 Omezeni linearni teorie

Elektrostrikce

Obecné ma odezva piezoelektrickych materidlti kvadratickou slozku, ktera je superponovana na
linedrni chovani. Tato sloZzka zavisi na elektrostrikénim koeficientu. U piezoelektrickych materiala
je tento koeficient obvykle nizsi nez linearni piezoelektricky koeficient. OvSem velmi vyrazné se
meéni pii zvyseni elektrického pole.

Depolarizace

Po poélovani bude keramika trvale polarizovdna, a proto je tfeba pii kazdé dals$i manipulaci
vénovat pozornost tomu, aby nedochdzelo k depolarizaci keramiky, protoze by to mélo za nasledek
¢astecnou nebo dokonce uplnou ztratu jejich piezoelektrickych vlastnosti[23].

o Elektrickd depolarizace - Vystaveni silnému elektrickému poli s opa¢nou polaritou nez
elektrické pole pii polovani. Intenzita pole potiebna pro zahdjeni depolarizace zavisi
mimo jiné na druhu materidlu, dobé&, kdy je material vystaven depolarizacnimu poli
a teploté polovani.

e Mechanicka depolarizace - k mechanické depolarizaci dochazi, kdyz se mechanické
napéti na piezoelektrickém prvku stane dostatecné vysoké, aby narusilo orientaci domén,
a tim zni€ilo vyrovnani dip6li. Bezpecnostni limity pro mechanické naméahani se znacné
1181 podle druhu materialu.

e Tepelna depolarizace - pokud se piezoelektricky prvek zahieje na teplotu Tc, domény se
stanou neuspofadanymi a prvek se Uplné€ depolarizuje. Piezoelektricky prvek proto mize
fungovat po dlouhou dobu bez vyrazné depolarizace pouze pii teplotach hluboko pod
Curieovym bodem. Bezpetna provozni teplota je za normélnich podminek ptiblizné
v poloving intervalu i 0 - Tc.[26]

Frekvencéni omezeni

Vsechny fyzikalni systémy maji vlastni frekvenci kmitd. Pokud je systém vystaven vn&jSim
harmonickym vliviim s frekvenci v blizkosti vlastni frekvence, bude se systém dostavat do oblasti
rezonance. Pokud je vSak materidl piezoelektricky, 1ze dosdhnout elektrické rezonance, kdyz je
materidl naméhan mechanickou silou. Na druhé stran¢ mohou byt pii elektrickém naméhani
materidlu zptisobeny vysoké mechanické deformace. Proto bude elektricky signal s frekvenci velmi
blizkou mechanickym vlastnim kmitim systému produkovat rezonanci.

Obrazek 2.4 ukazuje typickou frekvencni odezvu piezoelektrického disku, jednd se o frekvencni
zavislost absolutni hodnoty elektrické impedance. Jednotlivé elektrické rezonance ve spektru
odpovidaji mechanickym rezonancim (planarni a tlouStkové) tohoto disku. Rezonan¢ni frekvence
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bude zéviset na charakteristikach piezoelektrického materidlu a mechanickych a elektrickych
podminkach prostiedi[23].

1000 O
10’ ' ‘ ' .II

Impedancia [

L1 e _]

1000 o' W Y r~ ~ ~
Frequency [Hz] Frehvence [kHz)

Obr. 2.4 Impedance PZT disku jako funkce frekvence (vlevo), Impedan¢ni charakteristiky
pro pficné a podélné kmity tenkého platku, radialni kmity tenkého disku a podéIné
kmity vale¢ku (vpravo)[27]

2.4 KOEFICIENT VAZBY K

Piezoelektrické materidly spojuji elektricka a mechanickd pole. Miizeme pouzit tento druh
materiald, kdy na né€ aplikujeme elektrickou energii a ziskame mechanickou energii, nebo naopak.

Poté je nutné mit koeficient pro méteni ucinnosti, s jakou se elektricka energie prevadi na
mechanickou energii nebo pro opa¢ny piipad. Spojovacim ¢lankem je faktor ke (efektivni
koeficient elektromechanické vazby) a je definovan pfi frekvencich pod rezonanéni frekvenci
piezoelektrického télesa jako[25]:

preménéna energie

2
eff ™ ystupni energie aplikovana na material
Definice pro pfimy a konverzni piezoelektricky jev:
Piimy piezoelektricky jev nNeprimy piezoelektricky jev
elektricka energie 12 mechanicka energie
eff —

¢/f ~ mechanicki energie elektricka energie

Studium hodnot ket ukazuje, ze pro moderni piezoelektrickou keramiku lze pii nizkych
frekvencich az 50% akumulované energie pfeménit. Hodnoty kgf £ uvedené v tabulkach jsou vSak
obvykle teoretickym maximem zaloZenym na ptfesné definovanych rezimech (tj. nerealistickych)
materidlu. U praktickych pfevodniki je vazebni faktor obvykle vyrazné niZsi.

Vazebni koeficient ket popisuje pfeménu energie ve vSech smérech. Pokud se berou v tivahu
pouze pievody v konkrétnich smérech, vysledny spojovaci faktor je oznacen indexem. Naptiklad ka3
je vazebny faktor pro podélné vibrace a velmi dlouhého a velmi tenkého vélce (teoreticky nekone¢né
dlouhy, v praxi s pomérem délka / praimeér > 10) pod vlivem podélného elektrického pole. Napiiklad
ka1 je vazebny faktor pro podélné vibrace dlouhého valce pod vlivem pii¢ného elektrického pole
a kis popisuje smykové vibrace piezoelektrického télesa.

Zvlastnimi piipady vazebniho faktoru jsou planarni vazebni faktor kp a tloustkovy vazebny faktor
kt.

Planarni vazebny faktor kp tenkého disku pfedstavuje vazbu mezi elektrickym polem ve sméru 3
(rovnobézné s osou disku) a sou¢asnymi mechanickymi G¢inky ve smérech 1 a 2 (obrazek 2.6), které
vedou k radialnim vibracim. Tento systém se nazyva radialni spojka[26].
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Obr. 2.5 Rovinné oscilace tenkého disku piezoelektrického materialu

Faktor tlouStkové vazby ki predstavuje vazbu mezi elektrickym polem ve sméru 3
a mechanickymi vibracemi ve sméru 3 tenkého rovinného objektu libovolného obrysu (tj. Objektu,
jehoz povrchové rozméry jsou velké ve srovnani s jeho tloustkou).

Tloustkova rezonan¢ni frekvence tenkého rovinného objektu je mnohem vyssi nez jeho pii¢na
rezonan¢ni frekvence.

Faktor vazby ket Ize vyjadiit jako podil energetickych hustot[27]

1 1
—STEZ— —ESEZ

lgTEZ
2
V rovnici (2.31) ptedstavuje vztah %ETE 2 celkovou hustotu uloZené energie pro volné se

deformujici piezoelektrické téleso (T =0). Vztah % £SE? piedstavuje hustotu elektrické energie, kdyz

je téleso omezeno (S = 0). Rozdil mezi témito dvéma ¢leny se rovna ulozené, prevedené mechanické
energii.[29]

Tuto energii lze Casto extrahovat a nepfeménénou energii lze také ziskat zpét. Ackoli je pro
efektivni transdukci Zadouci vysoké k, nemél by se k? povazovat za méfitko ucinnosti (to je
definovano jako pomér uzite¢né pfeveden¢ho vykonu ke vstupu vykonu), protoze nepfeménéna
energie nemusi byt nutné ztracena (pfevedena do tepla) a mize byt v mnoha ptipadech vyuzita.

Skutecnd ucinnost je pomér prevedené uzitecné energie k energii absorbované materidlem.
Spravné naladény a dobfe nastaveny méni¢ pracujici v jeho rezonancni oblasti miize dosahnout
ucinnosti pies 90%. Mimo jeho rezonané¢ni oblasti by jeho Gi¢innost v§ak mohla byt velmi nizka.[30]

25 PIEZOELEKTRICKE MATERIALY NA BAZI PEROVSKITU

Mnoho z piezoelektrickych materialii, které se v souCasné dobé pouziva, je zalozeno na
perovskitové struktuie, kterd je pojmenovana po minerdlu perovskit, CaTiO3. Struktura ideélniho
perovskitu, sestava z kubické jednotkové buitkky ABX3. Prvek A umisténym na ['%, Y5, '], prvek B-
umistén v [0,0,0] a kyslik umistény v ['2, 0,0], coz vede k tomu, Ze prvek B tvofici sub-miizku
oktaedru sdilejicich vrchol a prvek A tvofici sub-mfizku cuboctahedra, obrazek 1.3.[31]

Obr.2.6  Perovskitova jednotkova bunka zobrazujici oktaedru B-mista (vlevo) a A-misto
cuboctahedron
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Mnoho z piezoelektrickych materiald, které jsou rozsdhle studovany nebo pouzivany, je pélovano
(feroelektrickd perovskitova keramika). Piezoelektrické vlastnosti v téchto materidlech vznikaji
v disledku nesymetrického Jahn-Tellerova zkresleni oktaedru B-prvku coz ma za nasledek
kooperativni posun kationtti vzhledem ke kyslikovému aniontu Vv krystalové miiZzce (obrazek 2.7),
ktera vytvafti polarizaci. [32-34] To vyzaduje, aby se jednotkova burnka zkreslila ze své idealni
kubické perovskitové struktury. Aplikace elektrického pole na materidl mize dale podporovat
vycentrovani nebo mu brénit, v zavislosti na sméru aplikované¢ho pole vzhledem k centrujicim
iontim. Vysledkem je fyzickd deformace materidlu. Naopak, pokud je keramika stlacena nebo
protazena pod napétim v tahu, je zkresleni jednotkové bunky bud’ zvySeno, nebo snizeno, coz ma za
nasledek zménu polarizace. [Al1]
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Obr. 2.7  Zkresleni piezoelektrického perovskitu napétim (vlevo) a aplikovanym elektrickym
polem (vpravo); oboji zpisobuje deformaci a zménu polarizace [35]

2.5.1 Olovo zirkoniditan titanicity, PZT

VétsSina dnes pouzZivanych piezoelektrickych zatizeni je zalozena na smési tuhého roztoku
zirkoniéitanu olovnatého a titani¢itanu olovnatého slouceniny ve formé& PbZrxTi1xOz (PZT),
a% [Pb(MgxNby) O3] - b% [PbTiOs] (PMNPT), kvuli jejich pfiznivym piezoelektrickym
vlastnostem véetné vysokych hodnot Tc, obvykle > 750 K s polarizacemi > 70 uC cm2 [29]
a piezoelektricky koeficient dzs hodnot az 590 pCN* (PZT-5H") [30].

Slouceniny na bazi PZT se Siroce pouzivaji kvuli pritomnosti hranice morfotropni faze, MPB.
Morfotropni fazova hranice je definovana jako nahla zména v krystalografické struktuie [36]. Na
takovéto fazové hranici mohou existovat dvé nebo vice rizné krystalografické fazové struktury
s ruznou polarizaci, ale s podobnymi volnymi energiemi. Kazda z téchto fazovych struktur mize
mit rizné osy polarizace. Kdyz je tedy aplikovano elektrické pole, existuje vice riznych os, které
mohou byt vsouhlasném sméru s vnéjSim elektrickym polem, coz vede k vylepSenym
piezoelektrickym vlastnostem. Zmény struktury maji tendenci byt v podstaté nezavislé na teplote,
takze je mozné, aby MPB existoval v materialu v Sirokém rozmezi teplot.

V PZT ve slozeni PbZro4eTios5403existuje MPB, pfi¢emz material pfijima bud’ romboedrickou
nebo tetragonalni strukturu. V tomto ptipad¢ je celkem 14 os polarizace, které mohou byt schopny
vyrovnat se s aplikovanym elektrickym polem, 6 z tetragonalni faze a 8 z romboedrické faze. (obr.
2.8)
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Obr.2.8 Fazovy diagram pro olovo zirkoniéitan titanicity [37]
Nekteré z vlastnosti jsou vyrazné lepsi na hranicich morfotropnich fazi. Jednd se zejména
o relativni permitivitu &r a vazebny koeficient, kp, coz je mira u¢innosti, s jakou je elektricka energie
ptevedena na energii mechanickou (nebo naopak). Obrazek 2.9 zobrazuje variace téchto dvou
parametrt pro rizné kompozice PZT o jeho MPB.

v L2 T L 4 13 L2 T v

o0 <0 <0
HMOOM \ _f
< 12004 . -0 30 -g
; :
2 w000} O
Fo) ™
O o} N o0 g
- A . 2
'
E w00} 74 \ @
o ’ o E
5 :\‘ 050 S
400 ' ‘s“~ ® y g
: e X
' w
200} s
:
o i Al é A 35 4 1]

PbZrO, Mole %

Obr. 2.9  Vylepsené dielektrické a piezoelektrické vlastnosti zobrazené v PZT kolem MPB
[37]
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2.5.2 Titani¢nan barnaty

Titani¢nan barnaty ma perovskitovou strukturu s Ba?* na misté A a Ti** na mist& B. Byl objeven
v roce 1941 uprostied tajemstvi, které obklopovalo mnoho z védeckych vyvoji béhem valecné éry,
a proto na ném pracovalo mnoho védct véetné Thurnauera, Wainera a Salomona [35]. Kvili valce
zacaly byt publikovany patenty a ¢lanky az v poloviné 40. let [36—39], pfi¢emz material byl vyvijen
jako kondenzator s vysokym €. V roce 1945 byl poprvé pouzit jako piezoelektricky ménic [25], kdyz
Robert B. Gray zjistil, Ze pouziti externiho elektrického pole o vhodné sile zplisobi, Ze se domény
urcité keramiky, v€etn¢ titani¢itanu barnatého, vyrovnaji a zptisobi elektrickou odezvu.

Titani¢nan barnaty ma permitivitu za pokojové teploty ¢ = 1000-5000 [40] a T¢ 130 °C. Tato
hodnota Tc je niz$i nez odpovidajici hodnoty pro PZT [38], ale vyznamné vys§i nez jakékoli jiné
materidly znamé v dobé€ jejiho objevu. To vedlo k jeho velkému komerénimu vyuziti v padesatych
letech, zejména v kondenzatorech, kde nahradil TiO», ktery mél permitivitu za pokojové teploty 80-
90 [31].

Struktura titanicitanu barnatého se méni s teplotou, ale je zalozena na jednom ze dvou systémii:
neferoelektrickd hexagondlni struktura nebo kubickd uzaviend struktura, kterd mize byt
feroelektricka. Hexagonalni forma existuje pfi teplotach nad 1460 °C [36]. Pod touto teplotou je
kubicky perovskit stabilnéjsi. Formovany perovskit miize sam nabyvat riznych symetrii pfi riznych
teplotach, z nichz tfi, rhombohedral, orthorhombic and tetragonal, jsou feroelektrické. Tyto formy
existuji pfi mnohem niZSich teplotach nezli Tc 130 °C. Na kazdé f4zové hranici je mnoho rozdilnych
elektronickych vlastnosti véetné dielektrické permitivity, kapacity a piezoelektrickych koeficienti.
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Obr. 2.10 Krychlové uzaviené perovskitové formy BaTiO3 ukazujici pfechod
teploty, smér zkresleni doprovazejici kazdy fazovy ptrechod a doprovodna lokalni
maxima Vv dielektrické konstanté[36]

Nizkoteplotni rhombohedral, orthorhombic a tetragonal feroelektrické polymorfy titanic¢itanu
barnatého jsou typické piezoelektrické perovskity. V tetragonalni formé jsou ionty Ti*" pfemistény
podél osy c. V zavislosti na orientaci jednotkové bunky v dané doméné¢ tak vznikne 6 moznych os
polarizace, obrazek (2.11) [16, 21].
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V ortorombické jednotkové bunce dochazi k polarizaci podél ¢elni uhlopficky, coz vede ke 12
osam polarizace, zatimco v romboedrickém polymorfu k polarizaci dochézi podél hlavni tthlopficky.
To dava 8 moznych os polarizace [16, 21].
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Obr. 2.11 Zkresleni jednotkovych bunék pro kazdou z kubickych forem perovskitu s orientaci

polarizace zobrazenou Cervené

Ptitomnost riiznych moznych polarizacnich os v polymorfni fazi vede ke slozité struktufe domén
v kompozicich na bazi barium titaniCitanu a titanicitanu barnatého. Kazd4d doména existuje jako
oblast jednotkovych bun¢k, z nichZ vSechny maji stejnou osu polarizace. Kazda doména je
obklopena dal§imi doménami, které mohou mit jinou osu polarizace. Vysledkem je, Ze celkova
polarizace keramiky bude zanedbatelna kvili rusivym G€inklim konkuren¢nich ndhodnych domén.

Aplikace elektrického pole na feroelektrické perovskity, jako je BaTiOs, zejména pii teplotach
pod nebo blizko Curieovy teploty, mize vést k tomu, Zze domény, které jsou v souladu s polem,
rostou na ukor jinych domén, coz vede ke keramice s vétsi polarizaci. Kdyz je titani¢nan barnaty
ochlazen v el. poli, domény se ,,uzamknou‘ a material je oznacen jako polovany. Pokud se systém
jesté jednou zahieje na teploty blizici se Tc, stadit tepelna energie k opétovné depolarizaci orientace
domén, coz je proces znamy jako depdlovani.

Kromé tepelného depo6lovani mohou byt domény pieorientovany i aplikaci vysokych tlakovych
sil. Pfi aplikaci ve sméru polarizace to muize vést k opétovné randomizaci doménovych orientaci
[42]. V nedopovaném BaTiOs jsou doménové stény pomérné tuhé, pfiCemz méné nez 10% 90°
domén je obecné pieorientovano pisobenim tlaku, ve srovnani s az 50% téchto domén v jinych
materialech, jako je PZT [6]. To znamena, ze BaTiO3 a jeho dopované variace mohou byt obzvlasté
uzite¢né v aplikacich, jako je vysoce vykonnd akustika, kde nemiZze vysoké tlakové napéti vést
k depolarizaci.

Uhly, ve kterych se sousedni domény navzajem tvoii, jsou zavislé na trojrozmémé formé
jednotkové builky, a také se méni s polymorfni fazi. V tetragondlni BaTiOs se domény tvorii
navzajem v uhlu 90° a 180° [42]. V ortorombické fazové doméné existuji také pii 60° a 120°,
zatimco v romboedrické fazové domén¢ existuji pii ~ 70°, ~ 110° a 180°.
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2.5.3 Dopovany titani¢itan barnaty

Jako perovskitovy materidl je titaniCitan barnaty schopen pojmout mnoho riznych kationtovych
i1 aniontovych dopantti, Vétsina dopovanych piipravkia BaTiO3, véetné dopantti studovanych v mych
pracich, je zaméfena na kationtovou substituci dopantu, a proto bude tato diskuse omezena na ucinky
kationtovych dopanti.

Doping umoznuje ptizpusobeni fyzikalnich vlastnosti titani¢itanu barnatého, véetné Tc a jeho
relativni permitivity, Sirokému spektru pouziti. Dopanty Ize vyuzit k posunu Tc k niz§im teplotam.
Dopanty mohou také zpUsobit rozsiteni vrcholu permitivity, coz vedlo k plossimu relativnimu
profilu permitivity a nizsi teploté T¢ [43, 46]. To lze pouzit pro zatizeni kondenzatorového typu,
ktera nevyzaduji velké relativni permitivity, ale vyzaduji stabilngjsi teplotni profil a Casto Sirsi
teplotni rozsah provozu.

Doping ma obvykle jednu ze tii forem. Prvnim z nich je isovalentni doping, ktery zahrnuje
substituci dopantovymi druhy stejného néboje jako druhy, které nahrazuje. Druhym je akceptorovy
doping, ktery zahrnuje ¢astecnou substituci kationtovych druht kationty s niz§im nadbojem. Tieti typ
je donorovy doping, ktery zahrnuje ¢aste¢nou substituci kationti vysoce nabitymi kationty. Druhy
1 tieti typ dopingu zahrnuji ¢aste€nou substituci odlisSn€ nabitym druhem nez origindl, a proto se
o nich tika, ze jsou aliovalentni.

Isovalenttni dopovani

K tzv. izovalentni substituci dochazi, pokud jsou kationty nahrazeny ionty se stejnym nabojem
(Sr?*/Ba%* za Pb%*; Sn** za Ti**/Zr*"). Dopanty tohoto typu maji za nasledek nartst dielektrickych
a piezoelektrickych vlastnosti vyménou za sniZzeni Curieovy teploty. Byl studovéan vliv kazdého
z dopantd, obr.2.12, pficemz z vysledkd vyplynulo, ze pfidani SrTiO3z zpusobuje stalé snizeni
Tc o0 3,7 °C na kazdé procento pridané dopujici latky. Piidani PbTiO3z zplsobuje stalé zvyseni
Tc o0 3,7 °C na kazdé procento dopantli. Pfidani CaTiOs zpocatku zplsobuje mirné zvySeni Tc
s trovnémi dopantu az 8%, nez zpusobi pokles Tc s dal§im pfidanim dopantu [47,48].
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Obr.2.12 Uginky dopingu jedinym iontem isovalentnimi na teploty fazového pfechodu
riznych polymorfii nedopovaného BaTiO3.[47]

Tabulka 2.2. Vliv isovalentni substituce na fazovy piechod teploty nedopovaného BaTiO3

Dopant

PbTiO3
SrTio3
CaTiO3
BaYrO3
BaSno3
BaHfO3

Kromé posunu fazovych hranic mize ptidani dopantti také zpiisobit zménu typu feroelektrického
chovani od chovani typického feroelektrického k relaxacnimu feroelektrickému [48,51]. Relaxacni
materidly jsou komercné dilezité pro zafizeni véetné senzord, kondenzatort s vysokou permitivitou,
pfevodniki a elektromechanickych akénich Clenii. Dilezité jsou zejména kvili pritomnosti velkého
roz$iteného piku v relaxaénim spektru materiald, ktery umoziuje relativné velky teplotni rozsah, a
také moznosti dosahnout velmi vysoké permitivity. Toto je vlastnost, ktera je bézna v materialech

ATec

+3.7
-3.7
Nelinearni
-5.3
-8
-5.0

Ortorombicky /
tetragonalni
pirechod, TO /T
(&(®)

-9,5
-2
6,7
-7
+5
+7

Rhombohedral /
orthorhombic
prechod. TR/ O
(W)

-6,0
0
-6,0
+18
+16
+16

na bazi BaTi03, které maji PPB v disledku izovalentniho nebo aliovalentniho dopingu.

Soucasna isovalentni substituce jak A, tak B-mista je obecné povazovana za kumulativni u¢inek

kazdého ze samostatnych druhti dopanti. Nejvice prostudovanym z nich je CaZrO3.[49,50,53]
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2.5.4 BCZT keramika - (Ba, Ca) (Zr, Ti) Os

Nejnovéji do rodiny piezomateridlll ptibyl systém bezolovnatého materidlu s pfesnym slozenim
(1-x) Ba (Tio,gZro2) O3 - x (Bao,7Cao;3) TiO3 ve zkratce (1-x) BZT-xBCT nebo BZT-BCT, nebo jen
zkracené BCZT. Tento systém je intenzivné zkoumdn jako nahrada za materidly na bazi olova.
V soucasné dob¢ systém vykazuje velmi vysoké piezoelektrické vlastnosti, naptiklad dzz byl zméien
~ 600 pC/N pro slozeni 0,50 BZT-0,50 BCT (50BCZT) a =~ 350 pC/N pro slozeni 0,55 BZT-0,45
BCT (45BCZT) stejné jako pro 0,45 BZT-0,55 BCT (55BCZT) [12]. Diavodem tak vysokych
piezoelektrické vlastnosti pro SOBCZT je morfotropni fazova hranice (MPB) [26], jak je uvedeno
na obrazku 2.13, podobné jako u PZT. Jedinym rozdilem v keramice BCZT od hranice morfotropni
faze PZT je kiivka MPB. Takto zakiivena kiivka MPB piedstavuje také zavislost na stechiometrii
a teploté, coz vede k degradaci stability materidlu z hlediska teploty. Fazovy diagram je
charakterizovan MPB oddélujicim feroelektrickou R (strana BZT) a T (strana BCT). Nejdulezité;si
vlastnosti systému BZT-BCT ve fazovém diagramu je existence kubikoromboedricko-
tetragonalniho (C-R-T) trojit¢ého bodu [26]. Z obrazku 2.13 je také ziejmé, ze pro SO0BCZT,
30BCZT, 20BCZT lezi hranice R-T blizkosti teploty okoli. V blizkost takovych strukturalnich
nestabilit, feroelektrika Casto vykazuje velké, anizotropni zvySeni piezoelektrickych, dielektrickych
a elastickych vlastnosti [53]. Zahfatim materialu z hranice R-T do T-C zustava piezoelektricka
odezva dostatecné velka, prestoze faze R a T jsou oddéleny pouze asi o ~ 80 °C (obr. 2.16).
Vylepsena odezva ve fazi T je tedy pohanéna nestabilitami pti pfechodech R-T i T-C, pficemz kazda
nestabilita zvySuje piezoelektrické koeficienty podél riznych krystalografickych smér. Proto
vétSina zrn ve vzorku vykazuje zvySenou odezvu bez ohledu na jejich orientaci vzhledem
k elektrickému poli.

200 v - - o = -
(a)

190} Cubic triple point

100k pie po

50
ot

Temperature (°C)

000 10 20 30 40 S50 60 70 80 90 100
BZT-BCT
Obr. 2.13  Schematické fazové schéma pseudobinarniho feroelektrického systému (1-x) Ba
(Zr0,2Ti0,8) O3-x (Ba0,7Ca0,3) TiO3, zkracen¢ BZT-BCT

Aby bylo mozné pochopit piezoelektrické jevy a neobvyklou povahu fazového piechodového
fadu Rhombohedral-Tetragonal-Cubic (R-T-C), ktery dfive uvadéli Lui a Ren, bylo provedeno
opétovné zkoumani, které provedli Keeble a kol. o strukturni fazové transformaci keramiky BCZT
[56], [12]. Bylo zjisténo, ze oblast mezi romboedrickou a tetragonalni fazi pteklenuje ortorombicka
faze Amm?2 (O-faze), ¢imz bylo vytvofeno nové poradi fazi jako Rhombohedral-Tetragonal-
Orthorhombic-Cubic (R-T-O-C), jak je znazornéno na obrazku 2.14 [56]. Klicovy bod, kde dochazi
k pfechodu mezi R-fazi na T-fazi pies mezilehlou O-fazi, se nazyva oblast fazové konvergence.
V této oblasti lezi potencidlné velmi vysoké piezoelektrické vlastnosti.
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Obr. 2.14 Revidovana fazova struktura keramiky BCZT

Jednou z nejvétSich nevyhod tohoto materidlu je nizka Tc ~ 93 °C, stejné€ jako vysoké teploty
slinovani (> 1450 °C) [12, 49], které jsou nutné k ziskani nejlepSich vlastnosti. Dal§i nevyhoda je
velka rychlost rustu zrna. Tyto podminky nejsou vhodné pro primyslovou vyrobu. Proto strategie
zahrnujici doping, Upravu sloZeni a rizné metody zpracovani patii mezi aktuélni témata souc¢asné¢ho
materidlového vyzkumu. Vysledky vedou ke snizeni teploty syntézy a zpracovani pro tvorbu
keramiky o velikosti zrna pod 10 pm. Jiz byly provedeny vyzkumy tykajici se u¢inka velikosti zrna
souvisejicich s teplotou slinovani na piezoelektrické vlastnosti keramiky BCZT [57 - 60].

Kromé toho mohou byt vlastnosti keramiky BCZT ovlivnény rliznymi parametry, napiiklad Bai
a kol. popsal parametry a podminky zpracovani, které by mohly potencialné prizpUsobit
piezoelektrické vlastnosti jako ds3 a kp v zavislosti na rtiznych velikostech zrn [58]. Zavislost
piezoelektrickych vlastnosti BCT-BZT na poélovacich podminkéch, jako je elektrické pole a teplota,
publikovali Wu et al. [61]. Nejcastéji se u strukturovanych materiali perovskitového typu dosahuje
vysokych funkénich vlastnosti v blizkosti MPB. Kromé vysokych funkénich vlastnosti v blizkosti
fazové hranice je aliovalentni doping dal$im zplisobem pfizplsobeni elektrickych vlastnosti této
keramiky, stejn¢ jako pro doping PZT keramiky.

Doping muze zpusobit vnitini bodové defekty, které mohou potencidlné ovlivnit stabilitu
doménovych stén a struktury domény, coZ vede k riznym modifikacim, jako jsou vylepSené
dielektrické vlastnosti [58, 59], zvyseni tepelné stability [57], Gprava Tc [50, 60] atd. Piesto je MPB
keramiky BCZT vice zavisla na teploté, coZz vede k piekdzce teplotni stability materidlového
systému [57].

