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Abstract

Ferroelectric materials have the ability to c
and vice versa, whi ch makes, t hetwmavti adréed y asicm®ic
transducers. While their el ectrical and el ec
mechanical pr opse rnoidddd ubsh & e h B)o drnegmsasi 1 known t o
extent. Accurate knowl edgandf daenteermhminn atail onpr of
pl astic parameters significantly contribute 1t
mechani cal behavior of these materials.

In the doctoral thesis, we studied the el ast
ferroelectrics and analyzed structural change:
l evel The mechanical pirepranoiesdeortr @t iden eir mi
el ectron microscope, which al | oeweida|d s(neaogntsar g e
domain walls (DWs)). Additionally, atomic for
el astic properties. The results of m@mephanica
studies of the structural atnide mnatresitalustwsiah
mi croscopy.

I'n the first part of this thesis, we | nves:t
properties of el ectr omedNbaePcPb TiyOha c ki vfei | ns
prepared by the aerosol deposition method b
demonsthatedddi ti onal heating triggers grain
the mechanical pr opkeand es nabfryela®Beo mMp amed 1 oef i
t hat were not additionally heated. The micro
greater dispersion of the indentatinomveuwrtses

I n the second prHhanid, weasxwamidreend at nanpiad we
the plastic deformation behalvn otrheff oprocley crrayrsg
20N and PMamBdecreasé&o mynd»w3Brespectively, wi t
force. The sedeéonceadfopl wathi dfecivresxll epla g dlryoaiigs
i n combinati on wi t h a vari ety , of aretliencgt r no
homogeneous di sl ocatibactniuvwcdteiadn palfl0 Gthdrl@iupg b 1 0}
system, foll owed by dislocatiaonawmefii amdamodt m
|l eading to dislocation accumulation and grain

In the final part, we used AFM techniques to

r
d
[

n

nd -hd®md° DWoNa)sNxK3 i ngl e direy sa vadrnaegds uw aed

130 ®Ra. domains exhibited elastic anisotropy.
esponse was observed compared t the surroun
i fference walst niost konboswenr viendat t h measur ement
ntrinsic elastic properties of the DWs and e
eighboring domains and the interaction of th

0]
e
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Povzetek

Feroel ektridhe mdtiekuje sposobnost pretvorbe

obratno, zar adi cesar s e pogosto wuporabljajc
pretvorniki. Njihove =elektricne in elektrome
medt em Kkhoanssok emel astnosti, KEpti sty fopmgbeg|] mmdr
poznane. Natanc¢no poznavanje mehanskih | astno

parametrov pa bi stveno prispeva k ucinkovit
mehanskegpaobehsmat eri al ov.

Vv okviru doktorske di sertaciije s mo preuce
perovskitnih oksidnih feroelektrdpkovmedheansanal
obremenitvi, Vse do at omskega ni voiji#a.itMehan

nanoindentacijo v vrstic¢nem elektronskem mik
merjenje specificnih podrocCi| v materialu (np
smo za merjenje elastic¢nih |l astnost{ ABWMprabil
Rezultate mehanskih analiz smo dopolnili s pr
znacilnosti materialov z uporabo elektronske

V. prvem delu di sertacijenes mon rnaezhiasnksaklei |nais
pol i kristahi mil @IsRtth(,Nide/h SOIPb Ti Pri pravljenih z |
nanasanja plasti v cur ku segroeswmwdragu pkwe,d Kear ps
veli kokrat wuporablja za izboljsevanje elektro
dodatnemngeaegrreasst ej o, prihaja do prerazporedi
l astnost Hi k)] azYisata.za ~16 % . Mikrostrukturt
v vecCji razprsitvi indentacijskih krivulj in \
nagl o poskoci pri kom$tantni sil.i (angl . pop

V drugem debutsgmoanmoiimdehi &diejro riazmesrkiall ii pl
obnasanje polikrdstZalvigiad©negna si BeFeoe®r BNneni t ve
do 2 mNH=zm=marjesal Epaa ~z3a7 V¥Bo mb.i naci j i z razlidéni
el ektronske mi kroskopije s mo pokazal. zapor e
homogene nukl eacije dislokagcgllo>z &Kkt imuadgiej os|se
premi Bas] ekacij Zemjmrji kavoj mnaoa Keomjcau dpirsilvoekdd c

in nastanka podzrn.