Ke snizeni teploty slinovani z 1550 °C na 1450 °C, byla pouzita slinovaci pomticka Li>COs.
U takto upravené BCZT keramiky byly pozorovany dzs = 512 pC/N, kp = 45% a relativné nizka Tc
=80 °C [60]. Pti pouziti 1,5% hmotnostniho CuO se teplota slinovani snizila az na 1430 °C s velmi
vysokym d33 = 670 pC/N, kp =57% a Tc =75 °C. [A9]

2.6 DIELEKTRICKE A KRYSTALOGRAFICKE PARAMETRY BCZT

V této kapitole tomto se zamé&fim na dielektrickou a krystalografickou analyzu piezokeramickych
materiall. Po 5 letech od obhajeni diserta¢ni prace jsem opustil analyzu smésnych vztahti a spolecné
se skupinou oddéleni keramiky CEITEC jsem zacal spolupracovat na vyvoji zejména bezolovnaté
keramiky pro systémy ,,energy harvester. VSechny uvedené vysledky jsem méfil nebo se z velké
¢asti podilel na jejich méfeni a provadél jejich vyhodnoceni.
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2.6.1 BCZT - yCeO2 keramika slinovana technikou TSS

Nejprve jsem se vénoval analyze “green body”“ BCZT - yCeO> (y =0, 0,02, 0,04, 0,07% hmot.)
MPB byl nalezen v rozmezi slozeni yCeO2 (y =0 - 0,1%) a v tomto rozmezi byly pozorovany vysoké
funkeni vlastnosti. Na zadkladé téchto poznatkli konvenéni technikou slinovani byl zvolen rozsah
obsahu CeO> (y = 0, 0,02, 0,04, 0,07% hmotn.). Poté byly realizovany piezokeramické vzorky
technikou TSS. V prvnim kroku byla pec naprogramovana s teplotni spadem 10 °C/min na teplotu
T1 (1350, 1400, 1450 °C) s prodlevou 30 minut, aby byla zajiSténa rovnomérnost tepelné atmosféry
uvniti komory. Poté byla pec ochlazena s teplotnim spadem 30 °C/min na nizsi teplotu T». Tato
teplota je fixovana na 1275 °C, aby se zastavil rust zrn, a udrzuje se zde po dobu 4 hodin. Nakonec
se teplota snizuje na teplotu okoli rychlosti 10 °C/min.

U téchto vzorkt byla nejprve provedena analyza objemové hmotnosti obr. 2.15 a na SEM analyza
velikosti zrn 2.16 [A9, A12].
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Obr. 2.15 Analyza objemové hmotnosti pro obsah
CeO2 (y =0, 0,02, 0,04, 0,07% hmotn.) v BCZT [A9]
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Obr. 2.16 SEM mikrostruktura keramiky BCZT-yCeO> (a) y = 0% (b) y = 0,02% (c) y =
0,04% (d) y=0,07% pii T1 - 1350 °C/30 min & T2 - 1275 °C/4h [A9,A10]
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Piezoelektrické a dielektrické vlastnosti keramiky BCZT-CeO: p#i slinovdni, T1 - 1400 °C/30
minaTz2- 1275°C/4 h

Obrazek 2.17 a obrazek 2.18 ukazuji piezoelektrické a dielektrické vlastnosti keramiky BCZT-
XCeO2 pfi slinovani pii T1 - 1400 °C/30 min a T2 - 1275 °C/4 h. Bylo pozorovano, Ze planarni
vazebni koeficient (kp) a piezoelektrickd konstanta dss se zvySovaly se zvySujicim se obsahem Ce
a soucasn¢ se snizoval ztratovy Cinitel zan o. Pro 0,07% hmotn. zastoupeni CeO2 bylo jasné
pozorovano zvyseni hodnot ds3 a kp. Hodnota piezoelektrické konstanty dsz se zvysila z hodnoty
295 £ 15 pC/N ¢istého BCZT na 353 + 7 pC/N. Krom¢ toho byl kp zvySen z 23,2 + 2% na 40 + 1%,
zatimco relativni permitivita se zvysila z 1906 = 80 na 3393 + 100. ZlepSeni hustoty dass, Kp, &
a snizeni tan o je ptipisovano zhutnéni keramiky. Tento jev je dobfe znam, nebot” CeO; se pouziva
jako ptisada do PZT a BNBT bezolovnatych material a vykazuje podobny trend [61].

380 45

—e—dg - 42

360 - —a—K

-39
- 36
340 |
- 33

-

k:, (%

320 - 30

dy, (C/N)

- 27
- 24

21
280

- 18

T T T L) T L]

T
0% 0.02% 0.04% 0.07%
Ce concentration (wt %)

Obr. 2.17 ds3 akp jako funkce koncentrace Ce za podminek slinovani,
T1- 1400 °C/30 mina T2 - 1275 °C/4 h.
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Obr. 2.18 Relativni permitivita a ztratovy Cinitel tan 6 jako funkce koncentrace Ce za
podminek slinovani, T1 - 1400 °C/30 min a T2 - 1275 °C/4 h. [A9,Al11]
V tomto p¥ipadé pisobi Ce®* jako donorovy dopant vedouci na néktera volna mista kationti na
misté A, kterda mohou usnadnit pohyb doménové stény a zlepsit tak piezoelektrické vlastnosti

39



keramiky BCZT. Naproti tomu Ce* * ma ve srovnani s Ce® * mensi iontové poloméry
a pravdépodobné zaujima B-misto bud’ Ti** nebo Zr** Obsazeni Ce** v misté B mlize zménit volny
naboj k potla¢eni pohybu doménovych stén a je zachycen volnymi misty kysliku, coz zpisobuje
snizeni ztratového cinitele (tan 6). Hodnoty dielektrickych a piezoelektrickych vlastnosti jsou
shrnuty v tabulce 2.3

Tabulka 2.3 - Piezoelektrické a dielektrické vlastnosti keramiky BCZT-yCeO:z pii slinovani, Tt -
1400 °C/30 mina T2 - 1275 °C/4 h.

BCZT - yCe02 Velikost zrn ~ ds33 (pC/N) kp (%) er(-) Tc (°C)
(um)

y=0 | 8,0£0,75 295+15 23,2+2 190680 103,4

y=0,02 6,9+0,29 31510 28,1+1 2193480 100,1

y =0,04 7,24+0,44 24010 28,942 2308+80 101,2

y=007 | 7,96+0,71 253+7 40+1 33934100 96,2

Graf 2.19 zobrazuje zavislost permitivity na teploté¢ keramiky BCZT-yCeO, méfenou pii 1 kHz.
Vsechny vzorky prochéazeji dvoufazovymi piechody, tj. feroelektrickym rhombohedralné-
feroelektrickym tetragonalnim fazovym ptechodem (TR-T) pobliz teploty okoli a feroelektrickym
tetragonalné-paraelektrickym kubickym fazovym ptfechodem kolem teploty
Tc = 100 °C. Z vySe uvedeného vypliva, Ze malé mnozstvi dopingu CeO2 neméni krystalovou
strukturu, ale vyrazné zvySuje dielektrickou permitivitu & Maximalni hodnota & pro vzorek
y = 0,07% hmotn. byla 15067 [-] ve srovnani s 6659 [-] zjisténymi pro Cisty BCZT. ZvySeni
dielektrické permitivity 1ze pfipsat rovnomérné velikosti zrna a vyssi hustoté zptisobené dopantem
CeOo.
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Obr. 2.19 Graf permitivity na teplot¢ BCZT-yCeOz (y =0 - 0,07% hmot.) keramiky za
podminek slinovani, T1 - 1400 °C/30 mina T2 - 1275 °C/4 h. [A11,A13]
Graf 2.20 (a) - (e) zobrazuje teplotni a frekvenéni zavislosti permitivity a ztratového cCinitele BCZT
keramiky s riznymi ptisadami CeO> za riiznych slinovacich podminek. Vysledky ukazuji, ze pfidani
CeOz2 zplsobuje mirny posuny Curieovy teploty, coz plati i pfi riznych slinovacich podminkach.
Grafy naznacuji stejnych charakter chovani dielektrickych i piezoelektrickych parametrii jako
Vv ptipad¢ slinovacich podminek T1 - 1400 °C/30 min a T> — 1275 °C/4 h.
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Obr. 2.20 Grafy Teplotni zavislost &r a tan & pii 1, 10, 100, 1000 kHz keramiky BCZT -

2.7  CHARAKTERIZACE (BAoss CAo.15-Y CEy) (ZRo1 Tlog) Os KERAMIKY

Experimenty se zpracovanim této keramiky jsou podrobné popsany v [A12]. CeO2 byl pouzit
jako substituce na Ca v misté A struktury BCZT podle stechiometrického vzorce (Baogs Cao15-y
Cey) (Zroa Tioo) O3 a poté kalcinovan. ,,Green body* keramika byla slinovana pti riznych teplotach

od 1275 °C do 1450 °C po dobu 4 hodin.

yCeO2 (y = 0 - 0,1% hmot.) keramiky za podminek slinovani,
T1- 1300 °C/60 mina T2- 1275 °C/4 h.
Obrazek 2.20 () ukazuje grafy In (1/er - 1/emax) jako funkci In (T-Tmax) pti 10 kHz pro vzorky BCZT
s riznym mnozstvim piisady CeOz. Je vidét, ze u vSech vzorkll je pozorovan linearni vztah.
S vristajicim hmotnostnim zastoupenim CeO2 se smérnice piimky zvétSuje z hodnoty 1,603 na
1,887. Tato zména indikuje, ze ptfidani CeO: zlepsi chovani dielektrického prechodu keramiky
BCZT na rozhrani zrn.
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—h—y. Ce=0.00135
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Obr. 2.21  Graf hustoty jako funkce teploty slinovani (Bao,gs Cao,15-y Cey) (Zro1 Tio,g) O3

keramiky [A11,A12]

dielectric loss



Na obr. 2.21 je znazornéna oCekavana zavislost, ze se vzrustajici sintrovaci teplotou roste
i objemova hustota keramiky u vech piipravenych kompozici. Maximalni hustoty 5,75 g/cm® bylo
dosazeno pro y:Ce = 0,02. Obrazek 2.22 ukazuje mikrostruktury této keramiky slinované pii
1350 °C. U vzork slinutych pii 1350 °C nejsou mikrostruktury y = 0, 0,0008 a 0,00135 dostatecné
husté ve srovnani se vzorkem y = 0,02. U vzorka slinutych pti 1450 °C v rozmezi y = 0 - 0,00135
zrna rychle rostou, coz zvysSuje hustotu vzorkd.

(b) 0,0008 (c) 0,00135 (d) 0,02 a slinované pii 1350 °C pro 4 h

Piezoelektrické a dielektrické vlastnosti keramiky (Baogs Cao,15-y Cey) (Zro,1 Tiog) Oz pii
slinovani 1350 °C po dobu 4 h

Obrazek 2.23 vlevo) a vpravo) ukazuji piezoelektricky koeficient ds3 a planarni vazebni faktor kp
pro rizné teploty slinovani. Jak teplota slinovani stoupa, hodnoty koeficientu dss se zvysuji az do
maximalni hodnoty pro y = 0,00135 (pti 1350 °C) a poté vyrazné Klesaji. U vzorkd slinutych pti
1350 °C ma c¢isty BCZT (y = 0) hodnotu ds3 ~ 290 pC/N s relativné nizkou velikosti zrna ~ 7,6 um.
Pii zvySeni koncentrace Ce na 0,02 se ds3 snizuje, coz lze pfipsat velmi malé
velikosti zrna = 0,76 um. Toto sniZeni je patrné pro vSechny sintrovaci teploty. Planarni vazebni
faktor kp sleduje stejny trend s velikosti zrna a byla pozorovana maximalni hodnota = 38,5% pro
y =0,00135 slinuta pti 1350 °C/4 h.
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Obr. 2.23  Zavislost ds3 (vlevo) a kp (vpravo) na teploté slinovani (Baogs Cao,15-y Cey)
(Zro. Tio,e) Os keramiky

Tabulka 2.3 - Piezoelektrické a dielektrické vlastnosti keramiky (Bao,gs Cao15-y Cey) (Zro,1 Tiog)
O3 pii slinovani 1350 °C/4 h.

y=mol Velikost zrn ~ ds3 (pC/N) kp (%) er(-) Tc (°C)
(um)

y=0 7,62 290+15 26,4+1 1808+80 105,4

y=0,0008 12,16+2,39 490+20 37,7+1,69 2154+80 103,2

y=0,00135 11,26+1,97 501+£10 38,5+1,92 2584+80 108,1

y=0,02 0,76+0,08 60+5 8,5+1,35 1858+80 72,6

Obrazek 2.24 (vlevo), (vpravo) zobrazuje graf relativni permitivity &r a ztratového Cinitele tan J na
teploté pti 1 kHz pro (Baoss Caois-y Cey) (Zro1 Tioge) Oz vzorky slinované pii 1350 °C/4 h.
Maximalni relativni permitivita &r je pii Curieové teploté a zvySuje se pro y = 0,0008 - 0,00135 na
hodnotu cca. 11500, ve srovnani s €istou keramikou BCZT cca. 8 000. V pfipadé nadmérné
substituce u Ce y = 0,02) byl pozorovan vyznamny pokles &r, ktery 1ze ptipsat malé velikosti zrna a
s tim spojené nehomogenity v materidlu. Dale pro y = 0,02 se vrchol dielektrické permitivity stava
plossim, coz vede k vyrazngj$i povaze difuzniho fazového piechodu (DPT), kterd je podrobné
popsana Vv [A9]. Tuto povahu Ize pfipsat velikosti jemnych zrn (~ 0,76 um) v dsledku nadmérného
obsahu Ce, ktery vede k posunu feroelektricko-paraelektrického fazového prechodu na nizsi teplotu.

Na obrazku 2.24 (a) je ziejmé, Ze dielektrické vlastnosti jako Tc a &r znacné zavisi na velikosti
zrn, coz diive potvrdili Martirenat a Burfoot [62]. Vysledky, také podporuje chovani DPT pro
y = 0,02, které ukazuji Siroky vrchol pobliz feroelektricko-kubické fazové pfemény pii 72,6 °C. Je
evidentni, ze (Bao,gs Cao,15-y Cey) (Zro1 Tiog) Oz keramika (y = 0; 0,0008; 0,00135) piedstavuje tii
prechody, a to RO, OT, TC, coz je pozorovano tfemi vrcholy reprezentovanymi na obrazku 2.24
(vpravo).
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Obr. 2.24  (vlevo) Teplotni zavislost relativni permitivity
(vpravo) ztratova Cinitele Baogs Cao,15-y Cey) (Zro,1 Tioe) Oz keramiky slinované pti
1350 °C/4 h.

28 CHARAKTERIZACE PZT KERAMIKY

Jedna se vysledky méfeni, kterd jsem nikde nepublikoval, slouzily jako ovétovaci vysledky
vyrobnich technologii, méticich metod a postupil pii vyrobé bezolovnaté keramiky a byly soucasti
hospodaiské spolupraci s fy. Huawei 2015. Na této keramice nebyl provadén zadny dalsi vyzkum,
nebot’ do budoucna se diky pfitomnosti olova nejevi jako perspektivni, ovSem z historického
hlediska byla jedna z nejvice prostudovan}'/ch Daléim faktorem nepokraéujiciho V}'/zkumu \ této
neni mozné vyuzit na bezolovnatou keramiku.

Jako vzorky nedopované PZT (PbZro 75 Tio.2503) keramiky byly disky o priméru 12 mm a tloust’ce
0,8 mm. Jejich chemické slozZeni bylo ovéfeno métenim energetické disperzni spektrometrie (EDS)
pomoci rastrovaci elektronové mikroskopie (SEM). Na kazdé strané disku byla nanesena metodou
naprasovani platinova elektroda. Elektrické vlastnosti byly stanoveny ve frekvenénim rozsahu 20—
10 Hz s impedanénimi analyzatory HP4284A a HP4291A.

Dielektrickd méfeni byla realizovana pro teplotni rozsah 20-1000 K ve frekvencnim rozsahu
10 Hz az 1 MHz. Toto umoZiuje zkoumani ptechodu mezi rhobedrickym feroelektrickym stavem
a kubickym paraelektrickym stavem. Na obrazku 2.25 vlevo je zobrazen frekven¢ni charakteristika
€ a ztratového Cinitele.
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Obr. 2.25 (vlevo) frekvencni zavislost permitivity a ztratového Cinitele PZT keramiky
(vpravo) teplotni zavislost permitivity PZT keramiky
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Na obr. 2.25 vpravo teplotni zavislost permitivity a je zieteln¢ oznacena hodnota Curicovy teploty
Te, ktera je frekvencné nezavisla. Tato teplota piesné odpovida publikovanym vysledkiim v odborné

literatufe.
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Obr. 2.26 (vlevo) frekvencni zavislost permitivity a ztratového Cinitele PZT keramiky pro

teploty 293-980K

(vpravo) relaxaéni mapa PZT keramiky
Nardst & pti vysokych teplotach, jak je uvedeno na obr. 2.26 vlevo, v paraclektrické oblasti a pii
frekvencich nizsich nez 100 kHz je zpisoben migraci kyslikovych iontt [64]. Na obrazku 2.26
vpravo je uvedena relaxani mapa PZT keramiky s vypocitanou aktivaéni energii 2,2 eV. VSechny

vvvvvv
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3 ZAVER

Prace byla zamétena na popis dosavadni védecké Cinnosti, kdy v prvni fazi byla zamétena na
popis a analyzu dielektrickych kompozitnich systémt. V praci bylo ukazano, ze dielektricka
relaxacni spektroskopie je vhodny néstroj, ktery umoziuje charakterizovat dielektrické kompozitni
systémy a je také vyuzitelny pro charakterizaci a navrh nového smésného vztahu, ktery umoziuje
predikovat vysledné vlastnosti kompozitniho systému s kovovymi kulovymi ¢asticemi. Nevyhoda
vztahu je samoziejmé dana jeho specifikaci na kulové ¢astice. Samoziejmé by bylo mozné navazat
na dosavadni vyzkum a rozsifit jej na ostatni popsané typy Castic, ovSem materidlovy vyzkum jde
tak rychle dopfedu a zameétuje se ¢im dal vice na nanocéstice, ze vyzkum takového charakteru by
byl enormné naroc¢ny a pravdépodobné byl stale pozadu proti materidlnimu, kdy je vétSinou mnohem
jednodussi ,,néco namichat a zméfit™, nez Sirokosahle material analyzovat pro¢ ma takové ¢i onaké
vlastnosti.

V dalsi ¢asti jsem se zamétil zejména na analyzy dielektrickych a piezoelektrickych spekter
u olovnaté a bezolovnaté keramiky a vliv riiznych dopantii na tyto struktury.

Pti analyze bezolovnaté keramiky jsem se zaméfil zejména na analyzu dopantl, majici vyrazny
vliv na sintrovaci teplotu a posun Curieovy teploty. Nedilnou soucésti téchto analyz byla
samoziejmé i charakterizace &r, fan 0, Kp. Experimentalni vysledky ukazuji vyrazny vliv ceria na
BCZT keramiku s riznymi iontovymi poloméry na strukturni, mikrostrukturni a funkéni vlastnosti
této keramiky. Ce byl pouzit jako aditivum i jako ndhrada v mist¢ A a B perovskitové struktury
BCZT. V obou ptipadech byly prozkoumény a porovnéany dielektrické i pizezoelektrické vlastnosti.

Pokud je Ce pouzito jako prisada, vytvoii se Cistd perovskitova struktura, ve které nebyla
pozorovana zadna sekundéarni nebo necistd faze. Teplota a velikost zrna hraji dilleZitou roli pii
dosahovani vysokych funk¢énich vlastnosti, ale zaroven mnozstvi CeO. muze také ovlivnit
slinovatelnost a hustotu keramiky BCZT.

Vsechny vzorky prochazeji dvoufizovymi ptechody, tj. feroelektrickym rhombohedralng-
feroelektrickym tetragonalnim fazovym ptechodem (TR-T) pobliz teploty okoli a feroelektrickym
tetragonalné-paraelektrickym kubickym fazovym ptechodem Tc kolem teploty 100 °C. Z ¢ehoz
vyplivd, Ze malé mnoZstvi dopingu CeO2 neméni krystalovou strukturu, ale drasticky zvySuje
dielektrickou permitivitu é.

Poté byl Ce pouzit jako substituce perovskitové struktury BCZT v misté A a B a vysledky byly
porovnany s vysledky ziskanymi pfidanim Ce k keramice BCZT. Bylo zjisténo, ze pfidani Ce
(y = 0,07% hmotn.) A substituce Ce v misté¢ A (0,00135 mol.) Mohou snizit teplotu slinovéani na
1350 °C s vysokymi piezoelektrickymi vlastnostmi (dsz ~ 500 pC/N). Byly naméfeny dielektricka
spektra permitivity, ztratového Cinitele i ztratového Cisla, pro vsechny realizované vzorky.

V této praci byly prezentovany vysledky (PZT), které byly prvotné vyuzity pii feSeni hospodaiské
smlouvy pro zahrani¢niho partnera jako validacni. Slouzili pro posouzeni spravnosti materidlovych
postupit vyroby piezokeramiky. Z analyzy SEM byla urena priméarni velikost ¢astic prasku
v rozsahu 1um - 500nm. Tepelné zavislosti ukazuji, ze syntetizovany PZT je tepelné stabilni do
360 °C.
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1. Introduction

Composite materials with metallic fillers represent a two-
component or multicomponent system whose properties are
affected by the properties of polymeric matrix [1] and of the metal-
lic filler as well as by their mutual interaction at the filler—polymer
interface. Composites are often a subject of the current materials
research, yet only very little attention is paid to the impact of the
particle size. This topic becomes increasingly important with the
advance of nanocomposites.

This work was focused on the experimental studies and numer-
ical analysis of the impact of Ni filler size on the dielectric prop-
erties of the whole composite, even as the total Ni content remains
constant. Based on experimental findings, a formula for the per-
mittivity (dielectric constant) of the composite, accounting for both
concentration and size of metallic filler particles, is developed.

2. Experimental

The objective of the research was the observation and subse-
quent evaluation of the impact of Ni metallic filler, in different
concentrations, for five different particle sizes within the range
35-115 um on their dielectric properties.

The matrix material was an ethylene—vinyl acetate copolymer
(PEVAc) with 45% (w/w) vinyl acetate. Nickel powder filler was
used in different Ni particle sizes (referred to as ‘fractions’) and
concentrations. The details of the fractions and the overall Ni
contents studied are given in Table I [2].

2.1. Sample preparation Samples were prepared at
the Slovak University of Technology in Bratislava, in the form of
foils. Nickel concentrations in the matrix were selected according
to the anticipated and desired conductivity features. The compos-
ites with Ni powder fractions denoted as 1520, 1320, 1120, 1020,
and 1010 contained 15-34% (v/v) Ni powder in the matrix. Frac-
tion 1120 was studied more extensively, in a wider concentration
range, including 42-75% (v/v) Ni powder in the matrix.

? Correspondence to: Vladimir Holcman. E-mail: holcman @feec.vutbr.cz

*Faculty of Electrical Engineering and Communication BUT Brno,
Technické 8, 616 Brno, Czech Republic

2.2. Measuring apparatus Measurements were car-
ried out using various impedance analyzers—HP 4284A Preci-
sion LCR Meter, Alpha-Analyzer by Novocontrol, and E4991A
RF Impedance/Material Analyzer by Agilent (Fig. 1). The sam-
ples were of a circular shape (d =55 mm) of 2.5 mm thick-
ness. Besides that, rectangular samples with dimensions 15 x 15 x
1 mm were used in the measurements with the Alpha-Analyzer.
Test samples were measured at frequencies 1 Hz—10 MHz; how-
ever, the focus of this paper is on the concentration and particle
size dependence of electric properties. Therefore, only the results
at 1 kHz are reported [3]. All measurements were carried out at
the room temperature.

3. Measurement Results

Measurement of dielectric properties of all the available samples
yielded results that clearly prove the impact of the size of added
spherical Ni particles on the electric properties measured. Figure 2
shows the relative permittivity (dielectric constant) &’ and loss
number ¢” as a function of the Ni particle size at the same Ni
content (i.e. the number of larger particles is kept smaller in order
to keep the concentration constant).

The distinction between the measured fractions can also be
observed on the resistivity plot presented in Fig. 3. Full lines indi-
cate best fits to the values measured, assuming a linear dependence.
The figure shows a decrease of the resistivity with increasing Ni
particle size. Also, the rate of this decrease (slope of the curve)
increases with increasing Ni content in the matrix, and the mag-
nitude of the resistivity generally decreases with increasing Ni
content.

In the next part, an attempt is made to mathematically describe
the relation between the resistance of the sample and the size of
metallic particles. The objective is to find a suitable formula on the
basis of established mixing rules as well as the numerical values
of any would-be coefficients.

In the first part of the analysis, a number of classical mixing
rules [4] were applied to the measurement results as shown in
Table II.

None of tested formulas contained explicitly the particle size
and, hence, none of them was found satisfactory (Fig. 4).

A major drawback of most mixing formulas was the fact that
they were valid only up to 50% of the filler content. However, the

© 2010 Institute of Electrical Engineers of Japan. Published by John Wiley & Sons, Inc.
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Table 1. Fraction parameters

Range of sizes of 99.99%
of all particles from the

Average particle size
(diameter) parameter

Fraction fraction (Um) b(um)
1520 90-140 115
1320 45-125 85
1120 30-96 63
1020 20-71 45
1010 3-73 35
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Fig. 2. Relative permittivity ¢ and loss number ¢” as a function
of Ni particle size

Lichtenecker power-law mixing rule [4] with exponent & = 0.1
seemed to fit best to the Ni-PEVAc composite, and therefore, the
Lichtenecker power-law rule was used as a starting point for
the deduction of the new formula, which would also account for
the particle size.
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Fig. 3. Resistivity versus particle size for 15, 25, and 34%
(volume) Ni content in the matrix

Table II. Root-mean-square error of fractions 1120 and 1520

Root-mean-square

Mixing rules error fraction 1120

Root-mean-square
error fraction 1520

Newly proposed rule 1.8 x 107! 1.1 x 107!

Maxwell 1.3 x 10? 5.3 x 10?

Lichtenecker log. 5.8 x 10° 8.1 x 10°

Lichtenecker exp. 273.1 771.8
k=0.1

Botcher 3.5 x 10° 4.1 x 10

The Lichtenecker power-law formula for the internal resistivity
(for the sake of simplicity, the word ‘internal’ is henceforth
omitted) of a multicomponent composite system is as follows:

n
k k
Pys = Z Vi * Py;
i=1

where k is an empirical parameter, which depends primarily on
the shape and the orientation of particles, py; are the resistivities
and v; are the volume fractions of the individual components. The
parameter k lies in the interval (—1, +1) [4].

In our case, the volume concentration of Ni particles in the
matrix ranges from 15 to 75%. In order to establish a new mixing

€]

1016
14 foee
10 B a
2 la
1012 e --
S ;
2 1010 oy :
[« H
o
108 _ ........................
e 1120
108 |- —EB— Maxvell
—*— Bottcher
. : Lichtenecker log.
10 10 20 30 40 50 60 70 80

Voluminous contents of Ni in matrix (%)

Fig. 4. Sample application of known mixed equation [17]
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Fig. 5. Application of the new mixing rule for fractions 1120
and 1520

rule, it is necessary to find a function that would characterize
the decrease of the resistivity curves with increasing particle size
toward lower resistivity values. The analysis of the measured
curves leads to the conclusion that the contribution of the matrix
must be scaled with respect to the particle size, using an exponen-
tial dependence of the form:

Pm = Pmm - exp(—0.035.b) (€5

where pmm denotes the experimentally established value of the
resistivity of the matrix, b is the Ni particle diameter in microm-
eters, and pp denotes the particle-size-scaled resistivity of the
matrix, which would enter (1).

The resistivity curves not only tend to lower values with the
increasing particle size, but their slope also change depending on
the Ni content, as can be seen from Fig. 3. Therefore, it was nec-
essary to include the change of slope in the new mixing rule.
The best way to include the change of the slope was to make
the coefficient k particle-size-dependent. The dependence was
analyzed and found to satisfy the function k = —9.8 x 107%h +
0.16.

As all features related to the change of the Ni particle size in
the composite system have thus been found, the newly modified
Lichtenecker formula can be proposed as follows:

. v1-pf; + v2-(Pmm- exp[—0.035.5])¢

Vs

(3)

U1
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where b denotes the diameter of Ni spherical particles dispersed
(um). After some rearrangement, the above equation can be
written as:

[log(v%p’gIi + Uz(pmm-(—0.035.b))k)i|
Pvs = EXP

4

vl‘k ( )

This new mixing rule satisfies very well the full analyzed range

of Ni contents and Ni particle sizes. A graphical interpretation

of the presented formula for the Ni-PEVAc system is presented
in Fig. 5.

4. Conclusion

The addition of the Ni filler (spherical particles) with different
particle sizes but with the same Ni concentration to the polymer
matrix results in composites with different dielectric properties.
The newly proposed mixing rule describes very nicely the behavior
of the Ni—polymer system in the full range of Ni concentrations
available, i.e. in the interval 0-75% of the Ni content; and
moreover, it includes a coefficient characterizing the particle size,
too. The new formula was established and experimentally verified
for the Ni-PEVAc system only. It seems probable that a mixing
rule of the same type will apply for other systems containing
spherical particles in the polymer matrix. This, however, has not
yet been experimentally proved.
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Abstract. This paper deals with excess noise sources in dielectric materials. We focus especially on
the concrete samples that are frequently tested to ensure information about the reliability and level
of degradation. Nevertheless, the testing methods are limited mainly by the proper contact creation,
signal detection and noise defined sensitivity. Our efforts are directed to the noise properties
assessment. It turns out that the Johnson-Nyquist noise and the 1/f (flicker) noise are generated in
the different regions with the different response to the internal or external electric field. In addition
the noise analysis is affected by the internal polarization phenomena and the material residual
humidity. This issue in connection with the sample geometrical properties and the dielectric noise
measurement methodology take part in this paper.

Introduction and theoretical background

We provide research on electromagnetic emission (EME) as a result of mechanical loading and
micro-scale crack creation in composite materials (not presented here in details, see [1]). The EME
signal carry lot of interesting information about the material. Nevertheless, signal analysis and
material fundamental research are limited by excess noise presence reducing the ability to detect or
to recognize low-energy random EME pulses. That is why, our final aim is to maximize signal to
noise ratio by means of the sample geometry optimization, electrical contacts improvement and/or
by correlation analysis of noise spectral densities under different measurement conditions.

Stochastic fluctuation of the voltage or current is under observation mainly in case of semi or
conductive materials [2]. The dielectric materials require special efforts to establish experimental
set-up and the sample parameters stabilization to avoid humidity and leakage current effects. In
addition, the dielectrics exhibit specific features connected with the random dielectric or magnetic
polarization. Charge carriers and the electric dipoles fluctuate in position due to the thermal energy
and the macroscopic stochastic electric field is generated. The physical properties are defined on the
basis of the fluctuation-deviation theorem and the Johnson-Nyquist (thermal) noise is produced.
The physical variable under consideration is the power spectral density of voltage fluctuation Sy
given by well-known formula Sy = 4kTR [3]. Here k is the Boltzmann constant, 7 temperature and R
is static resistance. Other significant noise contributions are in the 1/f form. This process results
from the sample resistance fluctuation. That is why an external bias voltage is required and electric
current starts to flow. The power spectral density (for homogeneous layers) is given by

Sg/ R*=S,/ U*=58;/*= oy /fN. (1)

Here Sk is the power spectral density of resistance fluctuation, R is static resistance of the sample, S;
is power spectral density of current fluctuation, / is bias current flowing thought sample, oy is
dimension less Hooge’s constant, f is frequency and N is number of free carriers participating in
fluctuation process [3]. The 1/f noise is usually supposed to be result of bulk imperfections.
Nevertheless, point metallic contacts and grainy layers produce 1/fnoise, too [3].

All rights reserved. No part of contents of this paper may be reproduced or tén@mitted in any form or by any means without the written permission of TTP,
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Another electric noise is associated with the random fluctuation of the macroscopic electric or
magnetic dipole moment in the dielectric materials. The magnetic dipole variation produces mainly
Barkhausen noise [4]; nevertheless, it may be neglected. On the other hand, the electric field
assisted polarization noise is non-stationary process and it could play role here [5]. The theoretical
noise analysis (not presented here) proves that noise level is below detection limit of the
contemporary technology and the polarization noise is unlikely to observe.

Experimental details and samples under investigation

The noise-based measurement has been done by means of the Agilent 35670A two-channel FFT
dynamic spectral analyzer, see Fig. 1c. The analyzer is equipped by the custom-made two-channel
ultra-low noise preamplifier (LNA). The noise background of LNA is about 3.1 nV/VHz at 100 Hz.
The 3 dB bandwidth is 50 uHz + 10 kHz with voltage amplification 100. For sensitive measurement
are analyzer and LNA used in two-channel cross-spectral density mode. Characteristics of the
spectral densities as a function of the bias current has been done by means of the Keithley 6220
precision current source and the resistance temporal analysis was realized by the Keithley 6517B
electrometer. Prepared samples of concrete with common composition of aggregates (aggregates
size range (0 + 4) mm, (4 + 8) mm), Portland cement (EN197-1, 32.5 MPa) and water were used
(mean compressive strength 37 MPa). Available thicknesses are / = (10; 20; 30; 40; 50) mm and
available cross-section dimensions are 4 = (20 x 20; 30 x 30; 40 x 40; 50 x 50) mm. Metallic
contacts are prepared as a full cross-section carbon layers with sheet resistance about 90 €2/sq.

Measurement results and discussion

Johnson — Nyquist noise analysis. The measured typical voltage spectral densities S, of the
samples with different geometry are shown in Fig. la. There are only three groups of the samples
with the same geometry to keep figure readable. The first group of the samples B7, B8 has
thickness # = 10 mm and cross section (40 x 40) mm, the second group B9, B10, B11 has = 10 mm
and cross section (50 x 50) mm and finally the group B12, B13 has t = 20 mm and cross section
(30 x 30) mm. Each measurement has been done without electrical excitation and noise
contributions are supposed to be Johnson — Nyquist type but apparently affected by the
measurement circuit.

10712 Ce KEITHLEY
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SA ~ 1 *+--
|
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Ei DUT
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Fig. 1. (a) Selected results of the voltage spectral density measurement of the samples with different
geometry. Ambient temperature 300 K. (b) The equivalent model of the input circuits including
sample, LNA and noise source under investigation. (¢c) Scheme of the experiment.

— amplifier Sample

The fundamental equivalent model of input circuits including sample is illustrated in Fig. 1b.
Here u, is internal voltage noise of the sample; Cs is sample capacitance; Rs sample resistance; Cc
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coupling capacitance and R;,, Ci, are input resistance and input capacitance of LNA (here 82 MQ;
17 pF).The input components form modified first order low pass filter, see Fig. 1a. The cut-off
frequency is shifted slightly higher and the insertion loss is introduced because of input resistance
Rin. Technically, the high input resistance and the sample capacitance along with the capacitance of
the cables and feed thought connectors (Cs) ale limiting factors for the dielectric noise
measurement. Nevertheless, the equivalent circuit frequency dependent transmission function |Sy;]
was calculated (not presented here). We consider that the Johnson-Nyquist noise is primary
produced and the spectral density of voltage fluctuation follows from the fluctuation-deviation
theorem as mentioned before [3]. Nonlinear regression based on |S,;| has been done by means of the
MathWorks Matlab. Obtained results for the individual samples group are depicted in Fig. 1a as a
solid line and fits experimental data very well. The regression output parameters are Cs = 154 pF,
Rs = 118 MQ (group B7, B8), Cs= 194 pF, Rs = 66 MQ (group B9, B10, B11), Cs = 76 pF,
Rs=110 MQ (group B12, B13).

Another interesting phenomenon is the determination of the sample static DC resistance. For the
measurement must be strictly used high resistivity meter or combination of the electrometer and the
constant voltage source (e.g. Keithley 6517B). It turns out very early that the volume resistivity p of
the individual samples is different even if the same material was used. The reasons are probably to
small dimensions to ensure the long-range order organization considering aggregates. With a view
to the Johnson — Nyquist noise modeling the correct approach is to measure the static resistance of
the individual samples. Nevertheless, to ensure sufficient measurement accuracy the voltage in the
range (10 + 40) V must be applied. Relatively high electric field introduces significant dielectric
polarization and the relaxation process take place in the material [5]. In any case, the material is in
the different state compared with noise measurement from Fig. 1a. The long-term monitoring of the
sample resistance development was done for the each sample under investigation. It turns out that
the sample resistance increase monotonically just like the relaxation processes disappears.
Characteristics appear to be saturated after 6-hour measurement interval. Let us point out results
related to groups mentioned before. We get the mean value of resistance Rsy, = 116.0 MQ for the
samples B7, B8; Rsm=67.1 MQ for the samples B9, B10, B11 and Rs,, = 108.3 MQ for the
samples B12, B13. It corresponds to the extracted data form the noise measurement as presented
before.

The flicker noise analysis. Other interesting results are associated with the electrical bias
application. We expect 1/f current noise because of samples resistance fluctuation as mentioned
above (see Eq. 1). The noise level and the Hooge’s constant, respectively, correlate with the sample
quality and the region of the material where noise is generated. For the research was selected
sample B18 because of the low self-capacitance and resistance. The measurement results are
illustrated in the Fig. 2a. In this case, the sample was biased by the constant current source Keithely
6220. The 1/f fluctuation is evidently superposed on the thermal noise. The background noise is
defined as a state when the current source is set to the zero Amps but it is still connected to the
circuit. Experimental data (see Fig. 2a) pointed out 1/f noise development with the bias current
according to the Eq. 1 as is expected.

The voltage spectral density is proportional to fb where b belongs to the interval (1.2 + 1.5) in
case of the all samples under inspection. The slope variation is supposed to be a result of the
measurement uncertainty rather than natural evolution. Following research is related to the region
where the 1/f noise is generated. We provide an experiment where the voltage spectral density is
monitored for the different thickness of the samples with the same cross-section (not presented
here). With increasing volume we naturally expect decreasing 1/f noise level because of increasing
number of free particles N. Instead of this, we observe invariant behavior with the marginal
reduction of the measurement uncertainty. On the other hand, if we analyze the samples with the
uniform thickness and different cross-sections the voltage spectral density is inversely proportional.
Let us see curve in Fig. 2b. Here independent variable is the relative-cross section of the sample.
Now we should conclude that the region of interest is carbon — concrete interface.
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Fig. 2. (a) The voltage spectral density measurement for different bias current. Sample B18,
ambient temperature 7= 300 K and six hours settling time. (b) The voltage spectral density vs.
relative sample cross-section. Inspection frequency f= 1 Hz, temperature 7= 300 K and six hours
settling time. Symbol 4, denotes the minimal cross-section and # is a sample index.

Conclusions

We have studied samples made of concrete in order to understand the excess noise sources
taking place inside the material. It turns out, that the thermal noise is apparent according to the
Johnson — Nyquist theory. Nevertheless, the experimental data must be corrected because of the
high samples resistance, self-capacitance and the finite amplifier input resistance. The input
resistance increase is limited by stray currents and predisposing to the electromagnetic interference.
Further the static resistance of the samples was measured. It is necessary to establish few hours
settling time to avoid the dielectric relaxation phenomena. The obtained static resistance matches
very well the Johnson — Nyquist noise as predicted before. Another recognized noise is in the 1/f
form. It develops with bias current according to the square law. On the other hand, the noise is
invariant to the sample thickens change and it is inversely proportional to the sample cross-section.
It indicates that the region responsible for the noise generation is the carbon — concrete interface.
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Abstract: - The paper studies dielectric properties of elastomer filled with Ni spherical particles of different
sizes within the range 35 — 115 pum. The experimental analysis is followed by the examination
permittivity/conductivity mixing rules. A new mixing formula for the composite system consisting of spherical
metallic particles and polymer matrix is presented. This formula includes both Ni particle content and Ni

particle size as two independent variables

Key-Words: - composites, polymer, permittivity, mixing rule, rules of mixture, measurement

1 Introduction

Composite materials with metallic fillers represent a
two-component or multi-component system, whose
properties are affected by the properties of
polymeric matrix [1], properties of metallic filler
and by their mutual interaction at the filler-polymer
interface. Composites are often a subject of the
current material research, yet only a little attention
is paid to the impact of the particle size. This topic
becomes increasingly important with the advance of
nanocomposites.

This work was focused toward experimental
studies and numerical analysis of the impact of Ni
filler size on the dielectric properties of the whole
composite, even if the total Ni content remains
constant. Based on experimental findings, a formula
for the permittivity (dielectric constant) of a
composite, accounting for both concentration and
size of metallic filler particles, is developed.

2 Problem Formulation

The objective of the research was the observation
and subsequent evaluation of the impact of Ni
metallic filler, in different concentrations, for 5
different particle sizes within the range 35 — 115 um
on their dielectric properties. Matrix material was
ethylene — vinyl acetate copolymer (PEVAc) with
45 % (w/w) share of vinyl acetate. Nickel powder
filler was used in different Ni particle sizes (referred
to as ,.fractions*) and concentrations. The overview
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of fractions and overall Ni contents studied is given
in the following table:

Table 1. Size of Ni particles

Range of sizes of Average
Fraction 99.99 % of all particle size
particles from the (diameter)
fraction parameter-b

1520 90-140 um 115 um

1320 45-125 pm 85 um

1120 30-96 um 63 um

1020 20-71 pm 45 um

1010 3-73 um 35 um

2.1 Sample preparation

Samples were prepared at the Department of
Plastics and Rubber, Faculty of Chemical and Food
Technology, Slovak University of Technology in
Bratislava, Slovakia, in the form of foils. Nickel
concentrations in the matrix were selected according
to anticipated and desired conductivity features. The
composites with Ni powder fractions denoted as
1520, 1320, 1120, 1020 and 1010 contained 15, 18,
21, 25, 30 and 34 % (v/v) Ni powder share in the
matrix. Fraction 1120 was studied more extensively,
in a wider concentration range, including 42, 50, 55,
60 and 75 % (v/v) Ni powder share in the matrix.



2.2 Measuring apparatus

Measurements were carried out using various
impedance
analyzers —
HP 4284A,
Alpha-
Analyzer
and E4991A by Agilent. Samples were of a circular
shape (d = 55 mm) and 2,5 mm thick. Besides that,
rectangular samples with dimensions 15x15x1 mm
were used in the measurements with the Alpha-
Analyzer. Test samples were measured at
frequencies 1 Hz — 10 MHz; however, the focus of
this paper is on the concentration and particle size
dependence of electric properties. Therefore, only
the results at 1 kHz are reported [3].

3 Measurement results
Results of relative permittivity and loss number
fraction 1120 are shown in Figs. 1 — 2.
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Figure 1. Relative permittivity €' vs. frequency for metal
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Figure 2. Loss number €" vs. frequency for metal filler

type 1120

Measurement at all available samples yielded
results, which clearly prove the impact of the size of
added Ni spherical particles on the electric
properties measured. Figure 3 shows the relative
permittivity (dielectric constant) €' and loss number
" as a function of Ni particle size at the same Ni
content (i.e., the number of larger particles is
smaller in order to keep the Ni content constant).

The distinction between the measured fractions
can also be observed on the resistivity plot presented
in Fig. 4. Full lines indicate best fits to the values
measured, assuming linear dependence.
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Figure 3. Relative permittivity €' and loss number €" as a

function of Ni particle size for 25 % and 34% volume
Ni content in the matrix
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Figure 4. Resistivity vs. particle size for 15 %, 25 % and

34 % (volume) Ni content
in the matrix

The distinction between the measured fractions
can also be observed on the resistivity plot presented
in Fig. 2. Full lines indicate best fits to the values
measured, assuming linear dependence. The figure
shows the decrease of the resistivity with the
increasing Ni particle size as well as the fact that the
rate of this decrease (slope of the curve) increases
with increasing Ni content in the matrix. Also, the
magnitude of the resistivity generally decreases with
increasing Ni content.

In the next part, an attempt is made to
mathematically describe the relation between the
resistance of the sample and the size of metallic
particles. The objective is to find a suitable formula
on the basis of established mixing rules as well as
the numerical values of any would-be coefficients.
In the first part of the analysis, a number of classical
mixing rules [4] were applied to the measurement
results Fig. 5 and table 2.
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Figure 5. Application of mixing rules [4]

Table 2. Root-mean-square error of fraction 1120
and 1520

root-mean- root-mean—square
Mixing rules square error error
Fraction 1120 Fraction 1520

my new rule 1,8.10" 1,1.10"

Maxwell 1,3.10 5,3.10°
Lichtenecker 5,8.10° 8,1.10°

log.
Lichtenecker 273,1 771,8
exp. k=0.1
Botcher 3,5.10° 4,1.10°

None of tested formulas contained explicitly the
particle size and, hence, none of them was found
satisfactory. A major drawback of most mixing
formulas was the fact, that they were valid only up
to 50 % of the filler content. However, the
Lichtenecker power-law mixing rule [4] with
exponent k= 0,1 seemed to fit best to the Ni-PEVAc
composite, and therefore, the Lichtenecker power-
law rule was used as a starting point for the
derivation of the new formula, which would also
account for the particle size.

The Lichtenecker power-law formula for the
internal resistivity [for the sake of simplicity, the
word ,,internal” is henceforward omitted] of a multi-
component composite system is as follows:

Pis = D Vi-Pis (1)

i=1
where k£ is an empirical parameter, which depends
primarily on the shape and the orientation of
particles, py; are resistivities and v; are volume



shares of individual components. Parameter £ lies in
the interval (-1, +1) [4].

In our case, the volume concentration of Ni
particles in the matrix ranges from 15 % to 75 %. In
order to establish a new mixing rule, it is necessary
to find a function which would characterize the
decrease of the resistivity curves with increasing
particle size toward lower resistivity values. The
analysis of measured curves yielded lead to the
conclusion that the contribution of the matrix must
be scaled with respect to the particle size, using an
exponential dependence of the form:

Lo = Poum-€Xp(—0,035.5) (2)
where p,, denotes the experimentally established
value of the resistivity of the matrix, b is the Ni
particle diameter in um and p,, denotes the particle-
size-scaled resistivity of the matrix that would enter
Eq. [1].

Resistivity curves not only decrease to lower
resistivity values with the increasing particle size,
but their slope also change depending on the Ni
content, as can be seen from Fig. 4. Therefore, it
was necessary to include the change of the slope in
the new mixing rule. The best way how to include
the change of the slope was to make the coefficient
k particle-size-dependent. The dependence was
analyzed and found to satisfy the function k=-
9.8.10%.b+0.16.

As all features related to the change of the Ni
particle size in the composite system have thus been
found, the newly modified Lichtenecker formula
can be proposed as follows:

¢ _ iPh V2 {Pun-exp[-0,0355))

k
P 3)
vl

where k=-9,8.10"5h+0,16and b denotes the

diameter of Ni spherical particles dispersed [um].
After some rearrangement, the above equation can
be written as:

Fph k(_ * k
o —exp| 20Tk +v2(v,,,mk (-0,035%5)))
.

4)

This new mixing rule suits very well the full
analyzed range of Ni contents and Ni particle sizes.
Graphical interpretation of the presented formula for
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the Ni-PEVAc system is presented in Fig. 6.
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Figure 6. Application of the new mixture rule for
fractions 1020, 1120 and 1520

4 Conclusion

Levapren 450 and his conducting composites can be
considered polar materials. The results of the
measurements yield the following facts:

* By increasing the specific contents of nickel in
matrix the relative permittivity, loss factor and loss
number increase, as was expected.



* The increase of the specific contents of nickel
brings about a decrease of internal resistivity.

* Indicates a relaxation peak somewhere around 30
MHz.Apparently, the position of the relaxation peak
does not change with varying Ni contents. It is only
the magnitude of the relaxation peak that changes.

* Increasing particle size in the Ni powder results in
the increase of the loss factor and loss number.

The addition of the Ni filler (spherical particles),
with different sizes but with the same Ni
concentration, to the polymer matrix results in
composites with different dielectric properties. The
newly proposed mixing rule describes very nicely
the behaviour of the Ni-polymer system in the full
range of Ni concentrations available, i.e., in the
interval 0 % -75 % of the Ni content, and moreover,
it includes a coefficient characterizing the particle
size, too. The new formula was established and
experimentally verified for the Ni-PEVAc system
only. It seems probable, that a mixing rule of the
same type will apply for other system containing
spherical particles in the polymer matrix; this,
however, has not been yet experimentally proved.
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MULTIGROUP APPROXIMATION OF RADIATION TRANSFER
IN SFg; ARC PLASMAS
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ABSTRACT. The first order of the method of spherical harmonics (Pl-approximation) has been used
to evaluate the radiation properties of arc plasmas of various mixtures of SF5 and PTFE ((C,F,)n,
polytetrafluoroethylene) in the temperature range (1000 + 35000) K and pressures from 0.5 to 5 MPa.
Calculations have been performed for isothermal cylindrical plasma of various radii (0.01 <+ 10) cm.
The frequency dependence of the absorption coefficients has been handled using the Planck and
Rosseland averaging methods for several frequency intervals. Results obtained using various means
calculated for different choices of frequency intervals are discussed.

KeyworbDs: SFy and PTFE plasmas, radiation transfer, mean absorption coefficients,

Pl-approximation.

1. INTRODUCTION

An electric (switching) arc between separated contacts
is an integral part of a switching process. For all kinds
of high power circuit breakers, the basic mechanism is
to extinguish the switching arc at the natural current
zero by gas convection.

The switching arc is responsible for proper discon-
nection of a circuit. In the mid and high voltage region,
SFg self-blast circuit breakers are widely used. Radia-
tion transfer is the dominant energy exchange mecha-
nism during the high current period of the switching
operation. Due to the extreme conditions, experimen-
tal work only gives global information instead of local
information, which may be important for determining
the optimum operating conditions; theoretical mod-
elling is then of great importance. Several approxi-
mate methods for radiation transfer in arc plasma have
been developed (isothermal net emission coefficient
method [ [T, 8], partial characteristics method [2, [T1],
Pl-approximation [J], discrete ordinates method [9],
etc.). In this paper, the Pl-approximation has been
used to predict radiation processes in various mixtures
of SFg and PTFE plasmas.

2. P1-APPROXIMATION

If diffusion of light is neglected and local thermody-
namic equilibrium is assumed, the radiation transfer
equation can be written as

Q'VIV(T,Q) :K:V(BV_IV)7 (1)

where I, is the spectral intensity of radiation, €2 is
a unit direction vector, r, is the spectral absorption co-
efficient, and B, is the Planck function — the spectral
density of equilibrium radiation. In P1l-approximation,
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the angular dependence of the specific intensity is
assumed to be represented by the first two terms
in a spherical harmonics expansion

3
L(r,Q) = U (r) +

= F)-2, (2

where U, denotes the radiation field density, F, is
the radiation flux, and c is the speed of light. Combin-
ing this expression with Eq. [T} one finds for radiation
flux

F,(r) = ——

VU,(r) 3)

- 3K,

and a simple elliptic partial differential equation
for the density of radiation U,

VUV(I')} +5,(T)cU,(r) = K, (T)4n B, (T) .
(4)

Integrating over frequency, the total density of the ra-
diation and the total radiation flux are obtained

Ur) = /000 U, (r)dv,
F(r) = /000 F,(r)dv. (5)

3. ABSORPTION COEFFICIENTS

Prediction of both radiation emission and absorp-
tion properties requires knowledge of the spectral
coefficients k, of absorption as a function of radia-
tion frequency. These coefficients are proportional
to the concentration of the chemical species occur-
ring in the plasma, and depend on the cross sections
of various radiation processes.

In the mixture of SF; and PTFE (C,F,) we assume
the following species: SF; molecules, S, F, C atoms,
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S*, 82, st FT, F™2, CT, C*2, C*3 jons and elec-
trons. The equilibrium concentrations of each species
in various SFg + PTFE mixtures were taken from [3].

Spectral coefficients of absorption were calculated
using semi-empirical formulas to represent both con-
tinuum and line radiation. The continuum spec-
trum is formed by bound-free transitions (photo-
recombination, photo-ionization) and free-free tran-
sitions (bremsstrahlung). The photo-ionization cross
sections for neutral atoms were calculated by the quan-
tum defect method of Seaton [I2], the cross sections
of the photo-ionization of ions and free-free tran-
sitions were treated using Coulomb approximation
for hydrogen-like species [6]. In the discrete radiation
calculations, spectral lines broadening and their com-
plex shapes have to be carefully considered. The lines
are broadened due to numerous phenomena. The most
important are Doppler broadening, Stark broadening,
and resonance broadening. For each line, we have cal-
culated the values of half-widths and spectral shifts.
The line shape is given by convolution of the Doppler
and Lorentz profiles, resulting in a simplified Voigt
profile. The lines that overlap have also been taken
into account. Due to lack of data, from molecular
species we have only considered SFg molecules with
their experimentally measured absorption cross sec-
tions [5].

4. ABSORPTION MEANS

One of the procedures for handling the frequency vari-
able in the radiation transfer equation is the multi-
group method [I0, 4]. It is based on a simplified
spectral description with only some spectral groups
assuming grey body conditions within each group with
a certain average absorption coefficient value, i.e. for
the k-th spectral group
ku(r, v, T) =R (v, T); v <v<wpi1. (6)

The mean absorption coefficient values are generally
taken as either the Rosseland mean or the Planck
mean.

The Planck mean is appropriate in the case of an op-
tically thin system. The Planck mean absorption
coeflicient is given by

Vi41
ka ky B, dv
By, ’

Vi+1
By, = / B, dv.

k

(7)

Kp =
where
The Rosseland mean is appropriate when the sys-

tem approaches equilibrium (almost all radiation is
reabsorbed). The Rosseland mean is given by

14 —
» f k41 IiyldB” dv

_ Vi dT
kp = Vkt1 dB, : (8)
Lot g dv
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The total radiation density value is then given by
Ur) =Y Ui(r), (9)
k

where Uy, are solutions of Eq. ] with frequency inde-
pendent 7 (T") and By (T).

5. NET EMISSION COEFFICIENTS

Assuming local thermodynamic equilibrium, coeffi-
cient of absorption k, is related to the coefficient
of emission ¢, by Kirchhoff’s law

e, = Buk,. (10)

Strong self-absorption of radiation in the plasma
volume occurs, and this must be taken into account
in the calculations. The net emission coefficient of ra-
diation, ey, is defined by Lowke [7] as

ENy =&y — Ju’{ya (11)

where J, is an average radiation intensity, which is
a function of temperature. For an isothermal plasma
sphere at radius R (the results are approximately
the same as for the isothermal cylinder), it is defined as

J, = Bu[l - eXp<_"'€uR)]' (12>

A combination of Eqgs. gives the expression for
the net emission coefficient
o0
EN = / B, kyexp(—k,R) dv. (13)
0

The isothermal net emission coefficient corresponds
to the fraction of the total power per unit volume and
unit solid angle irradiated into a volume surrounding
the axis of the arc plasma and escaping from the arc
column after crossing thickness R of the isothermal
plasma. It is often used for predicting the energy
balance, since the net emission of radiation (the di-
vergence of the radiation flux) can be written as

V~FR:47T€N. (14)

In multigroup Pl-approximation, the net emission
coefficient can be determined from Eq.[4] In the case
of cylindrically symmetrical isothermal plasma, Eq. [
has constant coefficients Ky and By, and depends only
on one variable — radial distance r. It represents
the modified Bessel equation, and can be solved ana-
lytically. Taking into account the boundary condition
(no radiation enters into the plasma cylinder from
outside)

cUx(R)

2
the net emission over the volume of the arc for the
k-th frequency group is

n-Fy(R) = (15)

2T R
(Wavg )k = @/0 rV - -Fig(r)dr =
o 2 4’]TB]€

" R 2I(V3FkR) + V3 Io(V3FLR) h(V3R:R) (16)
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FiGURE 1. The real absorption spectrum of SF
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with the Planck and Rosseland means.
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FIGURE 2. Net emission coefficients of SFy plasma
with radius 0.1cm as a function of temperature
for two different cuttings of the frequency interval
and various absorption means; comparison with re-
sults of Aubrecht [I].

where Iy(z) and I (z) are modified Bessel functions.
Summing over all frequency groups gives the net emis-
sion of radiation

V Fr=) (W) = 4men. (17)
k

6. RESuULTS

The mean absorption coefficient values depend
on the choice of the frequency interval cutting.

100
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FIGURE 3. Net emission coefficients of SF plasma
as a function of temperature for various thicknesses
of the plasma and various absorption means.
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FIGURE 4. Net emission coefficients of SFy plasma
with radius 0.1 cm as a function of temperature for var-
ious pressures.

The cutting frequencies are mainly defined by the
steep jumps of the evolution of the continuum absorp-
tion coefficients that correspond to individual absorp-
tion edges. However, the number of groups should be
minimized to decrease the computation time. In this
work, the frequency interval (1012 — 10'¢)s~1 was cut
into

(a) five frequency groups with cutting frequencies
(0.001,1,2,4.1,6.8,10) x 105, (18)
(b) ten frequency groups with cutting frequencies
(0.001,1,1.4,1.77,2,2.2,2.5,3,

19
4.1,6.8,10) x 1071, (19)
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FIGURE 5. Net emission coefficients of different mix-
tures of SFg and PTFE plasmas as a function of tem-
perature at pressure 0.5 MPa for various absorption
means.

The two cuttings differ in the frequency interval
(1 +4.1) x 10*®s7!, which is split into two groups
in case (a), and in greater detail into seven groups
in case (b). The absorption spectrum evaluated
at 20000 K compared with various averaged versions
for five groups cutting is shown in Fig. [I]

The net emission coefficients were calculated by
combining Eqs. [[6] and [I7] Results for an isothermal
plasma cylinder of radius R = 0.1 cm for two different
cuttings Egs. [I8] [[9] of the frequency interval are given
in Fig.[2l In the case of the Planck averaging method,
cutting the spectrum into more frequency groups in-
fluences the resulting net emission coeflicients only
slightly. A comparison is also provided with the values
of Aubrecht [I], which were obtained by direct integra-
tion from Eq. It can be seen that the Planck mean
leads to an overestimation of the emitted radiation,
while the Rosseland approach underestimates it.

An example of the calculated temperature depen-
dence of the net emission coefficients for various thick-
nesses of pure SFy plasma at a pressure of 0.5 MPa
is presented in Fig. The strong effect of plasma
thickness can be seen both for direct frequency integra-
tion Eq.[13|and for Planck means; Rosseland averages
are influenced only slightly. As can be expected from
the definition of the Planck and Rosseland means,
by omitting self-absorption (R = 0) the Planck means
give good agreement with the results of direct integra-
tion, while for thick plasma (R = 10 ¢cm) the Rosseland
mean is a good approach.

The influence of the plasma pressure on the net
emission coefficient values is shown in Fig. [4 Net
emission coefficients increase with increasing pressure,
mainly for Rosseland means.
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The influence of an admixture of PTFE on the val-
ues of the net emission coefficients of SFg plasma
is given in the Fig. 5| for plasma thickness 0.1 cm.
The differences between net emission coeflicients are
very small. This can be explained by the approxi-
mately equivalent role of sulphur and carbon species.
Sulphur and carbon atoms and ions have similar radi-
ation emission behavior.

7. CONCLUSIONS

Net emission coefficients for various mixtures of SFy
and PTFE plasmas have been calculated using P1-
approximation for an isothermal plasma cylinder.
Multigroup approximation for handling the frequency
variable has been used. Both Planck and Rosseland
averaging methods have been applied to obtain mean
values of absorption coefficient values. A comparison
with the net emission coefficients calculated by di-
rect frequency integration has been provided. It has
been shown that Planck means generally overestimate
the emission of radiation, while Rosseland means un-
derestimate it. Planck means give good results only for
a very small plasma radius (omitting self-absorption).
The Rosseland mean is a suitable approach for thick
plasma (absorption dominated system). In reality,
neither mean is correct in general. The simplest pro-
cedure for improving the accuracy is to use the Planck
mean for frequency groups with low absorption coeffi-
cient values and the Rosseland mean for groups with
high absorption coefficient values.