V zadnjem delu doktorske deAkEMtacli pé&i Isimoelza
|l astnosti -1806MemMSi molpi®Ka ). SO Povprecnkj @ zmer |
~130 DPmene so elastino anizotropne, epr. 90°
odzivu v primerjavi z okoli ski mi domenami, m €
Znano je, da na Irievzajl d attak aneirn ttreivn avipP Bkeote |l ast i
zunanji degaapnii ki sols@etdnj i h domen ter interak
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Chapter 1

Int roduction

The chapter I ntroduction provides a |iteratur
this thesis. Fifrdrhley wotrlke amo thiamat i enpresented
wi Bh overtvhieewdafment al s sofanfde megdtame tcidfihies a

part focuses on |l ocalwmechaai € as umearsutehdemeynt &>
l'iterature.

1.1 Motivation

Perovskite oxide ferroelectric materials are
role in our modTehren dwaeyl eocft alnidf,d @r reeaeoled etcrtird cpr
possess make them the bases of S ,eannsdo r esn e ragcyt u
harvesti h@Medcehva nciecsal properties represent a cr
of ferroelectric materials, maoehnbeéssésastt oektahn
their functif[o2nal properties

terms of mechanical opteme dteishersi prdifder asm!| e c
erature conditions, with a fraétfwrlg tfoAugh
des r ibmtsieawpani sons with metals whose fra
r al hundifdthe oder MBHbBnmet hi s c ade oigsl lays etdh et o
rmati on oniatfegtimaded g¢ltt drnesd ioactaetd opl ast i ci ty
cted by mamyhpasameathgms atua@pheiede of t he
sting sampbeveralbavdsdkii ttidssn rexdd dfidgmati on, nat
Ti[D] K8§d@dnd ferroelze8] rFiuct KEb®or e, overc
herent brittleness and improving the plasti
herf enrorno epleercotvrsiksi theesi ng addressed in sever al
rough structural and miccosventcitamal eygtimne
at influence the dislocation ,denshnty hwi chismn
| d isnfgf] er Pt O0Of avor another def or mareidonatneedc h a
asticgigrywj nebgoundary sldiedpionsg ta&®s f[thijaler 3 am:
ternatively, deformability i s enhanced by
pl et edafstaenrp| € ¢ nt hceosnitsr otl H reau gnhencahtainoinc adt dwd roi
ngt h sfla@lees i ntroducsewd i ¢hi, s ldd casf ifieocnt i ng mec ha
operties, al so modify the macrosebpiectifweer
fects for controllinfgle].ecA dtBhHmercchuagnh cuan d eprr sot
e amepicédms of deformation at di fferent l engt
sehoeifaflect i vetghyeitraineocrhani c al response and/ o
The el astic propehravie salashoefrdecoWietdeice t f ecr oel
materials, elasticity changes |l ocally through

O T OT TQOPTOTFTTO TUWMWMTOLOOON A
w >O S OODO — —TO0OSSTS TS SO ™D D® SO



2 Chapter 1. Introduction

mani pul ated via domain structure engineering t
wi t h homogeneous spontaneous pol angzateixohni bdt
ani sotropic elastic properties dependelot] on t he
[ 2.1]

Domai n (WaWsl)swhi ch are the interphases separati
di stinct el astic reshPWshaeve. bFern esxaomml e,o 1e80h°i b i
Youmgmodul us, r educed,byc canpmar todxed imratred iyghH®or i ng d
with-opltane spontaneous polarization. This trend
compositions, including Pa&Ti®ndd c;,BbEa§y Owel edasi Nhb
di fferent morphol ogies, [49@9¢lhn acsorctrryasdta,l st mer de It ehg -
of DWst s more compl exDWsFoYosi mgoldiun erds 9 (h°cdreeases on
of DWand decrease[s2@aiht hbeglbtthlee origin of the di
behavior of DW is stigrlopnohshaviesn e eoant omboive s n f ul |
property can be exploited, for exampl e, in ther
influence the phonon scatbhtiWswi hg andi hisat emptr ojac
modul us could serve as nanochannels Wweté&nn whi cl
speledd9he newly discovered properties-kmnfofwear oppor:
ferroelectrnavaenataepplailcsatinons.

0o
re

1.2 Ferroelectric Materials

1.2.1 Basic Characteristics

By definition, ferroelectric materials are a sul
key prdRer]ti es
a)They haweientaer nal electrical di pol k) call ed s
in the absence of an external electric fiel
b)Théeéscan be switched by applid¢ati on of an ext
Psf orms naturally as a ferroelectric materi al i
call ed the Cuilée tad mpenri a&thurae b(ree aky mme ttrhye osctcruurcst.