Another approach was suggested in [9], where each
group based on original frequency splitting was fur-
ther divided according to the absorption coefficient
values, and Planck averaging for these new groups was
calculated. This procedure partially solves the prob-
lem of overestimation of the role of lines in the Planck
averaging method. Another correction of the influence
of lines on Planck means was presented in [4], where
the escape factor was introduced.

ACKNOWLEDGEMENTS

This work has been supported by the Czech Science
Foundation under project No. GD102/09/H074 and by
the European Regional Development Fund under projects
Nos. CZ.1.05/2.1.00/01.0014 and CZ.1.07/2.3.00/09.0214.

REFERENCES

[1] V. Aubrecht, M. Bartlova. Net emission coefficients of
radiation in air and SFy thermal plasmas. Plasma
Chem Plasma Process 29(2):131-147, 2009.

[2] V. Aubrecht, J. J. Lowke. Calculations of radiation
transfer in SFg plasmas using the method of partial
characteristics. J Phys D: Appl Phys 27(10):2066-2074,
1994.

[3] O. Coufal, P. Sezemsky, O. Zivny. Database
system of thermodynamic properties of individual
substances at high temperatures. J Phys D: Appl Phys
38(8):1265-1274, 2005.

101



M. Bartlova, V. Aubrecht, N. Bogatyreva, V. Holcman

AcTA POLYTECHNICA

[4] Y. Cressault, A. Gleizes. Mean absorption coefficients
for CO, thermal plasmas. High Temp Mat Process
10(1):47-54, 2006.

[5] A. R. Hochstim, G. A. Massel. Kinetic Processes in
Gases and Plasmas. Academic Press, New York, 1969.

[6] R. W. Liebermann, J. J. Lowke. Radiation emission
coefficients for sulfur hexafluoride arc plasmas. J Quant
Spectrosc Radiat Transfer 16(3):253-264, 1976.

[7] J. J. Lowke. Prediction of arc temperature
profiles using approximate emission coefficients for
radiation losses. J Quant Spectrosc Radiat Transfer
14(2):111-122, 1974.

[8] Y. Naghizadeh-Kashani, Y. Cressault, A. Gleizes. Net

emission coefficients of air thermal plasmas. J Phys D:
Appl Phys 35(22):2925-2934, 2002.

102

71

[9] H. Nordborg, A. A. Iordanidis. Self-consistent
radiation based modeling of electric arcs: 1. Efficient
radiation approximations. J Phys D: Appl Phys
41(13):135205, 2008.

[10] G. C. Pomraning. The Equations of Radiation
Hydrodynamics. Dover Publications, New York, 2005.

[11] G. Raynal, A. Gleizes. Radiative transfer calculations
in SFy arc plasmas using partial characteristics. Plasma
Sources Sci Technol 4(1):152-160, 1995.

[12] M. Seaton. Quantum defect method. Monthly Not
Royal Astronom Society 118(5):504-518, 1958.


https://www.researchgate.net/publication/282868041

’ InSt PUBLISHED BY IOP PUBLISHING FOR SISSA MEDIALAB

RECEIVED: October 1, 2012
REVISED: March 7, 2013
ACCEPTED: May 5, 2013

PUBLISHED: June 7, 2013

14™ INTERNATIONAL WORKSHOP ON RADIATION IMAGING DETECTORS,
1-5 JuLy 2012,
FIGUEIRA DA FOZ, PORTUGAL

Study of electric field distribution and low frequency
noise of CdZnTe radiation detectors

0. Sik,*! L. Grmela,” H. Elhadidy,**< V. Dedic,” J. Sikula,* P. Grmela ,* J. Franc,’
P. Skarvada®? and V. Holcman*
“Department of Physics, Faculty of Electrical Engineering and Communication,
Brno University of Technology, Technicka 3058/10, 61600 Brno, Czech Republic
bInstitute of Physics, Faculty of Mathematics and Physics, Charles University,
Ke Karlovu 5, 121 16 Prague 2, Czech Republic
¢Faculty of Science, Department of Physics, Mansoura University,
Mansoura 35516, Egypt

d Central European Institute of Technology,
Technicka 3058/10, 61600 Brno, Czech Republic

E-mail: xsikon00@stud.feec.vutbr.cz

ABSTRACT: Polarization phenomena in a metal-semiconductor-metal (M-S-M) structure of metal-
lic Schottky contacts deposited on CdZnTe radiation detectors were studied. We evaluate the distri-
bution of the electric field along the biased M-S-M structure by Pockels measurements. The results
show that almost all the electric field is developed across the depletion layer of the reverse-biased
contact. The noise measurements of the CdZnTe detectors studied show that the dominant noise
is 1/f™ noise. The 1/f™ noise, with the parameter m close to one, is present at frequencies below
100 Hz and its bandwidth decreases in the course of the polarization process. At higher frequen-
cies, we observed an increase of the m parameter to 2, which indicates a strengthened effect of
the generation-recombination processes. In the frequency band of dominating 1/f"=! noise, the
increase of magnitude of the noise spectral density was proportional to the power of 6, in relation
to the current through the detector. This high value is explained as a result of a screening effect of
the space charge buildup during the polarization.
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1 Introduction

Cadmium-Telluride (CdTe) is currently a very promising material for semiconductor radiation de-
tectors for nuclear imaging and detection, which is also able to operate at room temperature. This is
due to its 1.5 eV wide direct band gap and a high attenuation coefficient. The progress in detectors,
with the widely used process of manufacturing a detector with Schottky contacts [1], showed sig-
nificant advances in the semi-insulating substrate manufacturing process. Nowadays, the most
advanced crystal growth technologies, such as High Pressure Bridgman and Travelling Heater
Method, produce crystals with specific resistivity reaching up to 10'' Qcm [2]. Substrate with
added zinc (CdZnTe) shows higher uniformity of grown crystals and a wider band gap; CdZnTe
has comparable spectroscopic performance as CdTe detectors [3]. Nevertheless, both CdTe and
CdZnTe suffer from the presence of uncompensated traps (characterized by their capture cross sec-
tions and energy levels [4]) that lead to a limited charge collection. Numerous studies [5—7] showed
that those disturbances cause electric field formation in the detector bulk after biasing, i.e., the po-
larization effect. The polarization effect is observable for both irradiated and unirradiated detectors.
Beside the polarization effect, imperfections cause an increase of undesired leakage current, which
limits the application of a high electric field to assure good charge collection of the detector [8].
The presence of the DC component of the leakage current is not the only problem. In addition,
fundamental charge transport mechanisms, such as generation-recombination processes, diffusion,
etc., result in the presence of noise in the detector system. Most published studies concern the max-
imization of the detector signal, whilst studies about noise origin and experiments about reducing
detector noise are rarely published [9, 10].

In this study, we investigate the dynamics of the polarization effect and its influence on the
electric field distribution in the detector system using an optoelectrical method — the Pockels
measurements [11]. The macroscopic nature of the polarization is analyzed by the characterization
of the current-time dependence and, so far unpublished, the evolution of the noise spectral density
during polarization of the detector.
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2 Experimental result and analysis

Analytical results were received on an Au/CdZnTe/Au planar detector with dimensions 5x5x2.5 mm?>,
The crystal was grown by the Vertical Gradient Freeze Method at the Institute of Physics, Charles
University in Prague [12]. Symmetric Au Schottky contacts were deposited from aqueous solu-
tion of AuCls. The specific resistivity of (111) oriented CdZnTe (Zn = 10%) n type crystal is
7x 107 Qcm. Even though the crystal does not meet the requirements to obtain a high quality x-ray
detector (a crystal with a high specific resistivity > 10® Qcm), this sample was chosen because of
its significant polarization. All measurements were performed at 300 K.

Pockels effect measurements were used to monitor the spatial distribution of the electric field
through the studied detector. CdZnTe is a zinc-blend crystal exhibiting a linear electro-optic (Pock-
els) effect. It acts as an optically isotropic material in the absence of an applied voltage. When a
voltage is applied, CdZnTe becomes a double-axis anisotropic material and its refractive indices
are dependent on the electric field E. Using this effect, the distribution of the electric field through
the sample can be estimated by a crossed-polarizer technique, where the local electric field strength
in the direction perpendicular to light propagation is given by:

I(x,y)/Ip(x,y) B V3rnirad

E(x,y) = arcsin v , 1

With respect to the direction of the applied electric field and crystal orientation, where I(x,y) is the
transmitted light intensity; Ip(x,y) transmitted light intensity with parallel polarizers and no bias;
A =980 nm is the wavelength of the used light; ny = 2.8 is the field-free refractive index of CdZnTe
at 980 nm; r4; = 6.5 x 1072 m/V the linear electro-optic coefficient and d = 5 mm is the optical
path length.

The detector signal was sampled by a nano-voltmeter on the load resistor. The noise voltage
was transformed into the corresponding noise spectral density using the FFT. The setup allows us
to measure the sample current and the noise voltage simultaneously without any effect on the noise.
The measured values were recorded and analyzed in a PC.

2.1 Long time sample current measurements

Figure 1 shows the measured current evolution after the start of the detector biasing. The applied
bias voltage was 100 V. The sample current showed a transient of the detector leakage current. The
leakage current increased from initial 60 nA to 160 nA in the course of 10 hours after starting the
detector biasing.

2.2 Electric field distribution through the sample after biasing

The electric field distribution in the sample is a result of the Pockels measurements, plotted in
figure 2 (left). This figure represents the one hour time decay of the internal electric field profiles
in the studied sample when the bias is 100 V. Figure 2 (right) suggests that most of the bias is
developed across the reverse-biased contact of the structure. In our case the decrease of the electric
field is observed at the cathode (n type semiconductor).

Because of the existence of the barrier, which is given by the difference between the CdTe and
Au work functions, reverse biasing creates the electric field that blocks major carriers. This field is
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Figure 1. Detector leakage current evolution in time. Applied voltage was 100 V.

3000 — 3000
2500 ] 2500
2000 3000
§1500 ] § 10 i
mmﬂﬂ —_ E 1000 _-
500 —_ soo __
0 1 |'\"-|-'| 0 '|--'|'\ T 1
00 05 14, 45 20 25 220 225 230,235 240 245 280

Figure 2. Time evolution of electric field distribution through the detector (left) and at the cathode
area (right).

theoretically sustained by a positive space charge. Our measurements showed decreases from the
cathode side (figure 2 right). The decrease of electric field is due to the ionization of deep levels in
time, followed with space charge formation when the detector is biased.

2.3 Long time detector noise evolution

Figure 3 shows the evolution of the low frequency noise spectrum of the analyzed detector in
time. We have observed a 1/f™ noise as the dominant noise type, which has the highest impact
on the signal to noise ratio of the detector. At frequencies below 100 Hz, the slope m of the 1/f™
noise was very close to 1. The corner frequency of the 1/f™ noise with m = 1 gets lower during
the polarization. This trend is followed by the 1/f™ noise with m > 1. The increase of the m
parameter is caused by an increasing ratio of the generation-recombination processes in the total
noise spectrum.

The signal spectrum sampled in time of biasing shows a dominant 1/f noise with a corner
frequency of 200 Hz. At higher frequencies, the detector noise signal spectrum showed a shot
noise shape, for which the slope m is typically 0. The noise spectrum acquired 10 minutes after
biasing, exhibits a 1/f™ noise corner at units of kHz. Later noise spectra, sampled 20, 30, 40 and
50 minutes after detector biasing, exhibit a decrease of shot noise spectral density level, which
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Figure 3. Noise spectral density evolution during polarization of the analyzed detector (left) and an increase
of the noise spectral density with current. Applied voltage was 100 V.

indicates a lowering effect of the shot noise during the polarization. For certain frequencies, e.g.
at 100 Hz (+ = 30min) and at 70 Hz (+ = 50 min), we observed an increase of the slope of the
1/f™ spectra from m = 1.4 (t = 20 min) to m = 2 (t = 50 min). As in case of the 1/f™ = 1 noise,
the reason for this increase is a strengthened effect of the generation-recombination noise, which
is typical for the trapping-detrapping process of carriers from energy states located in the band
gap [13]. The nature of fluctuations is based on temporary excess of carriers during the generation
process and its reduction during the recombination process. The resulting sum of the generation
and recombination processes produces the Lorentzian shape of the spectrum with its typical slope
of m =2 [14].

Figure 3 (right) shows the dependence of the power spectral density on the leakage current
during the polarization process. The increase is proportional to the power of n = 6 of the current.
This finding is in contrast with theory, proposed by Hooge [14], which presumes an increase of the
power spectral density with the square of the detector current. This disproportion can be described
as follows: Hooge assumes a constant number of charge carriers in the system. This idea can be
accepted in case of devices, where polarization is absent (MOSFETs devices etc). In our case, after
biasing the detector, charge carriers are detrapped from deep energy levels also in the space charge
region forming a screen to the applied electric field. Carriers situated “in the shadow” of space
charge become inactive for the overall electric charge transport of the detector. This mechanism
causes an increase of the noise spectral density not only due to the current increase, but also due
to the change of total carrier number in the detector system. Of course, this idea is in contraction
with the measured increase of the detector current in time, but the increase is primarily a result of
the potential barrier height lowering during the polarization [15].

3 Conclusion

The analyzed sample suffers from significant current instability in time. In the observed time
interval of 45 000 seconds, the detector current transient has not ended. During the investigated
time interval, the electric field showed a drop of the strength at the cathode area. As a result of
the space charge build-up, the noise spectral density shows a higher increase during the detector
polarization than proposed by the Hooge theory.
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Abstract. The paper is focused on a very hot topic of SMART materials
and their architectures for energy conversion systems designed for con-
version of mechanical to electrical energy using the piezoelectric effect.
The aim of the study is to increase both the reliability and efficiency
of electromechanical conversion compared to standard concepts. Our
new design of piezoelectric cantilever is made with multi-layer ceramic
composite, where piezoelectric layer BaTiOs is covered by protective
ceramics layers of different residual stresses, where AlaOs and ZrOg
is used. Utilization of controlled residual stresses into new multi-layer
architecture is the key idea and it is crucial for optimal design of the
individual layers of the proposed concept. The multi-layer ceramic com-
posite is fabricated by electrophoretic deposition, where the composite
is assembled from different ceramic materials during processing and
after sintering we get inseparable ceramic laminate consisting of piezo-
electric and protective layers of ceramics. This approach of processing
multi-layer ceramic material including lead free piezoelectric layers is
innovative and has never been published before.

1 Introduction

A piezoelectric energy harvester device can be fabricated depending on the desired
operational frequency and applied amplitude of displacement with a design such as
unimorph [1], bimorph [2], multilayer [3], macro fibre composite layers [4], piezoelec-
tric actuator stack [5], etc. All mentioned structures consist of piezoelectric layers and
electrodes serving for poling of the piezo ceramics and physical path of the electrical
output. These harvesters could provide enough energy for powering of ultralow-power
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Fig. 1. (a) New concept of energy harvester with protective layers bringing pre-straining
to the piezo-ceramics. (b) Observed cracking of the standard 3 layer piezo-harvester
(2 piezo-layers outwards the metallic substrate).

electronics [6]. In most cases, the piezoelectric cantilevers are used as a device for
energy harvesting [2,7,8]. Nevertheless, such energy harvesters have also certain lim-
itations, such as low efficiency of the energy conversion or short lifetime because
piezoelectric ceramics are brittle, constraining their mass use [9]. From mechanical
protection point of view, in general, an additional protective layer is added on a piezo-
electric material with effort to protect the piezoelectric material and its electrodes
against mechanical impacts and scratches. A company Mide Technology has patented
process for packaging piezoelectric ceramics, where an FR-4 epoxy is used as a protec-
tive layer. However, the lamination occurs after fabrication of piezoelectric ceramics,
when all layers are assembled together and fixed by epoxy. Our proposed laminate is
inseparable multi-layer ceramic material, which includes BaTiO3, Al;O3 and ZrOs.
The idea of this design follows from the enhancement of reliability and fracture
resistance of inherently brittle materials, together with the possibility to precisely
manufacture complicated layered ceramic composites [10-13]. The outer layer pre-
pared from the mechanically durable material, enhanced via internal compressive
stresses, can protect the inherently brittle piezo ceramics and the additional presence
of internal stresses in the piezo ceramic layers can further enhance the electromechan-
ical characteristics. By this approach the reliability of electromechanical converters
based on lead-free piezo ceramic materials can be enhanced via employment of con-
trolled and properly designed internal stresses through material selection and layer
thickness management. The proposed concept is based on tailoring of the layered
structure according to the obtained results from numerical simulations, where partic-
ular layers serve as both the protective and functional components of the multi-layer
cantilever. However, there are many questions, such as what will be done during
poling, when the piezoelectric material changes its dimension, or how to put the
electrodes as close to the piezoelectric layer as possible. These issues are still being
studied. The electrodes should be manufactured from a conductive material with high
melting point, such us titanium. After poling of the piezoelectric layer, the piezoelec-
tric layer is mechanically fixed in between protective layers. This pre-straining for
the poled piezoelectric layer can bring higher efficiency of electromechanical conver-
sion. This paper describes preliminary results of the proposed ceramic composite with
numerical analysis of individual ceramic layers and fabrication of the ceramic compos-
ite. Our concept is illustratively shown in Figure 1a, where the outer protective layers
are applied on the piezoelectric layer. These protective layers provide higher reliabil-
ity of the piezo-ceramics and they also change the electromechanical properties of the
functional piezo-ceramic structure. These introduce residual stresses (positive or neg-
ative) in the whole multilayer system [14,15], and is described in detail in Section 3.1.
Such architecture brings new reliable SMART components for wider applications in
ultralow power electronics or other future SMART applications. Ordinary concept
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of three-layered piezoelectric harvester device without protective layers is shown in
Figure 1b. These standard concepts are very fragile and tend to be easily damaged,
as is shown in Figure 1b, where a crack can be observed. The crack was made by
displacement more than 2 mm applied into the free end of this cantilever.

In an effort to replace conventional lead-based piezoelectric ceramics, the barium
titanate was used as a piezoelectric ceramic layer. Functional properties of lead-free
piezoelectric ceramics are very sensitive to processing conditions as is already reported
for BCZT [16-19], KNN [20] and BT [21-24]. From this point of view it is very impor-
tant to control a grain size and density of the piezoelectric layer during processing
of the composite. The protective layers consist of zirconia and alumina. Fabrication
of ceramic materials BaTiO3, ZrOo, and Al;Oj is discussed below at Section 3.1.
The laminate structure was prepared by electrophoretic deposition (EPD), which is
suitable for precise preparation of laminate structures with strong interface bonding
[25-27).

2 Experimental

Commercial alumina (~470 nm, Malakoff, USA), zirconia (~140nm, Tosoh, Japan)
and barium titanate (~500nm, ABCR, Germany) ceramic powders were selected as
starting materials in this study. The electrophoretic deposition (EPD) was used for
the preparation of standards from each ceramic as well as the layered structure. The
suspensions contained 15 wt.% of powder, 12.75 wt.% of stabilizer — monochloroacetic
acid (Merck, Germany) and 72.25 wt.% of 2-propanol. Alumina or zirconia suspen-
sions were stirred in an ultrasonic bath for 30 min. Temperature of the bath was
23 °C. Barium titanate suspension was milled in a planetary mill with zirconia balls
for 60 min. The balls to powder weight milling ratio was 10:1. The mean particle size
of starting powders and powders dispersed in the suspensions after preparation was
measured via laser diffraction using the LA950 analyzer (Horiba, Japan).

During the EPD, the stainless steel electrodes with polished surfaces were placed
26 mm apart in a vertical position and a current density of 0.27 mA /cm? was carried
out. The depositions of all standards lasted for 60 min. Each deposition was stopped
in 5min intervals for the mechanical stirring of the suspension to eliminate particle
sedimentation. The laminate structure was fabricated by moving of a deposition elec-
trode from one suspension to another one. The deposition times of layers varied and
they depended on the kinetic study of individual materials [28]. The prepared ceram-
ics were dried for at least 24h in a desiccator. After that, they were removed from
electrodes and annealed at 800°C for 1h in air to burn out the organic additives.
The standards were sintered at 1300 °C for 0, 30 and 60 min in air. The ceramic lam-
inate was sintered at 1300°C without a dwell in the air. The sintering behaviour
of the materials was determined using a contact high-temperature dilatometer
(Linseis, Germany). The samples were heated at a heating rate of 5 °C/min to 1500 °C
with 2h dwell time. The density of the ceramic bodies was measured using the
Archimedes method (EN 623-2). The density was measured 3 times on each sam-
ple. The microstructure was observed using the scanning electron microscope (SEM)
(Lyra 3 XMU, Tescan, Czech Republic). The mean grain size was determined using
linear intercept method on at least 3 images for each sample with following multipli-
cation by a shape correction factor of 1.56. Piezoelectric properties were evaluated
using the aixPES (aixACCT Systems, Germany). The piezoelectric coefficient was
measured by the indirect method, where a voltage is applied on a piezoelectric sam-
ple and the thickness dimension change of the sample is measured. The d33* was
evaluated in the area of zero bias voltage from the piezoelectric loop for all piezoelec-
tric samples. The average values and standard deviations of ds3* were established
from measurements made on 3 samples.
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3 Computational model of the energy harvester

Candidates for optimal architecture design have to contain suitably distributed inter-
nal residual stresses in particular layers (at least one compressive layer outside the
piezo layer) and must not exhibit excessive deformations after the processing. In
addition, the whole system should provide higher resistance to the mechanical fail-
ure than standardly used concepts. The stress and strain distribution is calculated
both analytically and numerically for various material combinations, layer stack-
ing and layer thicknesses of the multilayer composite. Analytical calculations are
employed for fast optimization of the design parameters. Numerical, piezoelectric
model solved by a finite element method (FE), prepared in the ANSYS environment
[29,30], was done for optimization of the dynamic response of the selected architec-
ture, for estimation of the effects of pre-strained layers on the natural frequencies
and for simulations of the electromechanical behaviour of the studied structure. It is
necessary to note that energy harvesting devices and semi-active damping systems
are complex multi-domain systems requiring advanced methodologies to maximise
their performance [31].

3.1 Structure of the proposed model

The considered structure of a composite laminate beam can be seen in Figure 2. The
proposed model contains seven ceramic layers in total. The system is designed as
symmetric to avoid any distortions during fabrication as well as harmonic oscillation
of the harvester. There are two piezoelectric layers on each side of the base material
and outside these layers, two protective layers follow. On both sides of the piezoelectric
layers, the conductive electrodes are present and are used both for poling of the
piezoceramics and for the subsequent collection of the electric charge.

The proposed laminate beam with dimensions 60 x 10 x 1.5 mm is clamped on
one side and is kinematically excited by a harmonic displacement amplitude. At the
free end of the cantilever beam an extra tip mass is added (usually in order to lower
eigen-frequency of the energy harvester and to increase vibrational amplitudes of the
free end) — as shown in Figure 3, where a typical piezoelectric bimorph cantilever is
shown, which was fabricated for wearable applications [2].

In order to find an optimal design of the cantilever energy harvester, its analytical
model, enabling fast exploration of a large number of potential material, geometric
and composite configurations have to be developed. The analytical model is able to
calculate a natural frequency of the system as well as the generated electric power
upon the steady-state or transient vibrations in the vicinity of the natural frequency.
The developed model is used for an optimization of the multilayer energy harvester
from both the electrical and the fracture-mechanics point of view where the influence
of various levels of residual stresses in particular layers on the resistance to surface
crack propagation are analyzed.

3.2 Analytical model
3.2.1 Calculation of residual stresses

Due to the manufacturing process of the ceramic laminate, significant residual stresses
are originated inside particular layers and have to be taken into account in the
harvester design. The in-plane residual stresses within ideal boundless symmetric lam-
inate (containing elastic materials) can be calculated using explicit formulae from the
classical laminate theory published e.g. in [13]. Distribution of stresses in individual

81



Energy Harvesting and Applications 1579

protective piezoelectric substrate electrodes
layers layers
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Bl ZrO2

Fig. 2. Considered model of the multilayer vibrational energy harvester with a tip mass
containing 2 piezo layers, totally 5 AloO3/ZrO2 layers and 4 electrodes.

Fig. 3. Example of the real energy harvester with a tip mass.

layers (due to the various coefficients of thermal expansion — CTE) can be deter-
mined analytically. Inside each layer (far enough from free edges), a homogeneous
and biaxial residual stress state exists. The stress magnitude o5 ; can be calculated
as follows:

E;
1—1/7;

Ores,i —

N
E; Ei-o;-t; E;-t;
(@—a;) AT = Ag;, where a= Z %’/i Z

1— v; P P 1-— V;
(1)
In (1) E;, v; and «; are the Young’s modulus, Poisson ratio and CTE of the ith layer
respectively (@ — «;) AT, resp. Ag; is the mismatch strain of the ith layer. AT is the
temperature difference and can be calculated as Ty — Th.cy. Ty represents the room
temperature and T..; refers to a temperature at which the laminate is considered
to be stress-free (reference temperature). The coefficient & represents an averaged

expansion coefficient of the whole laminate, ¢; is the thickness of the ith layer and N
is the number of layers.

3.2.2 Fracture resistance of the laminated structure

Vibrations and the associated deformation of piezo-ceramics often cause an initia-
tion of unstable crack propagation through the piezo layer (see e.g. Fig. 1b) and
practically immediately result in a malfunction of the system. Fracture resistance
of particular ceramic components in the proposed ceramic based energy harvester
is relatively low, nevertheless, by their combination in a multilayer structure (con-
taining tensile/compressive residual stresses), a significant increase of the apparent
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fracture toughness can be achieved — see e.g. [13]. The aim is thus to find an opti-
mal design (number and thickness of individual, ceramic-based, protective and active
piezoelectric layers) of the energy harvester with respect to highest possible resistance
to propagation of surface cracks through the rest of the structure and simultaneously
induce the lowest possible tensile stresses within the piezo-layer.

The apparent fracture toughness K.fr can be determined analytically, assuming
a basic rule that the crack can propagate if the stress intensity factor at the crack tip
Kiip is equal to or greater than the intrinsic fracture toughness K

Ktip = Dappl + Kres > KO- (2)

By expressing applied stress intensity Kgppi, we then obtain an effective (apparent)
fracture toughness value Kys:

Kappl > Ko~ Kres = Keff~ (3)

For the calculation of the apparent fracture toughness K.y, it is necessary to deter-
mine the term K,s. It can be computed e.g. by means of the weight function approach
[32] or numerically using FEA. The weight function procedure developed in [33]
simplifies the determination of the stress intensity factor K. This method is also appli-
cable for the calculation of residual stresses in multilayer composites [34]. Adopting
this concept, K,.s can be determined as follows:

Kres = | h(z,a) ores () da, (4)
/

where h(z,a) is the appropriate weight function, a is the crack length and z is the
distance from the surface. For non-homogeneous material, the functionality of this
approach was verified by Fett [35].

3.2.3 Dynamical and electrical analysis of the energy harvester

To optimize the energy harvester also from the electro-mechanical point of view, an
analytical model of the vibrating multilayer beam with a tip mass containing piezo
layers was developed and is briefly described in this section. Following assumptions
were made to derive the governing equations of the analytical model:

— Euler-Bernoulli beam theory is used.
— Used layer combination is symmetric.
— No axial loads are present.

— Linear energy conversion is assumed (the frequency of the generated electrical
current is proportional to the kinematic excitation forcing frequency w).

— Electric field intensity can change linearly with z-coordinate in each layer
and electric field intensity together with electric flux density has only its
z-component, other components are being zero.

— Each piezoelectric layer has its own connected resistor of value R.

All piezoelectric layers have the same poling direction.
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Using Hamilton’s principle and by consideration of the stiffness part of Rayleigh’s
damping we obtain a differential equation of motion (5) with its essential and natural
boundary conditions:

L0t 2. . OPw L 0%w
T et Ty v asior T o T (5)

where g represents the first undamped natural frequency and br is a damping ratio.
The general solution of equation (5) is:

w(z) = C1 cosh(Bz) 4+ Co sinh(Bx) + Cs cos(fzx) + Cy sin(Bx),

where = f(w) =

3.3 FE numerical model

To verify the outputs of the analytical model, a numerical (FE) analysis of the lam-
inate composite was simultaneously performed (using the commercial FE system
ANSYS). The created FE model contains around 1000 3D quadratic brick elements
of three types. SOLID186 is used for all composite layers except piezo layers, which
are meshed using the SOLID226 elements. CIRCU94 elements are used to simulate
a resistor connected to piezo layers. The boundary conditions (BCs) in the case of
modal analysis were prescribed at the fixed end of the beam (as zero displacements in
all directions) and in the case of harmonic analysis, the displacement BC at the fixed
end in the z-direction was prescribed as an amplitude of time-harmonic displacement
(see also Fig. 2 in Sect. 3.1).

3.3.1 Fracture mechanics optimization of the cantilever energy harvester

First, the magnitudes of residual stresses in individual layers of the multilayer struc-
ture are calculated using equation (1). Subsequently, the apparent fracture toughness
for such configuration was calculated by means of the weight function method —
equations (2)—(4). The representative result for selected “optimal” configuration is
plotted in Figure 4a. One can see relatively high compressive residual stresses in the
second and sixth layer which are used to arrest the potentially originated crack at the
free surface and will not allow its further propagation into the piezo layer. This fact
can also be demonstrated by Figure 4b where a significant increase of the apparent
fracture toughness in the second outer layer is observed.

In Figure 4b, it is necessary to draw attention to a discrepancy between analytical
and numerical calculations, especially in the second and third layer. These are caused
mainly by the fact that the weight functions do not consider different Young’s moduli
of adjacent layers and are primarily intended for materials with similar stiffness (in
our case AlsOgz layer has Young’s modulus of 280 GPa and BaTiO3 layer 70 GPa,
measured by the indentation technique on prepared samples with given density).
Nevertheless, for the qualitative assessment of different laminate designs, the weight
function method is also useful since it is fast and a large number of material designs
can be assessed in a short time. The FE solution is then used just to refine the results
of selected configurations. Based upon the obtained results one can briefly conclude
that for the high apparent fracture toughness of the second layer high magnitudes of
compressive stresses are essential.
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Fig. 5. (a) Displacement calculated at eigenfrequency o along the beam’s centerline for
various tip mass. (b) Electric potential values of the designed laminate for various tip mass.
Both plots were obtained for the resistance of the electrical load R = 1MS).

3.3.2 Electro-mechanical response of the harvester

The transverse displacement amplitude w of the beam’s centerline along the beam
length for different tip mass is determined using the differential equation (6) and is
depicted in Figure 5a. The smaller deflections in case of the added mass at the free
beam end are caused by a lower acceleration amplitude of the clamped end which
is given by the 1st natural frequency of the corresponding configuration. By adding
the tip mass, the 1st natural frequency of the system decreases. The acceleration
amplitude is then governed by relation a = ugw? (note that the value of u remains
the same for all studied configurations and w = Qg in our case).

The voltage output for the same configuration as in Figure 5a and previous
Figure 4 is shown in Figure 5b. The voltage output tends to increase with resistive
load, which agrees with the basic principles of the electrical theory. Due to the same
poling direction of both piezoelectric layers and the same distance from the beam
centerline, the voltage generated in both piezoelectric layers has the same value but
an opposite sign. The lower values of generated voltage in case of the beam with an
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added mass are caused by a smaller deflection of the beam’s free end. The smaller
deflection is caused by the lower natural frequency and thus lower applied acceleration
in the z-direction on the beam’s fixed end during the simulation.

Based upon the theory presented in Section 3.1, an optimal design of the cantilever
piezoelectric energy harvester can be found — from both the mechanical and electrical
point of view. Such (or very similar) configurations will be subsequently fabricated
and subjected to experimental testing.

4 Results and discussions
4.1 Fabrication and characterization of the individual ceramic components

The systematic study of the selected materials had to be done before their integra-
tion into a layered structure. It is well-known fact that the particle size must be
selected carefully to achieve an appropriate density of the green body after EPD
[36]. The particle size distribution of the starting powders is given in Figure 6a.
From Figure 6a there is an obvious discrepancy between mean particle sizes provided
by producers and measured values. All powders were strongly agglomerated. Alu-
mina powder had a trimodal particle size distribution with maxima at 0.3, 1.0 and
24.3 pm. Zirconia powder had a bimodal particle size distribution with maxima at
0.8 and 23.8 pm. Barium titanate powder has unimodal distribution with maxim at
12.0 um. Therefore the powders had to be consequently processed using ultrasound
or milling for disruption of aggregates because such particle size is inappropriate for
successful EPD [36]. Moreover, the deposition of smaller particles minimizes cracking
of deposit [37]. The particle size distribution after additional powder processing is
shown in Figure 6b. Alumina and barium titanate powders had unimodal particle
size distribution with maxima at 0.32 and 0.9 um, respectively. The bimodal particle
size distribution preserved in zirconia powder but with lower maxims at 0.08 and
2.2 pm.

The preparation of EPD standards of all materials allowed to construct kinet-
ics curves of electrophoretic deposition which are necessary for deposition time
prediction for individual layers of the laminated structure. It was found that the
highest deposition yields during were obtained from the suspension containing alu-
mina powder contrary to nearly identical yields provided by both zirconia and barium
titanate suspensions. This result is consistent with particle distribution measurement
in Figure 6b. Alumina suspension had a high volume of small particles, i.e. parti-
cles with the high surface area. Alumina green body had a relative density of 59.7%
whereas zirconia and barium titanate green bodies had a relative density of 47.4 and
47.5%, respectively.

The good understanding of sintering behaviour of individual materials is a key
factor for the successful fabrication of a ceramic laminate. The sintering shrinkage
curves for all materials are shown in Figure 7. It can be seen that sintering shrinkage
of alumina ceramics (18.4%) is smaller than that of the zirconia (23.0%) and barium
titanate (20.2%). The reason can be the aforementioned higher green density of the
alumina. It should be also noted that the barium titanate starts to shrink at a lower
temperature than alumina and zirconia. This difference could be a critical issue for
fabrication of such structured laminate because a delamination of layers may occur
during heating on the sintering temperature. On the other hand, this situation can be
favourable for internal stresses evolution which takes place during cooling [38]. The
cooling stage of the sintering process provides the CTE values further implemented
into the modelling of the layered system. The resulting internal stresses occurring
in the individual layers of the laminated structure are affected also by co-sintering
effects.
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Fig. 7. Sintering shrinkage of alumina, zirconia and barium titanate ceramics prepared by
EPD.

The deep study of alumina/zirconia laminates, as well as determination of their
basic properties, were published before [10,28,39]. From this point of view, we inves-
tigated the barium titanate only as a main part of the laminate. The summary of
relative densities and dss* of barium titanate ceramics sintered at various condi-
tions are listed in Table 1. From the presented values it is evident that the relative
density increased with the dwell time on the sintering temperature and nearly full
dense barium titanate ceramics was prepared at a dwell of 60 minutes. It is very well
known that the piezoelectric properties of barium titanate are strongly affected by
their mean grain size and density [23,40]. The mean grain size measurement showed
significant increase with sintering dwell time as a consequence of grain growth [41].
The lowest mean grain size of 1.8 um was measured for sample without dwell time
on the sintering temperature. This value was close to the most published grain size
(1 pm) which is consider as favourable for obtaining of the highest ds3 values [22-24].
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Table 1. Summary of relative density, mean grain size and ds3* of differently the sintered
barium titanate.

Material ~ Sintering/dwell Relative Mean grain das*
time (°C/min) density (%)  size (um) (pC/N)
1300/0 78.5 £ 0.2 1.8 £ 0.2 364 + 21
BaTiO3 1300/30 90.0 + 0.1 11.1 £ 5.2 218 + 10
1300/60 94.6 + 0.1 27.6 £ 11.4 200 + 8
0.600

——1300/0
——1300/30
———1300/60

-2000 -1500

-1000 1000 1500 2 000

Piezo Coefficient [nm/V]

-0.600
Bias Voltage [V]

Fig. 8. Piezoelectric loops generated for samples BaTiOs.

The more dense samples had substantially bigger grains and abnormal grain growth
was observed.

In regard to the previous results the piezoelectric coefficient dzs3* evaluated for
all samples decreased with the dwell time on the sintering temperature. The highest
value of 364 pm/V reached the sample sintered without the dwell time. The value
of ds3* was measured on unpoled samples with bias voltage up to 2 kV, together
with small signal amplitude of 50 V and frequency 1kHz. Then a piezoelectric loop
is generated as is shown in Figure 8, where the dss3* was evaluated in the area of zero
bias voltage. From that point of view, it should be noted, that this value of ds3* is
comparable with value of d33 measured by direct method. Based on this result, the
laminate was sintered under the same conditions.

4.2 Fabrication of the laminate and proof of the concept

The electrophoretic deposition technique has demonstrated the ability to prepare
layered architecture according to the theoretically designed model. An example of
manufactured seven layers symmetrical non-periodic ceramic laminate containing
alumina, barium titanate and zirconia layers is shown in Figure 9. The strong and
sharp interface formation between barium titanate and zirconia was observed. On
the other hand, the interface between alumina and barium titanate exhibits develop-
ment of some form of the transitional reaction zone. The size of this transition zone
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Fig. 9. An example of alumina, zirconia and barium titanate symmetric seven layers ceramic
laminate prepared by EPD.

Fig. 10. SEM detailed view of barium titanate — alumina interface in the backscattered
electrons signal (red arrow shows the crack propagation direction from the corner of the
Vickers indent).

is strongly dependent on the sintering conditions. The formation of this zone is not
fully understood yet and will be subject to further detailed investigation. The crack
behaviour observed at the alumina — barium titanate interface (an example shown in
Fig. 10) suggest that the formation of the described transitional zone has no strong
effect on the quality of the interface from the development of residual stresses point
of view. The crack is shown in Figure 10 propagates from the barium titanate layer
to the alumina layer where tends to bifurcate and/or deflect the crack path to the
layer interface. Finally, the crack is stopped as a consequence of the presence of com-
pressive stresses in the alumina layer. This is exactly the crack behaviour predicted
by numerical simulations (see for example Fig. 5b) used for the design of layered
architecture.

5 Conclusions

A novel layered architecture based on AlyO3/ZrO2/BaTiO3 for SMART piezoceramic
electromechanical converters was introduced in this study. For the optimization pur-
poses an analytical model of the vibrating multilayer piezoelectric energy harvester
containing significant residual stresses in particular layers has been developed. Using
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this model, natural frequencies of the system as well as the generated electric volt-
age upon steady state or transient vibrations and corresponding mechanical stresses
within particular layers can be calculated. To optimize fracture mechanics resistance
of the harvester a model based on the weight functions technique and calculating
apparent fracture toughness of the laminate was also prepared. Functionality of both
models has been verified in parallel using numerical FE solutions. A design exhibit-
ing high resistance to origination and extension of surface cracks (thanks to high
compressive residual stresses in the outer layers) has been found and subjected to an
electromechanical analysis upon vibrations at natural frequency considering various
added masses at the end of the cantilever. Ceramic laminate proposed based upon out-
puts of the mentioned models is composed of seven layers symmetrically distributed
over the laminate height and having various thicknesses (related to the predetermined
internal stresses for each layer). The fabrication process of individual components of
the ceramic laminate was described and the ability of the electrophoretic deposi-
tion technique serves as a robust processing method was proven. The determination
of basic physical and electrical properties was conducted and both shows promis-
ing results even though further enhancement is needed. Based on the results of
the analytical and numerical models, the first version of the SMART piezoceramic
electromechanical converter was prepared as a proof of concept. Creation of this
architecture is aimed at a new perspective and reliable SMART materials for wider
applications in ultralow power electronics or other future SMART applications, where
the reliable lead-free piezoelectric devices are required. Our new concept of the multi-
layer piezoelectric laminate system increases the durability of the piezoelectric layer
and thereby the reliability of such a piezoelectric device is enhanced.

This work has been supported through a grant number 17-08153S of the Czech Science
Foundation. The research has also been financially supported by the Ministry of Education,
Youth and Sports of the Czech Republic under the project CEITEC 2020 (LQ1601).
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ABSTRACT

By the solid-state reaction route, (BaggsCag.15-x C&y) (Zro1Tio.o) Oz (BCCeZT) lead-free piezoelectric
ceramics were prepared. The powder was processed at 1250 °C for 2 h, and compacted green
bodies were then sintered at various sintering temperatures. X-ray diffraction analysis and Raman
spectra confirmed the rhombohedral-tetragonal phase coexistence of x = 0-0.00131. Addition of
CeO, facilitated development of grain sizes greater than 10 um at low sintering temperatures.
The effects of grain size on the ferroelectric and piezoelectric properties were studied system-
atically and it was found that a ~ (10-12) um grain size is critical for the processing of high-
performance lead-free BCCeZT ceramics. CeO, substitution at the A site may bring down the
sintering temperature by about 200 °C without significant loss of properties. The best properties
were obtained for x = 0.00131 at a low sintering temperature of 1350°C for 4 h exhibiting
d33 = 501 £ 10 pC/N, k, = 385 £ 1.92 %, P, = 12.19 pC/cm?, Te = 108.1°C, and a large strain of
0.14%. These results show that BCCeZT ceramics could be promising candidates for the fabrica-
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tion of lead-free devices.

1. Introduction

For many years, lead-derived piezoelectric materials
such as lead zirconate titanate (PZT) have been used
for various applications including sensors, fuel injec-
tors, actuators, and transducers due to their excellent
piezoelectric properties [1]. Lead-based piezo ceramics
contains as much as 60% lead in their composition,
which is a major concern due to the toxicity of lead in
the environment. The demand for the replacement of
these ceramics has emerged as a result, and now
research is focused on the development of new lead-
free efficient ceramic systems whose properties are
comparable to PZT [2-7]. In 2009, Lui and Ren
reported a new lead-free ceramic system (Bag, Zrpg)
Ti0;3-x(Bay s Cag3)TiO5 (BZT)-x(BCT), are commonly
referred to as BCZT that represents excellent piezoelec-
tric properties at x = 0.5 [8] that are mainly comparable
to those of their lead-based counterparts. This ceramic
system has similar morphotropic phase boundaries
(MPB) to PZT except for its strong dependence on
temperature and stoichiometry. Since its development
has been conducted to study its structure and its effect
on the functional properties [5,9,10] of lead-free cera-
mics (including BCZT). The piezoelectric and dielectric
properties mainly depend on the grain sizes, and it is
commonly believed that their functional properties
could be enhanced with proper grain sizes [11-16]. A
significant research is being done on lead-free ceramics
in which dependence on grain size of their physical and

functional properties has been reported. For instance,
the grain size effect on the ferroelectric properties and
electrostrictive coefficients of Fe’* doped 0.5BCT-
0.5BZT ceramics was studied [17]. Long and Yi recently
showed that if the grain size is between 8 and 15 pm,
higher ds;3 (= 560 pC/N) could be achieved for
(Bag.gsCag15) (Zrg1Ti09)O3 ceramics [18]. For potas-
sium sodium niobate (K,Na)NbO3-based materials,
the particle size effect on their functional properties
has been studied recently [19]. So far, a superior ds;
(~ 570 pC/N) value has been reported recently for a
KNN-based material, which they ascribed to the nanos-
cale domains and high density of ferroelectric domain
boundaries [20].

CeO, is a dopant/additive commonly used in the
past for lead-based compositions to enhance the piezo-
electric and dielectric properties [21-23]. Recently,
CeO, has been used as an additive in lead-free compo-
sitions such as BaTiO3-CeO, [24], KNN-CeO, [25],
BNBT-CeO, [26], BNKT-CeO, [27], and BNKLT-
CeO, [28] to obtain better piezoelectric properties and
densities. Cui et al. [29] used CeO, as an additive with
BCZT lead-free systems mainly to reduce the sintering
temperature while maintaining a very high piezoelectric
constant of d33 = 600 pC/N. There are no reports avail-
able regarding temperature and grain size dependence
on its functional properties when CeO, is used as an
A-site substituent in the ABO; structure of BCZT per-
ovskite materials.
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Therefore, we used CeO, (in x mol.) in the A site
in the composition (BaggsCag 15_x Cey) (Zrg1Ti00) O3
in order to study its crystal structure, its microstruc-
ture and the effect on its functional properties,
including its ferroelectric properties which were lack-
ing in the previous report [29]. A comprehensive
study has been done on temperature and grain size
dependence of the piezoelectric and ferroelectric
properties. It was discovered that CeO, addition
may reduce the sintering temperature of BCZT cera-
mics while maintaining significantly high piezoelec-
tric properties.

2. Experimental

(Bag g5Cag.15-x Cey) (Zro1Tips) O3 where x(moles) = 0,
0.0008, 0.00131, 0.02 were fabricated according to the
stoichiometric formula by the solid-state reaction
method. The initial powder for each batch was prepared
as 200 g. BaCO; (Dakram, UK, 99.9%), CaCOj; (Lachner,
CZ, 99.9%), ZrO, (Dakram, UK, 99.9%), TiO, (Dakram,
UK, 99.9%) and CeO, (Sigma Aldrich, UK, 99.9%) were
used as raw materials. Before milling, the powders were
first dried at 220 °C/1h in the laboratory oven (Lenton
MMD/0229, UK) and then weighed stoichiometrically.
Mixing of the powder was performed in a horizontal ball
mill with deionized water for 24 h. The ratio of powder to
zirconia milling media to water was 2:1:1. The resulting
slurry was dried in an oven at 90°C for 15 h and sieved
(300 microns, VWR, UK), after which it was calcined at
1250 °C for 2 h in a zirconia crucible using a muffle
furnace (Lenton, 5696, UK). After calcination, the cal-
cined powders were re-milled for 24 h to reduce the
particle size and avoid agglomeration. During the last
hour of milling, ~ 5 wt.% of each binder, Duramax B1000
(Product No. 74,821, Chesham Chemicals Ltd., UK), and
B1007 (Product No. 74,823, Chesham Chemicals Ltd.,
UK), were added. The resulting powders were then
sieved and pressed (Instron, 5507, UK) in a steel die (P.
T. No. 3000, Specac, UK) of 13 mm diameter and 1 mm
thickness at pressure of 155MPa. Finally, the circular
discs were sintered in the muffle furnace at different
temperatures. The X-ray diffraction (Equinox 3000,
INEL, France) with Cu-Ka radiation (A = 1.54178 A)
was conducted to determine and understand the phase
structure of the sintered samples. Raman spectra
(Renishaw inVia, UK) were used to confirm the phase
transformation. The bulk densities were calculated by the
Archimedes method using distilled water as a medium.
In the present study, the bulk density of the samples was
calculated by the following formula: dyuy = di (Wary/
(Wsoak-Wsus))» where d,, is the density of water and wgyy,
Wsoalo and Wg,s are the dry, soaked, and suspended
weights of sintered samples. Chromium (Cr)-gold (Au)
electrodes were applied to the sintered discs using a
sputter coater (K575X, Emitech, UK) and then poled in
silicon oil at
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3 kV/mm for 10 min at room temperature. The
dielectric properties were measured by an impedance
analyzer (4294, Agilent, USA) at a frequency of 1 kHz,
and the piezoelectric constant (d;3) was measured with
a Berlincourt d;; m (YE2730A, Sinocera, China) at
room temperature. The ferroelectric properties were
investigated with the help of AixACCT systems,
GmBH (Germany). The sintered samples were
polished and thermally etched at 100 °C below their
sintering temperatures with ramp up and ramp down
temperatures of 20 °C/min. Scanning electron micro-
scopy (JEOL 6060LV, Japan) was used for the investi-
gation of surface morphologies, and the grain size was
calculated by the linear intercept method.

3. Results and discussions
3.1 Crystal structure

3.1.1 XRD analysis

Figure 1 represents the XRD patterns of pressed
samples of (Baggs Cag15_x Cey) (Zrp; Tige) O3 mea-
sured at room temperature. All peaks were indexed to
tetragonal cells and no secondary phase was observed.
Figure 1(b) and 1(c) presents expanded views of the
20 angles between 45°-47° and 65°-68°, respectively.
Splitting of the peaks (002)/(200) and (220)/(202) was
investigated for the samples x = 0-0.00131, with the
results suggesting the existence of a tetragonal-rhom-
bohedral (T-R) phase transition [8]. At higher Ce
concentrations (x = 0.02) the splitting merges to
form a single peak, suggesting that the ceramics
may have a tendency to transform into another
phase, i.e. the pseudo-cubic phase.

Taking tolerance factors into consideration, the
small ions [r(R*")] < 0.087 nm will occupy the B
site, relatively large ions [r(R*)] > 0.094 nm will
occupy the A-sites and moderate ions are believed
to occupy both sites [30]. It is well known in the
case of another perovskite, BaTiO3, that Ce’" sub-
stitutes the A-site while Ce*" substitutes the B-site
but that self-compensation occurs when Ba/Ca = 1
[24]. Ce exists in both valence states as Ce’*
(0.134 nm) and Ce** (0.087 nm) [31]; therefore,
according to crystal chemistry and the radius
matching rule, Ce’" ions may occupy the A-site
of either Ca*" (0.134 nm) or Ba®* (0.161 nm) due
to the similar ionic radii. Also, Ce** ions have ionic
radii greater than those of the B-site elements, Ti*t
(0.060 nm) and Zr** (0.072 nm). Thus, it is least
possible for Ce*' ions to occupy the B-site.
Interestingly, when x > 0, the intensity peaks are
shifted slightly toward higher angles, indicating cell
contraction. Since the ionic radii of Ce** are less
than those of Ca®*, Ce*" ions might go into the
Ca®" positions of the A- site and cause lattice dis-
tortion and decreased lattice size.
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Figure 1. (a) Room temperature XRD patterns of (Baggs Cag.15-x Cey) (Zroq Tigo) O3 samples, (b) magnification of Figure 1(a) in
the range of 45°-47° and (c) magnification of Figure 1(a) in the range of 65°-68° sintered at 1350 °C for 4 h.

3.1.2 Raman spectra

Raman spectroscopy was performed on (Baggs
Cag15.x Cey) (Zrg; Tipe) Oj ceramics to further
clarify the effect of Ce content on the phase evolu-
tion of the BCZT system and corroborate the XRD
results shown earlier. Figure 2 shows room tempera-
ture Raman spectra in the range of 50-800 cm .
Here the R and T phases coexisted for the samples
x = 0, 0.0008, 0.00131, in which modes at 93, 151,
201, 248, 294, 524,726 cm ' are related to the R

phase, especially at 151 and 190 cm™!, while the
modes at 248, 294, 524, 726 cm ' are related to
the T phase [32]. No mode at 490 cm™' was
observed which is believed to be a signature of the
O phase. This suggests that the 490 cm™' peak
merges with the 524 cm™! peaks. Therefore, we can
assume that the R and T phases coexisted for the
samples x = 0, 0.0008, 0.00131, which agrees with
the XRD results. Further, for x = 0.02, the intensity
of the modes becomes weak at 93 cm™ and

Intensity(a.u.)
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93 cm 201 cm
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Figure 2. Room temperature Raman spectra of (Baggs Cag.15_x Cey) (Zrg Tigo) Oz ceramics sintered at 1350 °C/4 h.
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294 cm™' and other peaks between them vanish,
while the modes at 524, 726 cm™' peaks remain. In
addition, broad modes of 294 cm™' and 726 cm™!
are features of the pseudo-cubic phase. Similar
results were reported in previous studies [33-35].

3.2 Bulk density, microstructures and grain sizes

It is evident from Figure 3 that as the sintering
temperature increases the bulk density increases
obviously. Much higher bulk densities (5.40 g/cm?)
were observed for the samples x > 0 as compared to
pure BCZT (x = 0) at the sintering temperature of
1350°C/4h. This shows that a small amount of CeO,
was useful for improving the densification of the
samples. Maximum density was observed for
x = 0.02 as 5.75 g/cm’. Tt is also noted that the bulk
density remains more or less constant for the samples
x > 0 at above 1350°C/4h. Thus, a small amount of
CeO, is useful to improve the densities of BCZT
ceramics.

Figures 4 and 5 show microstructures of these
ceramics heated at 1350 °C and 1450 °C for 4 h. At
1350 °C, the microstructures of x = 0, 0.0008 and
0.00131 are not dense enough as compared to
x = 0.02. It is important to notice that the grain
sizes are very small for x = 0.02 and that the micro-
structure becomes much denser compared to other
compositions at different sintering temperatures. At
1450 °C, the grains grow steadily, which brings a
moderate increase in the densities of the samples
when x = 0-0.00131. Sample x = 0.02 remains

JOURNAL OF ASIAN CERAMIC SOCIETIES 387

sufficiently dense, while no improvement in grain
growth was observed. It seems that addition of
CeO, (less than or equal to 0.00131) enhances grain
growth. Grain growth remains steady with CeO,
addition of x = 0.02. Hence, the amount of CeO, in
the BCZT composition concerns a change in the
grain growth.

In general, grains grow with increase in sintering
temperatures and a condition that is valid for x = 0-
0.00131. Sample x = 0.02 limits grain growth, irre-
spective of increase in sintering temperature, which
clearly shows that large amounts of CeO, are effective
in suppressing the melting and grain growth of BCZT
ceramics during sintering, which might be due to the
accumulation of Ce ions at the grain boundaries.
From the above results, it is concluded that CeO,
has a solubility up to x = 0.00131 in a BCZT system.

Proper grain size is an important for obtaining
high piezoelectric properties for BCZT ceramics; the
best properties can be obtained with a grain size
> 10 um [5] and can deteriorate at a grain size
smaller than 10 um [36], which result was found
to be valid for the sample x 0.02, which has
a < 1 pm grain size, as shown in Figure 6. At
1350 °C, the average grain size was calculated as
about 6 pm for pure BCZT (x = 0), while when
Ce contents of 0.0008 and 0.00131 were slowly
introduced, the grain sizes were increased in the
range of 10-12 pum. A high Ce concentration
(x = 0.02) limits grain growth, which might affect
the properties of these ceramics. This should be
attributable to the donor-type nature of Ce ions.

584 0 .
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1 —A—0.00131
“E 5.4-
o
9 i
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()]
® I
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Figure 3. Bulk density of (BaggsCag 15_x Ce,) (Zro1Tios) O3 ceramics as a function of sintering temperature (4h).
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Figure 4. SEM images of (BaggsCag 15_x Cey) (Zro1Tio.0) O3 ceramics (a) 0, (b) 0.0008, (c) 0.00131, and (d) 0.02 at 1350 °C for 4 h.

For PZT-based ceramics, donor dopants generally
limit grain growth [25,37]. The sintering kinetics
can be explained by the lattice diffusion of vacancies
from pores to grain boundaries, and donor doping
reduces the diffusion coefficient: the vacancies (e.g.
A-site vacancies in this case) created by doping are
supposed to be bound to the impurity ion (e.g. Ce’*
in the present study). When, Ce content is low

(up to x = 0.00131) the diffusion coefficient may
increase, making mass transport strong. As a result,
the grains grow, and the structure becomes dense.
When Ce content is high (x = 0.02), meanwhile, the
diffusion coefficient weakens due to an excess of
A-site vacancies, and mass transportation can be
supposed to be lowered and grain growth was lim-
ited as a result.

Figure 5. SEM images of (BaggsCag.15—x Cey) (Zrg1Tio.0) O3 ceramics (a) 0, (b) 0.0008, (c) 0.00131, and (d) 0.02 at 1450 °C for 4 h.
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Figure 6. Average grain size of (BaggsCag.15_x Cey) (ZrgTio.e) Oz ceramics as a function of sintering temperature (4h).

3.3 Piezoelectric and ferroelectric properties

Figure 7(a) and 7(b) shows the piezoelectric coefti-
cient (d33) and planar coupling factor (k,), respec-
tively, of BCCeZT ceramics at different sintering
temperatures. As the sintering temperature increases,
the ds; values sharply increase for x = 0.0008 and
0.00131 at 1350 °C and then decrease drastically with
further increases in the sintering temperature. At
1350 °C, pure BCZT (x = 0) has a ds; value of around
290 + 15 pC/N, while when the Ce concentration is
slightly increased (x 0.00131), a peak value of
ds3 ~ 501 £ 10 pC/N is revealed. Further increases
in the Ce concentration (x = 0.02), ions of Ce caused
drastic deterioration of di;, which can be attributed

to the fine grain size. The planar coupling factor (k)
follows the same trend: the maximum value of k;, was
found to be 38.5 £ 1.92% for the sample x = 0.00131
but decreased remarkably for the sample x = 0.02
sintered at 1350 °C/4h, as shown in Figure 7(b).
The piezoelectric properties are summarized in
Table 1 at a sintering temperature of 1350 °C/4h.
The ds; and k;, of these ceramics decrease remark-
ably when the CeO, concentration increases
(x = 0.02), replacing Ca** ions and making the lattice
distortion ever larger. When Ce’* and Ce** ions
occupy Ca** positions, vacancies are formed in the
lattice and grain growth slows (Also see Figures 4(d)
and 5(d)) while the grain size of the BCZT ceramics is
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Figure 7. (a) Piezoelectric constant, ds3, and (b) planer coupling coefficient, kp, of (BaggsCap.15-x Cex) (Zro.1Tioo) O3 ceramics as a

function of sintering temperature.
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Table 1. Summary of grain sizes, piezoelectric properties and
Curie temperatures of (BaggsCag.i5-x Cey) (Zro Tioo) O3 cera-
mics at 1350 °C/4 h.

x = mol. Grain size (um) ds3 (pC/N) k, (%) Tc (°Q)
0 76 £2 290 £ 15 264 + 1 105.4
0.0008 12.16 £+ 2.39 490 + 20 37.8 + 1.69 103.2
0.00131 11.26 £ 1.97 501 £ 10 385+ 1.92 108.1
0.02 0.76 + 0.08 - - 72.6

lowered as well [38]. In the process of replacing Ca**
by Ce’" and Ce**, moreover, when the CeO, concen-
tration is low (up to x = 0.00131), Ca** vacancies are
dominantly produced, which results in increased ds;.
When the CeO, amount of x = 0.02 increase on the
other hand, the lattice distortion effect dominates to
drastically reduce the piezoelectric properties. Similar
results were found previously [38-40].

The relationship between piezoelectric and ferro-
electric data can be described logically by [41]:

djj = Pr.g;.8.2Qy; )

where d,j is the piezoelectric constant, P, is the
remnant polarization), ¢, is the relative permittivity
or dielectric constant), ¢, is the permittivity in free
space) and Qj; is the electrostriction coefficient). As
is clear from Equation (1), ds; is directly propor-
tional to remnant polarization (P,), suggesting that if
the P, increases, ds; also increases. In our research,
P, is dependent on grain size (see Figure 8(a)), i.e.
when the grain size is large, the P, parameter has a
high value; therefore, based on Equation (1), ds3 has
a higher value. If the grain sizes are fine, then
contribution by clusters of grains to polarization
will be reduced because of domain wall pinning,
which lowers the d;; value [42]. As is well docu-
mented in the previous literature, a 60-70% contri-
bution to the increase in ds; is due to the
displacement of domain walls [43]. Thus, it is
believed that larger numbers of domain variants as
well as displacement of domain walls are much
easier to achieve with bigger grain sizes which can
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actuate a large strain and push enhancement of the
piezoelectric constant (here, ds; = 501 + 10 pC/N
for x = 0.00131).