Figure 1. 1r ide®i ot $hehexi de per o3vsamnteheeo Bmorsutct ur e
technologically rel elvadlwhtiagdpsecs tohfe ffeacruose | oefc ttrhiicss
hi gemperature, the structure is in a centrosymme
he paraelectric pbhbaseosyamseittdihatsaeattiooril aedr i
di spl acement of i onsAfriompltihsdiionyrel duayigluirter i um
s t rianvsoiltvieesn a rel ative shift of the B atom
n t he O Csownisleagtuteindd.y, ehdsofbsatdobéplaocement of
f the positive and negative charge in the stru
i pol e



1.2 Ferroelectric Materials 3

T>Te T<Te

paraelectric phase ferroelectric phase

@A

®0

Fi gud:eS mpl idhematsi c of a perovskietng rosiymeeteel
paraelectric phasd) whenhigmeleanthabeg the the 1
centrosymmetri c fTelrorwoeerlTet cht@rmiec aphrasve matr ks t he

of the central B atom from itscteigoR | éAdraipum dp o
af tfer2]

A characteristic feature of fremgri oamlse otf r iums f e
or deRswidt hin the material. The subdiviis#&lon int
need to minimize the electrostatic sanertdye f r ¢
materi al surface during the transition from t
the elastic energy from mechanical stresses a
the domatimdshandlomain structurpelgfcragsdgiandliemecm
(a ceyaanndi ca) thin film differ due to different
and e] 28} i c

I nterfaceBvwelteme theansiti ons fearonmedaee rdeidr e cot
agdomai n (DW&sl)l.s Depending on the symmetry of th
types of DWs are cr edtedVWst atrhee ctlraasnssiiftiieodn boyv €
t hRRvectors in the adjectesdst emwheaiktRy.ecltrora ftoe tmrs
along,pbanegs, 180° and 90° DW will form, as d
rhombohedr alPsvsiylsit ebme, atdhbea g e §1 1t Ffeodinmagt itoon of 1
1098nd 71° DWs nowthhnmhbeiha ns yabBd mes al gmlga nelsl 0}
| eaditnhdeotraonat i on of 180°, [ 220The 9Mdd ennddio e6sOp tc hDeW
pseudocubic symmetry metric. I n principle, a
180° DWs due to their di fferent properties.
characi{tenrusmaeidr dynamics can onl gl e, t-vB@bfer adi
DWs have ferroelectric and ferroelastic chare
mobile under electric field but also under me
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(9]

Cubic phase

Figda2é€ormation of 180° and 90° DWs in a tetrago
cool ed down fr omRetdh ea rcruobwsc rpehparsees.R.nt DWsh earde r ect
drawn as da,shaendd, il nchiecsate the | atti&ceulried,laxiar ame-
t het etragagantihe ity agonal axis, relsha2kctively. Ada

1.2.2 Electromechanical Coupling

Ferr oematcarixdlisseivted &lct r omec hanbwali chhdarmemeaerad er i a
chnges di mensions when an electric field is appl
arise from three intrinsic l attice effects:
flexoelectricity.

Thpiezoel edesccibkesethe polarization of a mater

mechani cashbwncen Figure 1. 3a. The relationshinp
el ectric charge and t bt haep ppiieezdo esltercétisisih e ochoneef cfti ec
convpreeroelectric effect, the opposite can be ac
exposed to an external electnihmesulketdng Agarai nt &

t heel ect rdgco vieirentedde ibpyi e z 0o e | e.c tPriiecz oceol gef aptimrieigcei ntty
i materi al s ttonmaae rbterl onygmmet rsi cwpbobhnt hgtéaepepti on
no-oentrosymoient i gr,rouwhi £3piiesz oredTheftarircoel ectri c
mat erairel ¢ he spibgz ocammetaetifri2.&l] s

Unl i ke piezrdtelcectoissicinygpendent of materi al sy

thus be found in all materi al s. I't rdescanbdes t hi
t he el éc tarpipcl ifeidt, boyontnheecteel ectrostriction coef f i
results in materi al def ormation that is indepen:qt
fldé 2.5]

FIl exoel,ecotnr itchiet yot her hand, describes the | ineece
and i nhomogeQamtursgprsye rtae hercd realcadtyr losx o elcé ¢ tomi ci t )

arises from ,staelmiwn grnadFiiegnbtiseh1ll|l 8bally break cen
angdgol ari ze tTree nradleatiiadns hi p b eatnwde epno | satrsiaziant i gorna c
governed by the fl&¥delectric coefficient
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+ + ¥ + +
_ - CCE——— Y
= OT Pz0
ot ) 1 t L

Fi guBa) Direct piezoelectric effect generatir

materi al is compressed; bawbsedh dinn glsad e @adt , |
di spl acement of the positive and neg(aftoimve ch:
[ 26Tlhe dashed | ines rrscdhmmpes dretf otrtree dmd toeg rmiaali on .