P-E hysteresis loops for (BaggsCagisx Cey)
(Zro1Tip9) Oj are shown in Figure 8(a) sintered at a
temperature of 1350 °C for 4h. All samples represent
typical ferroelectric loops under a switching fre-
quency of 1Hz. Here we observed that the remnant
polarization (P,) is significantly dependent on the
grain size. For pure BCZT (x = 0), a P, value of
7.86 uC/cm” was observed. When the cerium content
was increased to 0.00131, The P, value also increased
to 12.19 pC/cm’. Further increases in the cerium
content (x = 0.02) show a significant decrease in the
P, value (3.68 pC/cmz), which was ascribed to the fine
grain sizes of the samples.

A study of P-E responses to the grain sizes of
ceramics has been proposed by Ohihara [43] in
which fractions (f) of grains give rise to polarization
reversal or domain switching and which is expressed
as follows:

f=fo [l —exp(—G.d’/kT)],

where f, is the initial polarization or domain of ferro-
electric materials, G, is a constant that represents
grain anisotropy energy density, and d is the grain
size of the ceramics. Based on these conclusions, f has
importance only to the grain size d. Therefore, if the
grain size increases, the fraction of grains contribut-
ing to the polarization reversal also increases, which
brings an improvement in the ferroelectric (P-E)
characteristics (see Figure 8(a)).

Figure 8(b) represents the strain-electric field
(S-E) loop with a typical butterfly nature. Pure
BCZT (x 0) shows strain on the order of
0.11% with a grain size of 7.6 £ 2 pm. As the Ce
concentration increased slightly up to 0.00131, the
grain size started to improve (11.26 + 1.97 pm),
which results in better strain characteristics
(S 0.14%). A further increase in the Ce

(2)
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Figure 8. (a) P-E hysteresis loops and (b) strain hysteresis loops for (BaggsCag.15_x Cex) (Zro.1Tioo) O3 ceramics sintered at

1350 °C/4 h.
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concentration (x = 0.02) gave rise to inferior
strain of S = 0.07%. This may be due to the very
small grain size of 0.76 + 0.02 um.

The variations in grain size influence the domain
size, and form the balance of depolarization energy
as well as of domain wall energy [44]. The correla-
tion between the domain size (d) and the grain size
(t) can be denoted as d = [(o/e, . Py 2)] . t]V3
where o, €, and P, are the energy density of the
domain wall, the dielectric constant and sponta-
neous polarization, respectively. It can therefore
be concluded that there is a strong dependence of
domain size on grain size in perovskite type ferro-
electrics, as was confirmed in the previous report
[36]. Moreover, another important fact for the
grain size effect on the piezoelectric properties of
perovskite-type ferroelectrics is influence of the 90°
domain walls [45,46].

Our present results correspond well with to the
change in domain size of BCZT ceramics [36] as a
function of grain size, showing ds;3 and k;, values
around 480 pC/N and ~ 40% for ~ 10-12 pm grain
sizes and ds3 and k, values around 50 pC/N and
~ 15% for ~ 0.4-1.5 pm grain sizes [36]. Based on
the above findings, increased domain size should be
the reason for the enhancement of piezoelectric

Table 2. Summary of ferroelectric properties of (BaggsCag.15-x
Cey) (Zro1Tipo) O3 ceramics at 1350 °C/4 h.
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properties with larger grain size, which is in line
with our results. In addition, in sample x = 0.02
(cubic crystal structure from XRD) with grain size
< 1 um, no piezoelectric properties were observed.
This could result from the strong coupling between
the grain boundaries and the domain walls which
make domain reorientation extremely difficult and
severely constraint the domain wall motion. The fer-
roelectric properties of these ceramics are summar-
ized in Table 2.

3.4 Dielectric properties

Figure 9 represents relative permittivity (e,) as a func-
tion of sintering temperature for (BaggsCag 15 x Cey)
(Zro1Tip9) O; samples measured at 1 kHz. High
relative permittivity (e, ~ 10,000-12,000) was mea-
sured for x = 0.0008, 0.00131 samples as compared to
pure BCZT (g, ~ 8000). When the Ce content become
excessive (x = 0.02), a significant drop in e, was
observed (g, < 5000). The relative permittivity peak
became broader for x = 0.02, which leads to a more
conspicuous diffuse phase transition (DPT) character.
This character may be ascribed to structural change
due to the excess Ce content and consequently small
grain size (0.76 £ 0.08 pum), which results in low
relative permittivity and to a shifting of the ferro-
electric-paraelectric phase transition to lower tem-
peratures. This may be due to the pseudo-cubic
character, in which tetragonal and cubic phases are
believed to be very close to each other with a result-
ing Tc shift towards lower temperatures (see
Figure 9).

x = mol. P, (uC/cm?) Simax (%) Ec (kV/cm)
0 7.86 0.11 5.49
0.0008 11.29 0.13 5.16
0.00131 12.19 0.14 4.57
0.02 - 0.07 -
12000
| — Ce=0
ey Ce=0.0008
10000 | e====y: Ce=0.00135
| e—y; Ce=0.02
8000 —
6000
. 0.76 + 0.08 um
W |
4000
2000
01 Tar

11.26 + 1.97 pm

1216 £2.39 pm
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Figure 9. Temperature-dependent relative permittivity of (BaggsCag15-x Cey) (Zrg1Tige) O3 ceramics sintered at 1350 °C/4 h.
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4. Conclusions

(Bag g5Cag 15-x Cey) (Zro1Ti09) O3 ceramics have been
successfully synthesized via a solid-state reaction
method. The ferroelectric, piezoelectric, and dielectric
properties were systematically studied. It was found that
high functional properties can be achieved when the
grain sizes are between 10 and 12 pm. XRD and Raman
analysis are in close agreement in confirming rhombo-
hedral-tetragonal phase coexistence for x = 0-0.00131.
The excellent properties were obtained for x = 0.00131
when sintered at 1350 °C for 4h, resulting in
dss = 501 + 10 pC/N, k,, = 385 + 1.92, P, = 12.19 uC/
cm?, S = 0.14%, T = 108.1 °C. The above-mentioned
high performances of BCCeZT ceramics suggest that
the lead-free piezoelectric ceramics could potentially be
useful for the fabrication of various electronic devices.
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Characterization of nanoblisters on HOPG surface

Dinara Sobola”, Nikola Papez’, Rashid Dallaev",
Shikhgasan Ramazanov**, Dusan Hemzal ™ , Vladimir Holcman®

We report on influence of the surface functionalization on the properties of highly oriented pyrolytic graphite. The samples
were processed in nitric acid and characterized by XPS, Raman and EDX spectroscopies, AFM, SEM and optical microscopy.
It is shown that interaction of nitric acid with the surface of HOPG leads to two types of reactions: oxidation of the graphite

and intercalation of the nitrate ions at the blistered areas.

Keywords: graphite, nitric acid, surface, delamination, topography

1 Introduction

Under normal conditions, graphite is the most sta-
ble allotropic form of carbon. Variation of its physical
and chemical properties define the application range of
graphite from pencil leads to cutting-edge calibration
etalons in scientific applications. Thermal characteristics
of graphite make it interesting for aerospace applications
[1]. Intercalation of compounds can further spread prop-
erties of graphite and increase is application potential.

Both HOPG (highly oriented pyrolytic graphite) and
HAPG (highly annealed pyrolytic graphite) exhibit pro-
nounced layered structure. HOPG consists of hexagonal
carbon planes situated in ABAB positions. Due to Van
der Waals bonding between the planes this material is
utilized for study and preparation of graphene structures.
The interplanar distance between layers can be changed
by intercalation of metals.

Graphene nanoblisters and nanobubbles are partially
delaminated areas of one or several graphite layers.
Both can be prepared on graphite itself or on inter-
faces of graphite with substrates from other materials.
The nanobubbles are of interest because they can trap
molecules from gases [2]. There are several methods of
graphite nanobubbles formation on HOPG surface: pure
chemical, electrochemical, plasma processing, etc [3]. For-
mation of blisters consists of penetration of the reagent
through defects into near-surface layers and oxidation of
graphite. In result, formation and dissociation of carbonic
acid leads to blistering.

Braking of interplanar bonds at HOPG near-surface
area and appearance of round-shaped blisters were re-
ported before [4]-[6]. Our study contributes to this field
by confirmation of the theoretical work of Tang and Cao

[7] about stronger adsobtion of NOj in comparison to
other nitrogen oxides. The NOg3 anion could be detected
by Raman spectrsocopy at the blistered areas. We also
demonstrate by XPS and Raman spectroscopies presence
of NHs group whish is important for surface functional-
ization for biomedical application [8].

Appearance of blisters, delamination and ”bubbles”
could also occur during films deposition using carbon ma-
terials as substrates. Since control of the surface condition
of the substrate is important part of deposition technolo-
gies [4, 5], modified carbon surfaces are thus of interest
also for growth control during deposition of thin films
[11].

2 Experiment

HOPG samples of ZYB quality (purchased from Tip-
sNano OU) were exfoliated by tape and exposed to 65%
nitric acid (HNOg3) under ambient conditions for 8 min-
utes. After the exposition, the samples were washed using
demineralized water. Optical imaging of the samples be-
fore treatment and after treatment is shown in Fig. 1.
The position of AFM probe is shown in Fig. 1(a).

The obtained surfaces were studied using atomic force
microscopy (AFM) in semi-contact mode in order to not
damage the surface features [7, 8]. The blistered areas
tend to form ”bubbles” on the surface with height up to
1 pm (see Fig. 2). It was suggested by Burgess at al. [14]
that the blistering occurs due to functionalization of the
surface defects by oxygen-containing bonds [15].

The blistered areas were also observed by SEM (scan-
ning electron microscopy): maximum diameter of the
nanobubbles was up to 3 pm (see Fig, 3).
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Fig. 1. Optical images: HOPG (ZYB) surface: (a) — before and, (b) — after 8 minutes of processing by HNO3
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Fig. 2. AFM images: HOPG (ZYB) surface: (a) — before, and (b) — after 8 minutes processing in HNO3.

10 pm
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Fig. 3. SEM images: HOPG (ZYB) surface: (a) — before, and (b)
— after 8 minutes of processing by HNO3

Concerning chemical analysis, XPS showed presence
of several peaks after treatment of HOPG surface with
nitric acid (see Fig. 4). The Nls nitrogen peak occurring
at ~400 eV is usually assigned to C — NHy bond and its
appearance corresponds with theory [14]. However, only
2 minutes of etching by 5 keV argon ions is sufficient to
almost completely remove N1s peak, Fig. 4(b). It happens
because of preferential etching of nitrogen which occurs
by Ar irradiation. The other peak that emerged after
HNOj3 treatment is the oxygen peak Ols at 532.4 eV
corresponding to the C-O bond. To remove the Ols peak
entirely, much longer Ar exposition would be required:

even after 20 minutes of etching remnants of this peak
persist, Fig. 4(c). Ion beam etching was performed in situ
in the XPS chamber. The samples were not exposed to
air in order to avoid influence of atmospheric oxygen to
the surface condition.

Additionally, EDS (Energy Dispersive X-Ray Spec-
troscopy) was used for determination of oxygen abun-
dance in the near-surface area. Although EDS did not
prove the presence of nitrogen (which was observed by
XPS due to its higher sensitivity to surface condition),
oxygen content in the measured samples increased from
0.59 up to 1.02 atomic % after treatment.

The amount of oxygen increased twice after treat-
ment, which confirms redox reaction between HOPG and
HNOgj. First, surfactant elements from the acid create
chemical bonds with graphite surface during reactions:

C + 4HNO3 — HoCO3 + 4NO>.

Subsequently, the carbonic acid instantly decomposes
into carbon dioxide and water:

C +4HNO3 — COs + 2H50 + 4NOs.

The produced stress occurs between the reacted near-
surface area and the rest of the sample. The delamination
of the layers and formation of blisters occurs where Van
der Waals bonds are broken. Finally, Raman spectroscopy
is widely used for characterization of carbon materials.
We used Renishaw InVia spectrometer with laser power of
1 mW and wavelength 532 nm [16]. The observed Raman
peaks (see Fig. 5) correspond to graphite intercalation
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Fig. 5. Raman spectra: HOPG (ZYB) surface before and after 8
minutes of processing by HNO3

compounds. According to Dunaev and Shapoev [17] the
intercalation process could be presented as:

2HN03 adsorbed — HQO + NOZ; + NO; adsorbed
NO+ d +C — N02 adsorbed + ct

2 adsorbe

NO2 adsorbed —7 N02 gas

nC* + NOj; + xHNO3 — C;fNO3 xHNO3

The main differences in comparison to pristine HOPG
are in spectra from the blister areas. The common areas
are observed at 1582 cm~! and 2721 ecm™! which are
positions of G and 2D peaks of HOPG [18]. Doublet
of 2450 cm™! and 3248 cm~! is assigned to D and 2D
modes of HOPG, correspondingly [19]. The blister areas
show, however, additional features:

e peakat 1053 cm™! refers to macro-cation NOj3 trapped
between the graphite layers and the rest of non-
dissociated HNO3 [20],

e peak at 1300 cm~! is connected with transverse vi-
brations of CHy group [21],

e appearance of the 1409 cm™! peak can be attributed

to incorporated nitrate anion [22],

o features of C=C and C=O0 stretching modes are noted
by 1660 cm~! and 1748 cm~! peaks, correspondingly
23],

e peak at 3130 cm~! occurs due to NHy groups [24].

Thus, the Raman measurement confirms presence of
bonds which result from intercalation and oxidation re-
actions [25]. In order to check the inner structure of the
surface features which occurs after the acid treatment the
depth-scan Raman measurement was done. The largest
blister on the surface was funded by optical microscope
for this aim, Fig. 6(a). Contrasted images for NOg peak
and G-peak at the surface, in middle( and at the bottom
are investigated (Fig. 6(b)-(d). The results indicate pres-
ence of NOj3
G-peak decreases during scanning inside the blisters and
growths with approaching to the HOPG bulk. The con-
tent of nitrogen oxide is higher in the middle of the blister.
Peak ratio demonstrates presence of several carbon layers

ions and intensive G-peak on the surface.

on the surface of the delaminated area and higher amount
of the nitrogen compounds (NO3 and NHj ) below them.
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Fig. 6. Raman spectra of the blistered area in depth: (a) — optical top view of the blister for Raman depth-scan, (b) — blister cross-section,
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3 Conclusion

Treatment of the surface by HNOj3 created blistered
areas. AFM, SEM and optical images demonstrate forma-
tion of nanoblisters with different size but similar shape.
According to EDS, there are changes in oxygen abun-
dance in the near-surface area after processing by HNOg.

In summary, nitric acid attacks graphite as oxidant
by taking forth an electron (three electrons participate in
plain covalent bonding). It is expected that COg, NOq
and water occur in result of reaction between HNO3 and
graphite. Intercalated elements consist of products of re-
dox reactions between graphite and HNO3. We observed
the presence of electron acceptor NO3 at the blistered
areas. XPS and Raman data confirmed surface function-
alization by NHs group.

All these defects influence physical and chemical prop-
erties of the surface and also affect the performance of
the material in its potential applications. In particular,
formation of blisters should be considered when HOPG
is used as a substrate for epitaxy and heterostructures
preparation.
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We report (Bag gsCag.15)(Zro.1Tip.0)O3 + x wt.% CeO,, lead free piezoelectric ceramics fabricated by conventional
solid-state reaction routes. The phase structure, microstructure and functional properties have been system-
atically investigated. The morphotropic phase boundary was investigated in the range of x =0 - 0.1%. A
comparative study of their functional properties as a function of sintering temperature is presented. The study
shows the important role of sintering temperature and grain size on the functional properties of these ceramics.

Enhanced properties are observed for x = 0.07% at a sintering temperature 200 °C lower than for pure BCZT, in
which, d33 = 507 + 20 pC/N, k, = 51.8%, &, = 4091 * 100, tan 3 = 0.02, P, = 16.32 um/cm?, E¢ = 2.13kV/
cm and Tc = 104.6 °C indicating that these ceramics are promising lead-free substitutes for the widely used

lead-based ceramics.

1. Introduction

Piezoelectric ceramic materials are important for many technolo-
gical applications and are commonly used as sensors, actuators and
electronic components. Such applications are currently dominated by
the use of lead zirconate titanate (PZT) materials due to their out-
standing piezoelectric and ferroelectric properties ascribed to the co-
existence of rhombohedral and tetragonal phases at the morphotropic
phase boundary (MPB) [1]. However, PZT contains more than 60% lead
in its basic composition which, due to the toxicity of lead, is a major
environmental concern. As a result, legislative activity by the European
Commission has been prepared in order to eradicate such toxic sub-
stances from industrial and household equipment and thus minimise
their impact on the environment [2-4]. Much research has therefore
been initiated worldwide in the quest for new lead free piezoelectric
ceramics suitable to replace PZT [5-8]. One particular landmark in the
field of lead free piezoelectric materials was reported by Lui and Ren
concerning the solid solution of (1— x)Ba(Zrg»Tipg)O03—x
(Bag.»Cap 3)TiO3 (1-xBCT-xBZT, also referred to as BCZT) with a very
high value of d33 ~ 620 pC/N for x = 0.5 [9], which is much higher
than other lead free piezoelectric compositions such as Bi, ,,Na; »TiO3 -
BaTiO3; (BNT-BT) and K; \Na,NaO3; (KNN) [8,10]. The BCT-BZT phase

* Corresponding author.
E-mail address: vijay.bijalwan@ceitec.vutbr.cz (V. Bijalwan).

https://doi.org/10.1016/j.materresbull.2019.02.031

diagram shows an MPB that has a strong curvature implying that the
properties of materials in the region of the MPB depend on both stoi-
chiometry and temperature. Previous reports suggest that grain size,
sintering temperature and poling conditions can all play important roles
in determining the dielectric and piezoelectric behaviour of BCZT
ceramics [11-17].

The grain size dependence of the dielectric, piezoelectric and do-
main wall motion properties of lead free piezoelectric ceramics, parti-
cularly materials based on barium titanate (BT), have been widely re-
ported [18-21]. For example, Martirena and Burfoot reported that the
average value of dielectric constant (g,) at room temperature increases
when grain size decreases (1500 for 5um and 6000 for 1pum) [18].
Also, with decreasing grain size T decreases and the peak in dielectric
constant broadens. An increase in piezoelectric constants ds3; and dss
was also seen with increasing grain size [18]. Domain wall motion is
one of the main effects that can be influenced by the grain size and
which is known to contribute to ferroelectric, dielectric and piezo-
electric properties. It is well known that domains exist inside a grain
when the domain wall thickness is smaller than the grain size, such that
the walls will be able to move by the application of an electric field,
thus affecting some properties [18]. Therefore, it could be expected that
domain walls will be more mobile in larger grains and could be
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inhibited when grain size reduces, such that their contribution on
properties may also decrease. It has been shown that BaTiO3 ceramics
with grain sizes of 10-20 um have well developed domain structures.
Similar trends have been reported for 0.5BCT-0.5BZT ceramics, as grain
size increases, ds3 increases [22-24].

However, although densification of BCZT ceramics may occur
around 1300 °C when smaller particle size powder (1 um) is used, the
functional properties are not maximized until larger grains are devel-
oped. One of the main drawbacks of BCZT ceramics is the very high
sintering temperatures (> 1475°C) required to obtain optimized
properties and where the formation of very large grains (> 30 pm) [12]
may be an addition issue. Both these factors could reduce the industrial
use of such materials for particular applications. Therefore, the control
of grain growth, and hence grain size, and the lowering of sintering
temperatures in high density BCZT ceramics are desirable for BCZT to
be useful in real device applications. Investigations concerning the re-
duction of grain size by different sintering methods such as spark
plasma sintering and two-step sintering techniques on BCZT ceramics
have been reported [24] but materials with sub-10 um grain size are not
suiatble for achieving high piezoelectric properties. Therefore, the use
of metal oxide dopants such as ZnO, CeO,, CuO and Y,03 have been
explored to reduce sintering temperature as well as to obtain better
grain size in order to give enhanced piezoelectric properties [25-29]. In
particular, 0.04 wt.% CeO, addition has been shown to accelerate the
grain growth and reduce sintering temperature drastically to 1350 °C,
with excellent piezoelectric properties (ds; ~ 600 pC/N, k, ~ 52%)
being reported [26]. However, this study was concerned only with the
dielectric and piezoelectric properties sintered at 1350 °C. Thus, there is
a scope for a detailed study of the structural and microstructure evo-
lution as well as on ferroelectric properties over a wider range of CeO,
addition.

In this paper, we report a significant extension to previous work
with a comprehensive investigation of the effect of increased ranges of
both CeO, doping (0-3wt.%) and sintering temperatures
(1275-1450 °C). The novelties of this research are, (a) a detailed and
systematic study of structure and microstructures, (b) a detailed and
systematic study of the ferroelectric properties, (c) the determination of
optimized processing parameters e.g. sintering temperature and grain
size (d) the reporting of enhanced piezoelectric constant (ds3), Planer
coupling coefficient (kp), and remnant polarization (P,) of BCZT-CeO,
ceramics.

2. Experimental

(Bag.g5Cag.15)(Zrg.1Tig.9)03 + x wt.% CeO, (x = 0, 0.02, 0.04, 0.07,
0.1, 0.5, 3) materials were processed by conventional solid state reac-
tion routes. Raw materials of BaCO; (Dakram, Great Britain, 99.9%)
CaCOj3 (Lachner, Czech Republic, 99.9%), ZrO, (Dakram, Great Britain,
99.9%), TiO, (Dakram, Great Britain, 99.9%) and CeO,, (Sigma Aldrich,
Great Britain, 99.9%) were dried in an oven (Lenton MMD/0229,
England) at 220 °C/1 h before being weighed according to their stoi-
chiometric ratios. The raw powders were then mixed in a horizontal
ball mill with zirconia milling media in deionized water for 24 h. The
weight ratio of powder to zirconia milling media was 2:1. The resulting
slurry was dried in the oven at 90 °C for 15h and then calcined in a
muffle furnace (Lenton, 5696, England) at 1250 °C for 2 h. The different
amounts of CeO, were added to 30 gm batches of the calcined BCZT
powders and re-milled in deionized water for 24 h. Approximately 5 wt.
% each of two binders, Duramax B1000 (Product No. 74821, Chesham
Chemicals Ltd., UK) and B1007 (Product No. 74823, Chesham
Chemicals Ltd., UK), were added during the last hour of milling. The
particle sizes of the milled powders were measured using a particle size
analyzer (Gracell, SympaTec, Germany) and the average particle size of
all batches were found to be ~ 2pm. After drying, the resulting pow-
ders were sieved (300 microns, VWR, England) and then uniaxially
pressed at 155 MPa pressure (Instron, 5507, England) into the green
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bodies using a 13mm diameter cylindrical steel die (P.T. No. 3000,
Specac, UK). The green bodies were sintered in a muffle furnace
(Lenton, 5696, England) at different temperatures between
1275-1450 °C for 4 h.

The phase structure of sintered discs was examined by X ray dif-
fraction (SmartLab, Rigaku, Japan). Raman spectra were recorded using
a Raman spectrometer (Renishaw InVia, UK) in a back scattered mode;
the excitation laser was irradiated from an Ar* laser with an output
power of 50 mW. Bulk density was calculated from the measured dry
mass and dimensions as the samples were in the form of regular cy-
linders. Chromium (Cr) — Gold (Au) electrodes were sputtered on the
circular faces of the sintered samples using a sputter coater (K575X,
Emitech, UK), following which samples were poled in silicone oil with
an electric field of 3kV/mm applied for 10 min at room temperature.
The dielectric properties and k, were measured at room temperature
using an impedance analyzer (4294, Agilent, USA). The piezoelectric
constant di3; was measured using a Berlincourt d;; meter (YE2730 A,
Sinocera, China). The average values and standard deviations of bulk
densities, piezoelectric properties (ds3 & k;,), and dielectric properties
(e; & tan 8) were established from measurements made on 5 samples.
The surface microstructure was observed by scanning electron micro-
scopy (JEOL 6060 LYV, Japan) on samples which had been firstly po-
lished and thereafter thermally etched for 10 min. at a temperature
100 °C below the sintering temperature. The grain size was calculated
by the linear intercept method. The average values and standard de-
viation of the grain size were established from 15 measurements on 3
samples. Ferroelectric properties were measured using a piezoelectric
evaluation system (aixPES, aixACCT systems GmbH, Germany) at 1 Hz
frequency.

3. Results and discussion

3.1. Effects of sintering temperature on density, grain size, piezoelectric and
dielectric properties

The bulk densities of BCZT ceramics with different Ce concentra-
tions and sintered at various temperatures for 4 h are depicted in Fig. 1.
Bulk density increases with increasing sintering temperature, however,
samples with x = 0.04% and x = 0.07% exhibit maximum density
when sintered at 1350 °C, with values of 5.57 g/cm® and 5.64 g/cm®
respectively, corresponding to respective values of nearly 95% and 97%
of the theoretical density of 5.81 g/cm® of 50/50 BCZT ceramics pre-
viously reported [13]. At higher sintering temperatures, the density of
samples with x = 0.04, 0.07, 0.1 and 3% CeO, either remain
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Fig. 1. (a) Dependence of bulk density on sintering temperatures for BCZT-
xCeO,, ceramics.
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approximately constant or show a slight decrease, whereas for all other
compositions the density continues to rise with increasing sintering
temperature.

Fig. 2(a) shows the dependence of grain size dependence on sin-
tering temperature and CeO,. It is well known that grain size is con-
trolled by grain boundary mobility which increases with increasing in
sintering temperature [12,30]. Here in our study, at 1450 °C the grains
grow rapidly to = 20um for compositions in the range x = 0.02 -
0.07%. In addition, grain size is continuously increased (= 15pm) for
the sample x = 0% as the sintering temperature is increased up to
1450 °C. On the other hand, small grain sizes (< 10 um) were observed
for samples with compositions of x = 0.1, 0.5, 3% during the entire
sintering regime, indicating that higher amounts of CeO, could limit
grain growth.

The effect of sintering temperature on the piezoelectric charge
constant dss and planar coupling coefficient (k,) for sintered BCZT
samples with different amounts of CeO, are shown in Fig. 2(b) and (c)
respectively. It can be seen that both properties generally increase with
increased sintering temperature up to 1350 °C. For samples with com-
position x = 0.02 - 0.07%, the values of ds; and k; peak at this tem-
perature, before decreasing with further increase in sintering tem-
perature. For samples with compositions x = 0, 0.1, 0.5, and 3% CeO,
the values of dss and kj, increase further as the sintering temperature is
increased beyond 1350 °C, with values levelling off for some composi-
tions at 1400 °C. The maximum values of d3; and k, were observed as
507 = 20 pC/N and 51.8% respectively for the x = 0.07% composi-
tion, sintered at 1350 °C. These very high piezoelectric properties may
be ascribed to the larger grain size (> 10 um) of BCZT ceramics fa-
cilitated by the CeO, addition at this sintering temperature. Also,
samples with compositions x > 0.07% sintered at 1350 °C, exhibited
inferior piezoelectric properties, which may be attributed to the smaller
grain sizes < 5um (see Fig. 1a). Other reports confirm the appropriate
grain size ~ 10-20pum for obtaining high piezoelectric properties
(ds3 > 450pC/N) in BCZT [12,24,30]. Compared to pure BCZT
(x = 0%, grain size 7.6 * 2um) sintered at 1350 °C the grain size has
increased (10-15um) due to small amount of Ce content (x = 0.02 -

0.07%) which causes relatively high piezoelectric activity. There is also
an indication from the data presented here that grain sizes larger than
approximately 20 pm may be deleterious to the piezoelectric properties.
Grain sizes that are too large (here defined as > 20 um), often reduce
piezoelectric and dielectric properties due to excessive back switching
[31,32]. Also, higher sintering temperatures or longer dwell times
could be the possible cause of point defects which tend to migrate to the
domain boundaries/grain boundaries. Therefore, these point defects
pin the domain walls, which is the main factor for the decrease in
piezoelectric properties [33]. For instance, in the 0.07% sample, do-
main wall pinning effects seem to increase at higher sintering tem-
perature (> 1350 °C) i.e. large grain size, as plotted in Fig. 2(d). Firstly,
the values of P,y is increased and E. decreased with increase in sin-
tering temperature (grain size ~ 2-13um) up to 1350 °C. Further in-
crease in sintering temperature (grain size > 20 um), leads to a de-
crease in P, and increase in Ec.

The variation with sintering temperature and CeO, content of re-
lative permittivity €, and loss tangent tan 8§, measured at 1 kHz for poled
samples, are shown in Fig. 3(a) and (b). For sintering temperatures
<1350°C, the dielectric properties of the ceramics show a similar
pattern to the bulk density (Fig. 1) with relative permittivity rising with
increasing sintering temperature and achieving a maximum value of
4091 = 100 for the x = 0.07% composition, sintered at 1350 °C/4 h.
This is in line with the reduction in porosity. This relative permittivity
value is much higher than the value (¢, = 3060) reported by Liu and
Ren for 50/50 BCT-BZT [9] and significantly higher than other lead-
free piezoelectric materials (¢, ~ 290-1740) [7-9] and is comparable
to soft PZT (e, ~ 1700-3500) [1,9]. As the sintering temperature was
increased beyond 1350 °C for the x = 0.04 - 0.07% compositions, the
relative permittivity started to decrease possibly due to the increased
porosity. For compositions with x = 0 - 0.02% and x > 0.07 wt.%, re-
lative permittivity values were < 2500 for samples sintered at 1350 °C/
4h, correlating with the microstructural observations of small grains
discussed below. For these compositions, the relative permittivity
continued to increase with increased sintering temperatures. The di-
electric loss of all compositions of these ceramics is improved with
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increasing sintering temperature and reach values between ~ 0.02 —
0.06 (i.e. 2-6%) for samples sintered at 1350 °C/4h with the range
narrowing to ~ 0.02 — 0.04 (i.e. 2-4%) for samples sintered at 1450 °C.
Therefore, it can be concluded that a proper amount of CeO, addition
can improve the dielectric properties of BCZT ceramics. Supplementary
Table S1 summarizes physical and functional properties of these cera-
mics sintered at 1350 °C/4 h.

As high piezoelectric and room temperature dielectric properties
and high densification is observed at 1350 °C/4h for the x = 0.07%
composition, from here on, we show and discuss other properties in-
cluding temperature dependent dielectric properties, structural analysis
and ferroelectric properties for samples sintered at this temperature
only.

3.2. Properties of BCZT-CeO; ceramics sintered at 1350 °C for 4 h

3.2.1. Effects of CeO content on microstructure

It is observed that the density of these samples is strongly dependent
both upon their sintering temperature and composition. As an example,
the micrographs of BCZT - xCeO, ceramics sintered at 1350° C for 4h
are shown in Fig. 4(a-g). The grain size increases for compositions in
the range x = 0 - 0.07% and the addition of CeO, has caused a sig-
nificant change in the grain morphology and densification. For com-
positions in excess of x = 0.1%, there seems almost no change in the
morphology and density, indicating a saturation of the effect of the
CeO,, additive. Pure BCZT sintered at 1350 °C (x = 0%, Fig. 4a) has an
obvious porous microstructure. However, it is important to note that
when x = 0.02% (Fig. 4b) the microstructure has already started to
become less porous. Samples with further incorporation of CeO, up to
x = 0.04% (Fig. 4c) exhibit dense microstructures with a number of
large angular grains with small grains trapped between them. This
abnormal grain growth implies a coarsening mechanism where a few
large grains grow rapidly in a matrix of very small grains which have a
much slower growth rate. In that sense, the microstructure can be
considered to have a bimodal grain size distribution [34]. This may be
due to the initial particle size distribution map (bimodal) for the sample
x = 0.04%, and is in line with our findings as shown in Fig. 4(h).

For samples in which the CeO, content was increased to x = 0.07%
(Fig. 4d) a much more homogeneous grain structure is observed com-
prising primarily of large angular grains, with just a few finer grains
and porosity at their junctions. For 50/50 BCZT, high density (> 95%)
has been reported for ceramics sintered at temperatures > 1500 °C [9]
with grain sizes greater than 30 um [12]. In the present work, we show
that the addition of a small concentration of CeO, in the range x = 0.04
- 0.07% results in high densification for samples sintered at 1350 °C.
However, it can be seen in Fig. 4 (e-g) that CeO, contents x = 0.1, 0.5
and 3% result in porous microstructures, the x = 0.1% sample being a
particular contrast to x = 0.07%. Here at low temperature, small CeO,
content (x = 0.02 - 0.07%) facilitates the grain growth of BCZT cera-
mics in contrast to reports for other lead free compositions [35,36]. It is

evident that small amounts of CeO, addition (x = 0.02 - 0.07%) caused
large increases in grain size and densification. Also, it enhances mobi-
lity of the grain boundaries, modifies the microstructure and enables a
reduction in sintering temperature. It is shown in our previous research,
that the small powder particle size promotes grain growth [12]. The
average grain size of sintered materials made from 1 um, 3 pm and 5 pm
powders were about 55 pm, 35 pm and 20 pum, respectively for 50BCT-
50BZT ceramics sintered at 1450 °C [12]. Here in our study, with "2 -3
um powder particle size, a pronounced grain growth (10-13 pm) is
observed for x = 0.07% at lower sintering temperature 1350 °C, while
higher grain growth ~ 25-35 um (Fig. 2a) is observed at 1450 °C which
is in line with our previous findings.

3.2.2. Temperature dependent dielectric properties

The temperature dependence of the relative permittivity (e,) of
BCZT-xCeO,, ceramics sintered at 1350 °C/4 h and measured at 1 kHz is
shown in Fig. 5(a). Two peaks were observed for compositions in the
range x = 0 - 0.1% that could be ascribed to the orthorhombic-tetra-
gonal (O-T) and tetragonal-cubic (T - C) phase transitions [37]. To
confirm the (O - T) phase transition near room temperature, loss tan-
gent vs. temperature is plotted in Fig. 5(b). Clearly, there are three
peaks observed in the range x = 0 - 0.1%. An additional peak near 0 °C,
is ascribed to rhombohedral-orthorhombic (R — O) phase transition. As
the Ce concentration is increased from x = 0% to x = 0.07% the di-
electric peaks appear sharper and the value of maximum relative per-
mittivity (at the Curie Temperature) is increased from 7000 to nearly
14,000. This also corresponds with an increase in grain size at this
sintering temperature. For higher Ce concentrations (x > 0.1%) the
maximum relative permittivity is drastically reduced (~ 4000) which
may be due to the smaller grain size of these samples. Fine grains have
also been reported to shift T¢ towards lower temperatures due to in-
ternal stress in the materials which are relieved by twinning mechan-
isms in larger grained samples [18,19].

As the CeO, content is further increased to x = 0.5% the T de-
creased gradually to an indicative value of ~ 97.5 °C. Furthermore, the
decrement of Tc may be related to the fine-grained specimens as pre-
viously reported with BCZT-Bi,05 ceramics [38] and in agreement with
the stress model [39], or to the cell volume effect evolved by grain sizes
[40], and will form the basis of future studies. It can also be seen that
the dielectric peaks for samples with composition x = 0.5, and 3%
become diffuse around T (see Fig. 5a), in line with their smaller grain
size. The dielectric peak in small grain sized specimens is correlated to a
diffuse phase transition (DPT) that can be increased by minimizing the
grain size [18,24]. The DPT occurs due to an existence of small micro
regions in the ceramic, switching statistically from the paraelectric to
ferroelectric state but which do not have any interactions with neigh-
bouring regions what so ever [18], and which might indicate each re-
gion having an independent transition temperature.

A modified Curie Weiss law proposed by Uchino and Nomura, to
describe the diffuseness of ferroelectric phase transition is expressed as:
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where, Ty« is the temperature at which the dielectric constant (g,) is
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Table 1
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The Curie-Weiss Temperature (T,), the Curie-Weiss Constant (C) and the Diffuseness Coefficient (y) for BCZT-xCeO, Ceramics sintered at 1350 °C/4 h and measured

at 1kHz and RT.

Ce Content (wt.%) 0% 0.02% 0.04% 0.07% 0.10% 0.50% 3%

Grain size (um) 7.6 £ 2 10.37 = 2 9.9 £ 2 13.56 = 2 6.43 = 3 1.14 £ 1 279 = 2
To [K] 373 374 375 380 364 320 358

C [10°K] 1.11 1.26 1.25 1.48 1.73 2.21 2.25

Y 1.56 1.64 1.64 1.75 1.78 1.96 1.89

transitions respectively. Fig. 5¢ shows a plot of log (1/¢; - 1/ & max)
versus 10g (T - Tyay) of BCZT-xCeO, ceramics sintered at 1350 °C/4 h. A
linear relationship is obtained from the logarithmic plots for all sam-
ples. Finally, the slope of the fitting curves was used to determine the y
values which are shown in the inset of Fig. 5c. It can be noted that as
the Ce content is increased, y also increased and reaches a maximum of
1.96 indicating an occurrence of relaxor ferroelectric behaviour which
could be partially caused by domain refinement and higher inner stress
due to the small grain size [24,40]. In previous research, the y values
for the small grain size samples (0.4 and 1.5 um) were observed as 1.96
and 1.76 respectively, while a y value of 1.65 was calculated for larger
grain size (10.8 um) materials [24]. This agrees with our work. With
increasing grain size, the y value was reduced gradually from 1.96
(grain size, 1.14 = 1pum) to 1.64 (grain size, 13.56 = 2pum). The va-
lues of C, Ty and y with grain size are summarized in Table 1.

3.2.3. X ray diffraction analysis

X ray diffraction analyses carried out at room temperature are
shown in Fig. 6(a). A pure perovskite phase is observed with no trace of
secondary phase suggesting the Ce ions may diffuse into the BCZT solid
solution, although any secondary phase may be below the detection
limit. To analyze the influence of cerium on BCZT ceramics further
analyses of the data has been carried out in the range of 26, 44° - 47°
and 82° - 85° as shown in Fig. 6(b) and (c) respectively. The splitting of
the 200 peak into (002)/(200) at around 45° along with the splitting of
the (222) peak into (222)/(-222) peaks at around 83° suggests a mixture
of tetragonal and rhombohedral phases for the samples with composi-
tions x = 0 - 0.1%. However, single (200) and (222)/(-222) peaks split

for samples with composition x = 0.5 & 3% indicate a single rhombo-
hedral phase due to the small distortions which is discussed further
below and is consistent with previous reports [41-43].

The occupancy of the two cation sites in the perovskite structure is
often analyzed in terms of tolerance factors, with smaller ions [r
(R**)] < 0.087nm occupying the B site and larger ions [r
(R**)] > 0.094 nm occupying the A site. It is possible for ions with
intermediate sizes to occupy either or both sites [44,45]. Since Ce can
exist in two valance states as Ce>* (ionic radii, 0.134nm) and Ce*™"
(0.087 nm) [46], it is believed that Ce>" ions may occupy the A site of
either Ca®™ (0.134nm) or Ba%>* (0.161 nm) and Ge** ions can occupy
the B site of either Ti** (0.060nm) and Zr** (0.072nm). It is well
known for BaTiO5 that Ce3™ substitutes on the A site while Ce** sub-
stitutes on the B site, however self-compensation occurs when Ba/
Ca =1 [47].

According to the radius matching rule, it is inferred that neither
Ce®* or Ce** enters into the B-site of BCZT structure due to the small
ionic radii of Ti*™. If it replaces A-site (Ba/Ca) of the BCZT structure,
the Ce acts as a donor dopant and cation vacancies are generated, in
order to compensate the resulting positive charge and achieve equili-
brium [48]. As a result, domain wall movement is facilitated so as to
enhance piezoelectric properties. [48]. When the CeO, content is higher
(> 0.1%), the concentration of Ce may not be homogeneous, with some
segregation to the grain boundaries, which may pin the domains and,
consequently, a decline in the piezoelectric properties were observed.
However, we have no direct evidence of this, and is left for the future
studies. The lattice parameters and phase structure of samples x = O -
0.1% are presented in Supplementary Table S2. Samples x > 0.1% were
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range of 82° - 85° sintered at 1350 °C/4 h.

112



V. Bijalwan, et al.

524 cm”

—3%
—0.5%
—0.07%
—0.02%

0.1%
0.04%
0%

Intensity (a.u.)

153 cm’”
93 cm”

T * T ¥ T ¥ T Ll T x T " T % T x
100 200 300 400 500 600 700 800 200
Wave number (cm'1)
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identified to have either pseudo cubic or rhombohedral structures so
are not included. It can be seen that the c/a ratio was in the range of
1.0035-1.0042 with coexistence of rhombohedral and tetragonal phase
reflections indicating an existence of an MPB. As part of a study of
undoped BCZT ceramics, we have previously reported a tetragonal
phase with c/a ratio ~ 1.0043 adjacent to an orthorhombic phase region
[12] indicating nearly similar value for the sample x = 0.07% as pre-
sented in Supplementary Table S2. The data presented here are thus
consistent with the formation of a bridging orthorhombic phase be-
tween the rhombohedral and tetragonal phase regions, although the
orthorhombic phase was not separately identified, and could be a basis
for the existence of the MPB previously published [49,50].

3.2.4. Raman spectra

The evolution of the Raman spectra of the BCZT-xCeO, ceramics
sintered at 1350 °C/4 h and measured at room temperature are shown
in Fig. 7. Modes at 93, 153,196, 249, 293, 524, 730 cm ~ ' are observed
for samples with concentrations x = 0 - 0.1%. These modes are related
to both the rhombohedral R phase, especially those at about 153 and
196 cm ™!, and the tetragonal T phases (including modes 249, 293, 524,
730 cm ™ 1) which agrees well with previous reports [51-54]. It has also
been suggested that the presence of a mode at 490 cm ™! is important to
confirm the orthorhombic O phase [53], but this has not been observed
in the data reported here for the samples x = 0 - 0.1%. Therefore, it is
believed that the R and T phases coexisted for the samples x = 0 - 0.1%
at room temperature. Meanwhile, as the Ce concentration in increased
to 0.5-3%, the intensity of the peaks gets weaker and low intensity
modes at 293, 524 and 730 cm ~ ! indicate that the T phase has reduced
although not vanished completely [55]. Furthermore, for the samples
with composition x = 0.5, 3%, the overall intensity of all the peaks is
very low, but those at 153 and 193 cm ™! can still be seen, although
those at 249cm™' and 490cm™' have disappeared, indicating the
presence of a single R phase. These results are in close agreement with
the XRD analysis discussed earlier.

3.2.5. Ferroelectric properties

(P-E, I-E and S-E hysteresis loops)

The polarization vs electric field (P-E) and current vs electric field
(I-E) loops for BCZT-xCeO, ceramics sintered at 1350°C/4h, and
measured at 3kV/mm are produced in Fig. 8. The bipolar strain values
obtained from butterfly loops are also presented in Supplementary table
S3 for the same conditions. The shape of the P-E loops varies with
composition and the related current peaks are small and broad. P, va-
lues increased with increasing CeO, content for the samples with
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compositions x = 0.02 - 0.07%. Simultaneously, a single sharp current
peak was observed with an additional peak for the sample at the
x = 0.04% composition, which may be ascribed to domain switching
observed at E = Ec. This is typical for normal ferroelectric materials
corresponding to a disturbance in the long-range ferroelectric ordering
[56]. For the samples with compositions x = 0, 0.1 and 3% P-E hys-
teresis loops were observed with low P, values and no sharp current
peaks were seen, which may be ascribed to the lack of a switching
processes. A broad P-E hysteresis loop and flat I-E platform with no
obvious current peak was observed for the specimens of compositions
x = 0.5 and 3%. This broad unsaturated hysteresis loop is indicative of
a high leakage current which may guide the synthesis process of these
ceramics.

P-E hysteresis loops with low P,, values and also broad flat current
peaks (as in the case of the x = 0.5, and 3% compositions) might be
related to the emergence of a diffuse phase transition around T¢ (see
also Fig. 5a). With an introduction of CeO, concentrations (x > 0.1%),
where domains in these compositions are frozen due to the finer grain
size, inferior ferroelectric properties are observed. P,, S and E. values
are summarized in Supplementary Table S3 for all samples. A maximum
P, value was observed for x = 0.07% as 16.32 pC/cm? with a corre-
sponding Ec value as low as 2.58 kV/cm. High P,, low Ec, low hysteresis
loss, and well saturated hysteresis curves may be, at least partially,
ascribed to the more homogeneous microstructure and grain sizes. The
low E¢ suggests a piezoelectrically “soft” material [9,57] which might
be evidence for the Ce>* acting as a donor dopant on the A site in the
perovskite structure.

The unipolar strain plots of unpoled BCZT ceramics with different
concentrations of CeO, and measured at room temperature and 1 kV/
mm are produced in Fig. 9. In a practical sense, most piezoelectric ac-
tuators are operated mainly under unipolar electric field conditions as
this mode of operation facilitates the use of proportional control sys-
tems [58]. The normalized strain (Syax/Emax) is calculated as the ratio
of maximum electric field induced unipolar strain to the maximum
electric field and is summarized in Supplementary Table S3. In the case
of pure BCZT (x = 0%) the S,.x/Emax was calculated to be about
481 pm/V whereas a much higher value of about 840 pm/V (compar-
able to the high-end values of soft PZT [8]) was observed for the
x = 0.07% composition. This might indicate that the contribution of
domain wall motion for this composition was a lot higher than that of
pure BCZT (x = 0%). The large ferroelectric hysteresis response re-
presents a large level of strain and can be aligned with the resultant
piezoelectric response, which is primarily derived from extrinsic effects.

4. Conclusions

BCZT-xCeO, ceramics have been successfully fabricated by a con-
ventional solid-state reaction route and a thorough systematic study has
been reported. A detailed microstructural and structural characterisa-
tion has been presented along with corresponding functional properties
including dielectric, ferroelectric and piezoelectric behaviour. With
addition of CeO,, significant effects have been observed with improved
piezoelectric coefficients and higher planar coupling coefficients at
reduced sintering temperatures. The influence of CeO, on the sintered
grain size has also been elucidated. The properties were found to be
optimised for the x = 0.07 wt.% composition sintered at 1350 °C, with
values of d33 = 507 = 20 pC/N, k, = 51.8%, &, = 4091 = 100, tan
8§ =0.02, Tc = 104.6°C, P, = 13.58 uC/cm?, E¢ = 2.13kV/cm, Spax/
Enax = 840pm/V and average grain size ~ 13 pum being measured.
Such property improvements at a low sintering temperature of 1350 °C/
4 h may potentially be useful for the device fabrication.
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1 | INTRODUCTION

Interest in graphite structures has grown continuously ever since its
first applications. This caused intensive research in the field, ranging
from more theoretical and mathematical approach to carbon (Cataldo,
Graovac, & Ori, 2011) through nanoscale applications (Popov, 2004)
to purely practical use in everyday life. One of the more unusual areas
of research focuses on pencil leads, an object known in its current
form since its development in 1794 by Nicolas-Jacques Conté. He
created a method of pencil lead manufacture, where graphite powder
is mixed with clays and then baked (Cain, Cantu, Brunelle, & Lyter,
1978; Voice, 1949). The ratio of graphite powder to clay determines
its blackness and toughness. From the point of view of today's science
pencil leads, an object so easily manufactured and in such high num-
bers, have interesting properties that beg to be exploited. From the
structural point of view, commonly used graphite of higher quality in
nanoscale applications like Highly oriented pyrolytic graphite and
highly annealed pyrolytic graphite are ordered in layers (Talu, 2015) in
contrast to the polymer-glued carbon flakes of the pencil lead

(Marchand et al., 1984). Because of the nature of its structure there

Pavel Tofel |

Vladimir Holcman

Modern day pencil lead is a material of many possibilities. Manufacture process is
fast, easy, and well established, yet the full potential of its use still remains to be
uncovered. Graphite content ratio to binding clays determines basic properties of the
lead like its toughness and color, but more interesting qualities like conductivity and
reactivity as well. Properly employed electrochemical etching with a bubble mem-
brane creates sharp and smooth graphite tips, which can be, given enough graphite
content, used as probes in several measurement techniques. Observing and adjusting

the tip creation process and the results for use in further research are the objectives

EDX, graphite, pencil lead, SEM

are also conductive graphite laminar crystallites distributed through
the pencil lead (Khairnar, Dharmadhikari, & Joag, 1989). The material
also carries hydrophobic properties on pencil-drawn surfaces due to
the presence of polymer clay and nano-texture created by lead mate-
rial deposition. Research has already been done on pencil-on-paper
approach for sensor design (Kurra & Kulkarni, 2013) and electrodes
for strain gauges and chemiresistors (Lin, Zhao, Kim, & Huang, 2014).
Some studies have also used either lightly altered or unaltered pencil
lead as components in batteries, resistors, transistors (Kurra &
Kulkarni, 2013), or even sources for field emission (Knapek, Sobola,
Tomanek, Pokorna, & Urbanek, 2017). In other example, break of a
pencil lead is a source for a test signal in acoustic emission systems
for sensor calibration and tuning (Quang-Khang, Minh-Dung,
Matsumoto, & Shimoyama, 2015).

This study focuses on the unexplored application of electrochemi-
cal etching on pencil lead in order to create a functional, cheap, and
easy to produce probes for local electrical measurements at nano-
scale. To achieve this, the composition of the pencil lead is studied
and the optimal parameters and conditions for the etching process are

developed.

196 | © 2019 Wiley Periodicals, Inc.
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2 | MATERIALS AND METHODS
The etching process on the electrodes was done in electrochemical
etching apparatus (Figure 1). One electrode holds the pencil lead, while
the other in the form of a circular aperture contains a bubble-like mem-
brane of the NaOH (PENTA production) solution. Electrochemical etch-
ing takes place at the contact of the membrane and a middle of a pencil
lead with the assistance of gravity (surrounding temperature was 23°C
and humidity 60%). The etching process was performed at a voltage of
12V of direct current for all the samples. Resulting etched samples
were evaluated by scanning electron microscopy (SEM) for topography
and energy-dispersive X-ray spectroscopy (EDX) for chemical composi-
tion, using Tescan LYRA3 SEM with EDX detector Oxford Instruments
X-Max 50. Parameters of the SEM scanning were set at voltage of
10 kV and Secondary electron detection mode, parameters of EDX
electron beam were set at voltage of 10 kV and spot size of 13 nm.

Samples used in the measurement were pencil leads of the KOH-I-
NOOR brand with hard and black hardness on the graphite grading scale,
which corresponds with composition of 68% graphite, 26% clay, and 5%
wax (Navrétil et al., 2016). Two sets of pencil lead for mechanical pencil
were tested, divided by diameter, specifically 0.3 and 0.7 mm. The sam-
ples were divided into three groups by the NaOH concentration. Group
1 was etched in a solution of 0.6 g NaOH in 10 ml of demi water, Group
2in 1 g of NaOH in 10 ml of demi water, and Group 3 in 1.5 g of NaOH
in 10 ml of demi water. All three groups contained both 0.3 and 0.7 mm
thick pencil leads. Groups 1 to 3 were exposed to the electrochemical
etching process for as long as was required for the pencil lead to erode in
the middle and for the bottom part to drop off, thus forming the tip. Use
of this type of bubble membrane provides very sharp and smooth tips in
an apparatus that is easy and inexpensive to set up.

Second type of measurement was performed only on 0.3 mm thick
pencil leads in 1 g NaOH in 10 ml demi water over 2, 3, and 7 min of

exposure, to observe the effect of etching time on the material.

3 | RESULTS AND DISCUSSION

The etching process in different concentrations of NaOH solution

resulted in different shapes of the tips. The highest concentration of

FIGURE 1 Detail of the
electrochemical etching device
membrane-lead contact (left) and
graphite pencil lead cross

section (right) [Color figure can be
viewed at wileyonlinelibrary.com]
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NaOH caused the tip of the 0.7 mm thick pencil lead to appear
deformed and rough (Figure 2), while the lowest concentration pro-
vided the smoothest overall shape. In this case the shape and topogra-
phy of sample from Group 3 (etched by highest concentration of
NaOH) is unsuitable for use as a probe of any kind, because a certain
level of smoothness and shape regularity is required. Results from the
thinner pencil lead samples however showed the reverse trend in
shapes. Etching in higher concentration yielded tips with smoother
surface (Figure 3), than in lower concentration of NaOH. This is in fact
in a direct dependence on the thickness of the pencil lead. In the pro-
cess of etching the material is dissolved into the etching membrane.
Higher thickness of pencil lead means that there is more to dissolve
before the bottom part of the lead drops off and a tip is formed. This
extra dissolved material will irregularly deposit itself back onto the
pencil lead, forming the topographical anomalies on an otherwise
sharp tip, as seen in Figure 2 on the right. Smaller thickness of pencil
lead means a higher chance that the etching membrane will not get
saturated by dissolved material and that the back-deposition process
will not occur.

Figure 4 shows progress of etching of a 0.3 mm thick pencil lead
in a 1 g NaOH in 10 ml demi water solution over time. The thinning
process does not follow a linear progression but slows down over the
course of etching. To achieve a full drop-off of the bottom part of the
lead, around 15 min was required. The timing is not exactly the same
every attempt based on many variables, including small inaccuracies in
solution concentration, current fluctuations, and others. Deviation of
time required to achieve a full drop-off/tip forming is approxi-
mately 1 min.

Because the goal was to create a sharp and smooth tip, the apex
of the tip needed to be examined on its own. Figures 5-7 show the
tips of samples 1 to 3 of the 0.3 mm thick pencil lead. Result of the
first sample (Figure 5) is very rough and uneven and the apex is not
solitary, making the tip unviable for use. The occurrence of two apices
is not guaranteed to happen at every attempt but given the roughness
of the tip and the overall progress of etching by small concentration
of NaOH the resulting tips are unlikely to be reliably suitable for use.
Two higher concentrations of etchant, samples 2 and 3, produce
smoother tips (Figures 6 and 7), both of which have a clear and sharp

apex and appear suitable for use. Choosing a specific concentration
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FIGURE 2 Etched tip of the 0.7 mm thick pencil lead, sample groups 1-3 from left to right, captured at working distance of 8.6 mm

FIGURE 3 Etched tip of the 0.3 mm thick pencil lead, sample groups 1-3 from left to right, captured at working distance of 9 mm

FIGURE 4 Etching progress over time, 2 min (left), 3 min (middle), and 7 min (right), captured at working distance of 11 mm
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FIGURE 5 Closeup of the 0.3 mm
thick pencil lead tip etched in 0.6 g
NaOH in 10 ml demi water in
microscale (left) and nanoscale (right),
captured at working distance of 9 mm

FIGURE 6 Closeup of the 0.3 mm
thick pencil lead tip etchedin 1 g
NaOH in 10 ml demi water in
microscale (left) and nanoscale (right),
captured at working distance of 9 mm

FIGURE 7 Closeup of the 0.3 mm
thick pencil lead tip etched in 1.5 g
NaOH in 10 ml demi water in
microscale (left) and nanoscale (right),
captured at working distance of 9 mm

would be determined by required tip smoothness, apex sharpness,
and even expected chemical composition of the sample (Figures 8 and
9). These requirements differ with intended use.

The EDX spectra of 0.3 mm thick pencil lead follows a steady pro-
gress over the different NaOH concentrations, as seen in Figure 8.

While the presence of carbon stays approximately the same, presence

119

of oxygen and natrium increases with etching agent concentration.

The thicker, 0.7 mm pencil leads behave quite differently though
(Figure 9). Presence of oxygen and natrium decreases with increasing
etchant concentration, a reverse phenomenon from the 0.3 mm thick
pencil lead. At the highest concentration there is a visible drop in the

presence of carbon, and a significant increase of oxygen and natrium
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FIGURE 8 Energy-dispersive X-ray spectroscopy (EDX) spectra

comparison of the 0.3 mm thick pencil lead in different NaOH
solution concentrations [Color figure can be viewed at
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FIGURE 9 Energy-dispersive X-ray spectroscopy (EDX) spectra

comparison of the 0.7 mm thick pencil lead in different NaOH
solution concentrations [Color figure can be viewed at
wileyonlinelibrary.com]

as well. This corresponds with the deposition of dissolved material
mixed with the etching agent at the surface of the tip, which is
responsible for the rough and uneven appearance of the tip, as seen
in Figure 2 and described at the start of this chapter. Trace presence
of silicon in the pencil lead composition can be attributed to clays
used to form the pencil lead itself.

The issue with deposition of etching agent and dissolved pencil
lead material back on the tip makes using the thicker pencil lead sub-
optimal in the presented method. This is the reason, why images of
etching progression (Figure 4) and tip closeups (Figures 5-7) are of

0.3 mm thick pencil lead only.

4 | CONCLUSION
Concentration of the etching agent directly affects the overall shape
of resulting tip and apex of the samples. The smallest concentration,

0.6 g NaOH in 10 ml of demi water does produces rough and uneven

tips unsuitable for most uses. Tips etched in 1 g of NaOH in 10 ml
demi water and those etched in 1.5 g NaOH in 10 ml demi water
reach high enough sharpness and smoothness for potential use, but
the specifics depend on the intended use, as every method requires
components of different properties. Higher concentrations of etching
agent leave greater deposits on the pencil leads, as demonstrated by
EDX, and must therefore be properly cleaned before potential use.
Under methodology specified here it is possible to achieve smooth
and sharp tips because of the bubble membrane electrochemical etch-
ing, but samples of greater diameter (in this case 0.7 mm thick pencil
lead) are unsuitable. The extra material that needs to be removed to
form a tip is dissolved into the etching membrane and is redeposited
onto the surface of the tip, thus reducing the final quality and usability

of the resulting sample.
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Abstract

Butterfly wings have complex structure lending it several interesting properties.
Coloration of the wing is one of the first things to encounter and the overall visual
effect is in fact influenced by several factors. Chemical pigments set the base color of
the wing, topographical structures on the wing scales cause color shift by interference
and their arrangement into diffraction grating causes iridescence. The thin film interfer-
ence can be attributed to microscopic ridges covering wing scales. Observation and
calculation of the color shift on wings of Euploea mulciber species using Fourier trans-
form of images obtained by atomic force microscopy is the focus of this article.

By using Fourier transform infrared spectroscopy it was established that both top
and bottom sides of the wing of Euploea mulciber have the same chemical composi-
tion, even though they have different color. This change of color can be attributed to
thin film interference, which was analyzed and calculated by using Fourier transform
of images acquired by atomic force microscopy.

KEYWORDS

1 | INTRODUCTION

Materials and structures of biological nature, created by evolution,
always fascinated scientists, who looked to them for inspiration, find-
ing behavior, structures and patterns, measuring them and adapting
them for use in their own inventions. With the shift of science toward
nanoscale, several biological materials have already found use, like
bacteria (Zhou, Fan, Zhang, Guo, & Ogawa, 2007), pollen (Fadiran &
Meredith, 2014), or even spider silk (Singh, Hede, & Sastry, 2007) and
others. Butterfly wings were a subject of many scientific theories
and papers, exploring the properties and effects of their shape, color,
and inevitably with the improvements in scientific tools, their structure
(Kronforst, 2015; Singer et al., 2016). Their unigue morphology, a peri-
odical arrangement of protein/chitin hybrids with varied shape,
arranged in overlapping roof tile pattern (Han, Su, Zhang, Chen, & Chen,
2009; Prum, Quinn, & Torres, 2006), has several functions. It enables
flight, provides them with several interesting properties like self-cleaning,
fluorescence, and superhydrophobicity (Liu & Jiang, 2011), and at the

AFM, butterfly wing, Fourier transform, FTIR

same time bestows them with colorful patterns. These assist in
controlling temperature, attracting potential mates, or camouflaging
against predators. Natural coloration might be caused by chemical
properties—combination, ratio and thickness of chemical pigments, or
by physical structure and topography, showing a dependence of the
color on the observation angle (Mika, Matéjkova-Plskova, Jiwajinda,
Dechkrong, & Shiojiri, 2012; Niu et al., 2015).

Numerical methods applied to the propagation of light wave in
dependence on structure provided the opening into optical structural
analysis of biological nanostructures (Alieva & Agullo-Lopez, 1996).
Studies of butterfly wings themselves were performed with the focus
on the geometrical structure measured by atomic force microscopy
with further data analysis (Garczyk, Stach, Talu, Sobola, & Wrdbel,
2017) and by applying mathematical formulae of fractal analysis to
the structure (Sobola, Talu, Sadovsky, Papez, & Grmela, 2017; Talu,
2015; Talu, Morozov, Sobola, & Skarvada, 2018). Very interesting
approach to topology analysis was also done on moiré from scanning

electron microscopy (Kishimoto, Wang, Xie, & Zhao, 2007).

Microsc Res Tech. 2019;1-7.
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The purpose of this article is to subject the same samples of
butterfly wings of the Euploea mulciber species to several measure-
ment methods using different principles and use acquired results to
examine the properties determining changes in color of the wing.

2 | MATERIALS AND METHODS

Samples for the measurement were prepared from wings of E. mulciber
(striped blue crow), main focus being on microscopic scales covering
them. This species was chosen for the properties of its wings’ surface
topography, and the specific patterns on wing scales.

The first measurement was performed using an optical micro-
scope capable of 2D and 3D measurement. Same locations on the
sample were viewed under two different angles, under which the
eye is able to perceive brown (base) and blue (changed) color.
Topographical structure was observed from optical point of view
and the influence of sample topography and incident angle on
resulting image was evaluated.

Atomic force microscopy (AFM) in semi-contact mode with phase
imaging was used to acquire data as the second method of measure-
ment. When vibration is introduced to the cantilever, first proposed
by Binning, Quate, and Gerber (1986), effect of force gradients influ-
ences its frequency shift (Martin, Williams, & Wickramasinghe, 1987;
Meyer & Amer, 1998) and gives the option of noncontact scanning
measurement. When the vibrating tip touches the sample, it is
affected by adhesive, repulsive, and even capillary forces to some
extent (Korayem, Kavousi, & Ebrahimi, 2011). The sample-tip interac-
tion results then in change of both frequency and phase shift as well.
For example, inhomogeneity of the sample results in inhomogeneous
phase shift change (hence the name, phase imaging mode). Resolu-
tion is affected mainly by material of the cantilever used for mea-
surement and size of the tip and the speed of scanning (Sobola, Talu,
Solaymani, & Grmela, 2017). In the case of this article, cantilever was
of the Silicon Cantilevers NSGO1 type and the tip curvature radius
was 10 nm.

Fourier transform infrared spectroscopy (FTIR) was used to
acquire data about chemical composition of the samples and
mainly to compare the top with the bottom side of the wing, to
ensure that the changes in color are only caused by topography
and not by pigments or other components of different chemical
nature for each of the sides. Excitation of molecules from ground
to excited state by illumination (near infrared in this case) is con-
nected with change in vibrational and rotational energy of bonds in
the molecule (Berthomieu & Hienerwadel, 2009). Since each bond
absorbs different wavelength of light, spectrogram of absorbed
light provides a unique fingerprint for specific molecule, thus all-
owing for an effective chemical identification. Measurement
described in this article was performed in reflection mode to ana-
lyze only one side with each measurement (since transmission
mode would inevitably be affected by the structure of the other

side as well) with resolution 1 cm~! and in pressure > 1 hPa.
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3 | RESULTS AND DISCUSSION

The wing samples were subjected to two sets of optical measure-
ments, each set done under different illumination angle to observe
the effect it had on wing color perceived by human eye. Roof-tile
pattern organization is apparent on both top and bottom side of the
wing (Figure 1). While this affects the overall colorful patterns and
other properties of the wing, the change in the color itself occurs
much deeper into the scale structure. More thorough analysis of the
individual scale structure requires magnifications not achievable by
means of optical microscopy, and therefore further exploration of
structural properties was done by AFM. FTIR analysis was performed
beforehand to determine chemical composition of both top and
bottom sides of the wing. Same (or highly similar) chemical composi-
tion would mean that the changes in color are caused by structure,
rather than pigment difference, and therefore making AFM measure-
ment viable, even though it is a nonoptical method describing an optical
phenomenon. Figure 2 shows the topography of top and bottom scales
taken by AFM, ridges and grooves that participate in colorization of the
wing. Ridges on the individual scales participate in the thin-film interfer-
ence, boosting a specific range of wavelengths and changing the
base color of the wing, while simultaneously functioning as a diffraction
grating (Giraldo & Stavenga, 2016), creating iridescence.

FTIR of the measured sample returned chemical composition
spectra (Figure 3). It needs to be pointed out that spectra for both
top and bottom part of the wing appear virtually identical, even their
magnitude. The peak at 3,286 cm™? represents stretching vibrations
of N-H bond and hydrogen bonded O-H stretch 2,918 cm™! and
2,850 cm™! peaks correspond with -CH, and -CHj, respectively.
Peak at 1,652 cm™? belongs to C=0 stretch of an amide band. N-H
bending of secondary amide produced the peak at 1,543 cm™1. Band
appearing at 1,076 cm™! corresponds with stretching of the C-O
bond of a secondary OH group (Mekahlia & Bouzid, 2009).

Several chemical pigments are commonly found in insects, some
of them even in lepidoptera (Bankar, Dar, & Pandit, 2018; Shamim,
Ranjan, Pandey, & Ramani, 2014). They share some of the bonds iden-
tified by FTIR peaks with the polysaccharides and proteins of the wing
itself (i.e., chitin), and they could be attributed with the presence of a
number of smaller peaks in the FTIR spectrum. Difference in pres-
ence of these pigments should be visible on FTIR analysis though.
While quantitative analysis was not used, relative sizes of the peaks
and their position from both top and bottom part of the wing are so
similar that it can be said that there is no difference in chemical com-
position of either side of the wing. Therefore, the difference in
colors observed is caused entirely by different structure, and not by
chemical differences or presence of different pigments. With this
information the structural properties were explored in detail by AFM
and SEM, focusing purely on the effect of the topography on the
incident (and reflected) light.

As can be seen in Figures 4 and 5, the ridges form a quasiperiodic
structure. Light incident on this structure is subject to film interfer-

ence, passing from the surrounding medium (air) into the ridge on a
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FIGURE 1 Scales on wings forming a roof-tile pattern, top (left) and bottom (right) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Deep AFM scale detail taken from top (left) and bottom (right) of the wing. AFM, atomic force microscopy [Color figure can be
viewed at wileyonlinelibrary.com]
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um

FIGURE 4 3D AFM representation of wing topography taken
from the top scale. AFM, atomic force microscopy [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 5 3D AFM representation of wing topography taken
from the bottom scale. AFM, atomic force microscopy [Color figure
can be viewed at wileyonlinelibrary.com]

scale with higher refractive index, causing phase shift, and the subse-
quent reflection off the back side of the ridge, allowing for the interfer-
ence to occur. If the interference is constructive, it can boost a specific
wavelength. In the case of the upper side of the wing, the boosted
wavelengths belong to the band of the color blue. To ensure that the
emergence of blue color on the top of the wing and no color change on
the bottom is caused in this way, an equation derived from Fresnel
equation for phase shift at interface (Hecht, 2001) needs to be solved:

A
2nd = Z
nd m/1+2

d=(2m+1) (1)

4n
o 4dn
2m+1’

where n is the refractive index of the medium (nehitin = 1.57 for
A = 420 nm) (Leertouwer, Wilts, & Stavenga, 2011), m is a positive
integer, 1 is wavelength of the interfering wave, and d is the thickness

of the ridge.
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FIGURE 6 Cross-section of a scale from top of the wing, acquired
by AFM. AFM, atomic force microscopy
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FIGURE 7 0,0 shifted Fourier 2D spectrum of the top scale
[Color figure can be viewed at wileyonlinelibrary.com]

Because the blue color on the top of the wing corresponds to
wavelength about 420 nm, it is possible to apply it to Equation (1) to
find out the thickness of the ridge. This calculation yielded the thick-
ness at d = 0.602 um. This number corresponds to measured width of
the upper parts of the ridge by diagnostical tools of Gwyddion soft-
ware used for AFM image processing. Therefore, result could be
assumed to be reasonably correct due to the scale topography, since
the light participating in the constructive interference could only be
incident at the upper portion of the ridge, as shown by the cross-
section of scale topography (Figure 6). As the structure is not strictly
periodical (since it is of organic origin) and precise measuring of each
ridge on its own by AFM image processing tools would be impractical,
if not downright impossible, a better way to find the mean width of
the effective parts of the ridge needed to be found.

Images acquired from AFM were subjected to 2D Fourier trans-
form to define the periodicity of the ridges and grooves of the scale

(Figures 7 and 8). Cross sections of Fourier spectra from both top and
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FIGURE 8 0,0 shifted Fourier 2D
spectrum of the bottom scale [Color
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 9 Cross-section of Fourier spectrum of the top scale
with Lorentzian fitting for each important peak, horizontal axis [Color
figure can be viewed at wileyonlinelibrary.com]

bottom side of the wing were taken along the x and y axes in the
middle of the 0,0 shifted spectrum, and the peaks were fitted with
Lorentzian function to mitigate any deviations caused by sampling
spatial frequency. Lorentzian allows for the best fitting of symmetric
functions with the emphasis on peak location (Hollas, 2004).

Top scale returned dominant periodicity in one direction—horizontal
only (Figure 9), across the ridges.

Fourier transform provided the length of one spatial period at
1.2056 pm, which corresponds with mean distance between the same
points of two ridges. Taking into consideration that in order for light to
participate, it has to hit the upper part of the ridge, and the width of the
ridge increases closer to the base, the result gained from Equation (1)
corresponds with the one gained from analysis of Fourier transform and

the adjustment for varying size depending on the position on the ridge.
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FIGURE 10 Cross-section of Fourier spectrum of the top scale
with Lorentzian fitting for each important peak, vertical axis [Color
figure can be viewed at wileyonlinelibrary.com]

Vertical direction shows no detectable periodicity (Figure 10). While
there are secondary ridges set in the valleys between the primary ones,
the valleys are far too thin and deep to allow AFM probe to display them
properly, and they receive only a small amount of light because of it,
making their contribution to color change negligible.

This is, however, the result for the top side of the wing, where the
change in color is easily visible. Because the bottom side of the wing
has very similar structures (Figure 2), it was subjected to the same
analysis using Fourier transform.

Resulting periodicity in horizontal direction (Figure 11) provided
the mean distance between ridge centers at 2.1254 pm. Because
there is larger space between them, than in the top side scales, light
can hit lower portions of the ridge and therefore the adjustment for
position will not be as great as with the top side scale. Fortunately,

the ridge does not increase as quickly toward its base, and therefore
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FIGURE 11 Cross-section of Fourier spectrum of the bottom
scale with Lorentzian fitting for each important peak, horizontal axis
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 12 Cross-section of Fourier spectrum of the bottom
scale with Lorentzian fitting for each important peak, vertical axis
[Color figure can be viewed at wileyonlinelibrary.com]

the simpler option of the whole ridge reachable by light being uniform
in size can be considered. Equation (1) provided resulting wavelength
of constructive interference of light beyond the end of visible spec-
trum on the red side, which would explain why there is no visible color
shift. Also, since the resulting wavelength is into the direction of infra-
red, it supports the theory of butterflies using their wings for temper-
ature management. Scales on both top and bottom sides of the wing
have not only the vertical (primary) ridges, which are being taken into
consideration, but also horizontal (secondary) ones (Figure 2), set
deeper into the structure into the valley. On top side these horizontal
ridges are much more difficult for light to access, let alone to influence
reflected light in easily measurable way. The bottom side scales have
greater distances between vertical ridges, making it more possible for
light to interact with them the same way it does with the vertical
ones. Interval of periodicity gained by Fourier transform analysis
(Figure 12) was 1.0378 pm. When the considerations for size and
location are applied, resulting thickness of these secondary ridges is
about 0.4 um, which would yield wavelength beyond violet, and there-

fore again outside of visible spectrum. The fact that these secondary

127

formations receive far less illumination, than the primary ones, although
still more than the secondary ridges on the top side of the wing, also

plays an important part.

4 | CONCLUSION

Coloration of butterfly wings is caused by pigmentation and structural
properties. Scales on the top side of the wing have a different color,
than the ones on the bottom side, while having the same chemical
composition. This color change is caused by structural properties of
the scale, mainly the ridges and grooves. Light incident on the scale is
subject to thin film interference, which causes color of reflected light
to change. This color change depends on thickness of the ridges,
which are arranged in semi-periodic structure in both horizontal and
vertical direction. By using Fourier transform on AFM images gained
from the scales it is possible to determine the overall mean periodicity
interval of these semi-periodic structures in horizontal and vertical
direction. The periodicity interval can then be used to determine mean
thickness of the ridges and therefore to calculate wavelengths
boosted by the interference. Results of these calculations correspond
with visual observations of the color patterns and confirm the utility

of butterfly wings for light interactions outside of visual range.
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Detektor a lokalizator feromagnetickych inkluzi v kontinudlné prochazejicim mediu

Oblast techniky

Vynalez se tyka detektoru a lokalizatoru feromagnetickych inkluzi v kontinualné prochdzejicim
mediu, zahrnujici primarni budici civku, skrz kterou medium prochazi a dale zahrnuje alesponi
dvé snimaci civky.

Dosavadni stav techniky

Systém liniové detekce kovovych ¢i nekovovych ¢astic je zndmy a vyuziva elektromagnetickych
poli k detekci ¢astic v prostoru (v jedné linii). V ramci téchto systému je dulezité uvazovat
citlivost a velikost detekéni oblasti. Pro systémy umoziujici lokalizaci je nutné definovat navic
maximalni detek¢éni vzdalenost a ptesnost lokalizace. Tyto parametry jsou Uzce svdzany a nelze
je posuzovat nezavisle. Pienosné lokatory a systémy pro lokalizaci kovovych piedméti,
spadajicich do jiné aplika¢ni oblasti, jsou zaloZzeny na posuvu detekéni soustavy do mista s
charakteristickou odezvou systému. Diky vlastnim rozmérim, detek¢nim parametrim a nutnosti
pohybu v detekénim prostoru nejsou vhodné ke kontinualni detekci napf. na pasovych
dopravnicich.

Z evropského patentu EP 2 433 159 je zndm systém na lokalizaci kovovych objektl, zejména
detektor kovii provozovany v Pl-médu, s nékolika vysilacimi civkami a nejméné jednou piijimaci
civkou, které jsou spolu spojené indukéné a pro potlaceni vzajemného plsobeni jsou uspofadané
tak, Ze se Castecné piekryvaji, pfiCemz je dosazitelny bod optimdlniho vyruSeni vzdjemného
pusobeni. Systém dale zahrnuje snimacovou elektroniku pro proudové napajeni vysilacich civek
a pro vyhodnoceni piijimaného signalu piijimaci civky. Vysilaci civky alesponn castecné
ptekryvaji nejméné jednu pfijimaci civku. Vysilaci civky pii stejném proudovém napdjeni ptisobi
na tuto nejméné jednu pfijimaci civku, pficemz vznika lokalni bod optimalniho vyruseni. Pii
proudovém napajeni prvni vysilaci civky se bod optimalniho vyruseni pohybuje do prvniho
sméru, zatimco pfi proudovém napdjeni dal§i vysilaci civky se bod optimalniho vyruseni
pohybuje do druhého sméru. Regulacni zapojeni pro regulaci proudd k ¢astem vysilaci civky
vede k pohybu lokalniho bodu optimalniho vyruseni, které zptisobi vyruseni piijimaciho signalu.

Detektory kovu pro vyrobni linky se vétSinou sestavaji z minimaln€ jedné budici a nejméné jedné
primarni snimaci a nejméné jedné sekundarni snimaci civky. Snimaci civky jsou vinuty opacnym
smérem, a tudiz se jejich ptispévek nuluje, pokud se uvniti detekéni oblasti nenachazi kovova
Castice. Naptiklad z evropského patentu EP 2 629 121 je znam detektor kovu, zahrnujici kovovy
uzavieny prostor se vstupnim otvorem a vystupnim otvorem, jehoz plochy pti¢ného priiezu se
lisi od sebe navzajem co do velikosti. Dale zahrnuje uvniti uzavieného prostoru civkovy systém
hrani¢ici s detek¢ni zénou, ktera se rozprostira mezi vstupnim otvorem a vystupnim otvorem a
skrz kterou se mohou kontrolované pfedméty pohybovat podél trasy pohybu tak, ze vstupuji do
detektoru kovu skrz vstupni otvor a opoustéji detektor kovu skrz vystupni otvor. Detekéni zona
ma profil pti¢éného prifezu, ktery se méni podél trasy pohybu. Systém civek zahrnuje nejméné
jednu vysilaci civku a nejméné jednu prvni a nejméné jednu druhou pfijimaci civku. Civky se
vzajemné 1isi co do velikosti, pficemz nejméné jedna vysilaci civka, kdyZ je napédjena energii
stitidavym elektrickym proudem, generuje primarni elektromagnetické pole, které zase indukuje
prvni napéti v nejméné jedné prvni piijimaci civce a druhé napéti v nejmén€ jedné druhé
pfijimaci civce. Nejméné jedna prvni pfijimaci civka a nejméné jedna druha pfijimaci civka jsou
umistény relativné k nejméné jedné vysilaci civce v nestejné vzdalenosti, takze prvni napéti a
druhé napéti se navzajem rusi, pokud neni ptitomen kov v kontrolovanych predmeétech.

Pasovy dopravnik prostupuje t€émito civkami, takze takovéto usporadani neni vhodné pro ucely

lokalizace. K omezeni vlivu okolnich kovovych pfedmétt a ruseni se celé zatfizeni umist'uje do
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kovové stinici komory. V jinych uspotfadanich se vyuziva vazany rezonan¢ni obvod tvofeni
budici a snimaci civkou, avSak ani tato uspotradani nejsou pro ucely lokalizace vhodna (viz napf.
US 8841903 B2).

Podstata vynalezu

Nevyhody stavu techniky odstranuje detektor a lokalizator feromagnetickych inkluzi v
kontinualné prochéazejicim mediu, zahrnujici priméarni budici civku, skrz kterou medium prochézi
a dale zahrnujici alesponi dvé snimaci civky, podle vynélezu, jehoz podstata spociva v tom, ze
snimaci civky jsou uspotradany v rovin¢€ kolmé k rovin€ primarni budici civky. VSechny snimaci
civky jsou vinuty v libovolném smyslu. V roviné snimacich civek je uspordddna alespoii jedna
sekundarni budici civka.

Detektor a lokalizator feromagnetickych inkluzi podle vynalezu je schopen odhalit
feromagnetické inkluze v kontinudln€ prochazejicim mediu z magneticky transparentnich
materialt daleko ptesnéji nez znama zatizeni.

Podle vyhodného provedeni mohou byt dal$i snimaci civky uspofddany po celém obvodu
primarni budici civky.

Detektor podle vyndlezu mize byt pfipojen na jakékoliv zndmé vyhodnocovaci zapojeni. Podle
vyhodného provedeni jsou snimaci civky ptes prvni zesilovace, pasmové propusti a obvody
signalového zpracovani piipojeny k fidici jednotce. Ridici jednotka je dale ptes prvni generator
harmonického pritbéhu a druhy zesilovaé pfipojena k primarni budici civce. Ridici jednotka je té2
ptes druhy generator harmonického pritbéhu a zesilovac nf signalu ptipojena k sekundarni budici
civce.

Objasnéni vykresa

Na obr. 1 je zobrazen pohled na usporadéani civek detektoru a lokalizatoru podle vynalezu. Na
obr. 2 je blokové schéma detektoru a lokalizatoru podle vynalezu.

Priklady uskuteénéni vynalezu

Priklad provedeni detektoru a lokalizatoru feromagnetickych inkluzi v kontinualn¢ prochazejicim
mediu M podle obr. 1 a 2 zahrnuje primarni budici civku A, skrz kterou medium M prochazi a
dale zahrnuje nekolik snimacich civek Bi az By, které jsou uspofadany v roving kolmé k roving
primarni budici civky A. VSechny snimaci civky Bi, Bn jsou vinuty v libovolném smyslu.
Schopnost lokalizace feromagnetickych inkluzi v kontinualné prochéazejicim mediu M je imérna
poctu snimacich civek Bi, Bn. Snimaci civky By, Bn. mohou byt mechanicky nebo jinymi zpisoby
nastaveny tak, aby byl signal na jejich vystupu minimalizovan.

V roviné snimacich civek B; az By je uspotfddana alespon jedna sekundarni budici civka C, ktera
slouzi k vytvotreni zaznéje, ale také ke kalibraci. Zpracovanim vystupnich amplitudové-fazovych
signalti jednotlivych civek Bi: az Bn lze ziskat informaci o pfitomnosti (detekce) a pozici
(lokalizace) feromagnetické Castice/Castic.

Podle neznazornéného provedeni mohou byt dalsi snimaci civky By uspotfadany po celém obvodu
primarni budici civky A.

Primarni budici civka A je vicefadé/sloupcové vinuti realizované valcovym nebo pasovym

vodic¢em schopnym pienést hodnoty elektrického proudu v fadech jednotek az desitek ampér.
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Snimaci civky B; aZ By jsou snimaci elementy, které jsou pohyblivé ve sméru kolmém k primarni
budici civce A a jsou realizované geometricky pravidelnou skladbou véalcovych nebo pasovych
vodici.

Sekundarni budici civka C je geometricky pravidelnou skladbou valcovych nebo pasovych
vodicu.

Snimaci civky B az By jsou pies prvni zesilovace 41 az 4y, pasmové propusti 51 az 5, a obvody 61
az By signalového zpracovani pfipojeny k fidici, vyhodnocovaci a zobrazovaci jednotce 1, dale
oznacované zkraceng jako fidici jednotka 1.

Ridici jednotku 1 tvoii uZivatelské rozhrani s vypocetni jednotkou, kterou mize byt poéitac,
mikrokontrolér, signalovy procesor s displejem a ovladacimi prvky, pfipadné¢ dotykovym
displejem. Uzivatelské rozhrani také poskytuje bézna komunikaéni rozhrani pouzivana u
osobnich pocitacii a primyslovych systém.

Prvni zesilovace 41 az 4, jsou pristrojové, nebo diferencialni, pfipadné signalové piedzesilovace,
kdy podminkou je precizni nizkoSumové provedeni s nizkym zkreslenim a na pracovnim
kmitoctu ladénym vstupnim obvodem.

Kazdou pasmovou propust 5; az 5, mlize tvofit soustava pasmovych propusti, ktera miize byt
pasivnim i aktivnim filtrem napf. typu ,,Sallen Key*, nebo rezonan¢ni obvod/soustava vazanych
rezonancnich obvodi. Podminkou je precizni nizkoSumové provedeni a monoténni fazova
charakteristika v propustné oblasti.

Obvody 61 az 6, signalového zpracovani mohou byt v analogové nebo digitalni varianté. Muze jit
o kombinaci softwarové nebo hardwarové fesenych obvodl realizujicich: napétové reference,
obvoda pro ptfechod do spektralni komplexni oblasti, zesilovacti odchylky, vytezovych filtrii
spektralnich slozek, obvodli analogové-digitalni konverze a obvodi digitadlniho signalového
zpracovani DSPa vypocetni jednotky PLC, hradlového pole, mikrokontroléru.

Daéle je tidici jednotka 1 ptes prvni generator 2 harmonického pribéhu a druhy zesilovac 3
ptipojena k primarni budici civce A.

Prvni generator 2 harmonického pribehu je oscilator generujici harmonicky signal, kterym muize
byt generator produkujici harmonicky signal ptfipadné kmitoctova syntéza s dobrou spektralni
distotou, stiednédobou kmitoctovou stabilitou a dobrou fazovou stabilitou.

Druhy zesilova¢ 3 je vykonovy zesilovac s nizkym zkreslenim a schopnosti pracovat do
nizkoimpedanéni zatéze, nebo audiozesilovaé, ptipadné zesilovac s proudovym vystupem.

Ridici jednotka 1 je téZ pres druhy generator 7 harmonického priibéhu a zesilovaé 8 nf signalu
pripojena k sekundarni budici civce C.

Druhy generator 7 harmonického pribéhu mtize zahrnovat zlomkovou kmitoctovou syntézu
odvozenou od prvniho generatoru 2 harmonického pribéhu, nebo to mulze byt generator
produkujici harmonicky signal piipadné kmitoctova syntéza s dobrou spektralni Cistotou,
sttednédobou kmitoctovou stabilitou a dobrou fazovou stabilitou.

Zesilova¢ 8 nf signalu zahrnuje obvody vykonného zesilovace nf signalu napiiklad diskrétni

zapojeni v ,pracovni tfidé A“, monoliticky audiozesilovaé, proudové posilené zapojeni s
operacnimi zesilovaci, schopné proudového buzeni sekundarni budici civky C.
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Detektor a lokalizator feromagnetickych inkluzi podle vynalezu vyuziva principu snimani
deformaci stfidavého budiciho magnetického pole, zpusobenych feromagnetickym pifedmétem
uvnitf detektoru a pfevodu na fazoveé-amplitudovy signal lokalizujici feromagnetickou inkluze.

Primarni budici civka A vymezuje rozmér detekéni-lokaliza¢ni oblasti ve dvou smérech, pticemz
primarni budici civkou A kontinualné prochazi lokalizované medium M (viz obr. 1).

Ridici jednotka 1 nastavi na vystupu presného a frekvenéné Cistého prvniho generitoru 2
harmonického prubehu pracovni frekvenci a povoli jeho vystup. Harmonicky signdl je dale
zesilen druhym zesilova¢em 3 a veden do budici civky A. Odezva snimacich civek B az B, je
zesilena prvnimi zesilovaci 4 az 4, a filtrovana strmymi pasmovymi propustmi 5; aZ 5p.

Filtrované signaly jsou individualné zpracovany a simultanné vzorkovany obvody 61 aZz 6
signalového zpracovani. Vystupy téchto obvodl 6;1 az 6, signalového zpracovani jsou vedeny
fidici jednotky 1, kterd signaly vyhodnoti a nad detekovanymi signaly provede lokalizaci
Castice/Castic. Vysledek a komunikace s uzivatelem, pfipadné vazba s nadfazenym systémem se
také de¢je skrze fidici jednotku 1, ktery obsahuje i vstupné vystupni rozhrani a zobrazovaci
jednotkou.

Kalibrace systému mize byt jednorazova, nebo pribézna. Pti jednorazové kalibraci nastavi fidici
jednotka 1 frekvenci ptesného a frekvencné Cistého druhého generatoru 7 harmonického pribéhu
na frekvenci lehce odlisnou od pracovni frekvence a povoli vystup druhého generatoru 7.
Harmonicky signdl je dale zesilen zesilovacem 8 nf signalu a veden do sekundarni budici civky
C. Magnetickou vazbou jsou nasledné ovlivnény snimaci civky Bi az Bn coz je vyuzito pro
kalibraci v obvodech 6; az 6, signalového zpracovani.

V ptipadé potfeby mize byt pouzita prubézna kalibrace, to znamena, ze je signal sekundarni
budici civky C pritomen po celou dobu meéfeni, aniz by zhorsil citlivost ¢i jiné parametry
detektoru, naopak zaru¢i adaptivitu systému na okolni podminky.

PATENTOVE NAROKY

1. Detektor a lokalizator feromagnetickych inkluzi v kontinualn¢ prochézejicim mediu (M), zahrnujici
primarni budici civku (A), skrz kterou prochazi medium (M), a dale zahrnujici alespont dvé snimaci civky
(B1 az Bnp), vyznadujici se tim, ze snimaci civky (B1 az Bn) jsou uspofadany v roviné kolmé k roviné
primarni budici civky (A) a vSechny snimaci civky (B1 az Bp) jsou vinuty v libovolném smyslu, pficemz v
roving snimacich civek (B1 aZ By) je uspotadana alespon jedna sekundarni budici civka (C).

2. Detektor podle naroku 1, vyznacujici se tim, Ze dalsi snimaci civky (Bn) jsou uspotfadany po celém
obvodu primarni budici civky (A).

3. Detektor podle naroku 1 nebo 2, vyznacujici se tim, ze snimaci civky (B1 az Bn) jsou pfes prvni
zesilovace (41 az 4), pasmové propusti (51 az 5n) a obvody (61 az 6n) signalového zpracovani pfipojeny k
fidici jednotce (1) a fidici jednotka (1) je pfes prvni generator (2) harmonického pribéhu a druhy zesilovaé
(3) ptipojena k primarni budici civce (A) a fidici jednotka (1) je téz pfes druhy generator (7) harmonického
prubéchu a zesilovac (8) nf signalu pfipojena k sekundarni budici civce (C).

2 vykresy
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Seznam vztahovych znacek:

A
B]_ ai Bn

W R ZO

41 ai 4n
51 ai 5n
61 ai 6n

budici civka

snimaci civky

sekundarni budici civka

medium

fidici jednotka

prvni generator harmonického pribéhu
druhy zesilovac

prvni zesilovace

pasmové propusti

obvody signalového zpracovani

druhy generator harmonického prib&hu
zesilova¢ nf signalu
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Obr. 1
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