1.2.3 Characterization of Ferroelectric Materials Using Electron
Microscopy

El ectron mi mramnsaloytyi ciag d ool t hadhairacti edi Bip«
ferroelectric materi aslismul ttasmage s gatiinl iboyt he nrae
reciprocal space, as wel |l as chemi,capr oavniddi anrgy
comprehensive information about the microstr.
spanning from the microscale down to the atom
The basic principle involves accelerating
el ectron beam using electromagnendccolehsesi wg
signals generated by the interaction of el ec
i nteractgsoman Ibsd gmradadly categorized into two
sampl e surtfhaecne eafaceéi on, which is wusually thi
mi croscopy (SEM), and signals that asamglreat e
as in the case of (scanning) transmission ele

123.1  Scanning Electron Microscopy

The three mostn uSEM el stebceognndaalrsy iel ectrons ( SE)
el ectrons (BSE), rarnyd glednuea ialtigavdi esrtaicct iXon of t he
electron beam with the sampl e. Il nel astd c scat
electron cloud | eads &Bbanhe leonwsgpeomgiody SEQ . e
|l esasnnd only those genecanedsana@e, atthogpsosjutraifordg e i
sensi meg27]As illustrated schematically in Fic
relies on variations in the number of SEs emit
for desaaledavion of surface features

I'n contBaBEgememrhaye edst i ¢ ibrettemedmt iponsnary el ec

andhe iabwael eSuch i mtldreacthih@ecs ori es of the prim
mi ni mal energy |l ossnefbeesefolteseBS&st,madenei d
the BSE Isegurafdeamesi ti ve, as it is formed deepe
Thda nt emdi thyackscattering i ncrea<es wes bl ttihreg

composition contimagklsencdrmposBSSE on contrast C
i magi pgr tiscussledralty di stdnguéesénngnpahyfacram r it hgt

procesging.slhhFofwbs wundesirable secondary sphases
duri negtsadlei ds[y2n8tlhaddii BiS&nj magi ng is also empl oy
ferroelectric material sbyho bpeV es®minstiidtanaien comnn
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mechani sm known as €hectcromn r abanredliifofgsreanton
ori endoaft itome atroswihd ahbdlewm t he penetration depth
el ectron beam, resulting in a contrast due to Vve
example of domain imagi sghwwnhi el ¢éxlgumegee wihtdhcnel i
the schematmeahdryi gIm.awn

electron

beam Channel

closed:
BSE
increases

Channel
open:
BSE
decreases

electron
beam

| many
electrons

surface

2,>7, BSE, > BSE,

Fi g4 ®opographi(chyc oSnEsgapi si t i(obnya |B &hBodn)terl aesctt r o n
channel i n(ghby oBnSBsa)§e Oami ¢ i mageadrewdt ®r ap WSEBdi cat
dar k potrheag eeemd ar rsbw iignhdiecra tuen p[o2l®insdh é@éd drS&isns bl ue
and yell odvi @atr ® widhcéhni (rdoanr Xi ngalews i drosw) amad ht he bi s
phases ( br iZgohhtaegre3)0 Jlci)ghDomain struc#ZBb€i @ f Pb( Mg
ceramics imag8él owwt b a BIBtEsex aonpriregspo-hdi mgngontr a
me c haniirsemsschemati calAdpapt pR&mdEI Bt ed

Primary el ectrons can diffract on the speci men
information about the cryafaWwl oagmamkeiter sr iben toavt
sur farctkt s t hus very important atnhdatp otlhies hseudr fparcieo ri
anal ysi s. The diffraction of the electrons is

backscattered dimfadadaditfifomatEdB&SD)can be perfor med
modal seferred to as transomi s(sTikebn) .Ki kuchi diffrac
Finaldgys Xcan o tilhemandy el ectrons itnhteer act wi
elecfroms hher shells of atoms. The atom then fil
an electron from t he-roawt erh osthoenl.d i,Tf Wesanie¢miedreggb @ thw Xe
two electron stpelclidics aede mbhutsmgtrioovn dabout t he
chemical compositionayd drhe tstpec bme-pisoKeor t wo
mi croanalytical technidgse® rnsajlesrpiesac oPFM:( EDBer gy d
wavelengplerrsaywespXectroscopy (WDS) .

1232 (Scanning) Transmission  Electron M icroscopy

n TEM, a parallel beam of primarytehespaopantis
ample. This | eads t o mcosactattetoeisnign/gdkidf fwhant icom s(i tdre
he particle naturai éf rca st mubseeat rwohre,n whoinlse der i ng
ature) of electrons, which form t hteh éoraesfisr & or i
e used for | ma@in nQon nobtail nisrpacienf or mati on i n
selected area &electron difér dpWPpBAHSAED) Dbase

I
S
t
n
b
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particalaablyevfor asbBescomgamDWhd ypreperi ment al
with simeFatedxampl da,l [Risguraet els. Bhow refl ecti on
of -#80A° DWsBided® to slight variations in uni
adj dcadmmehevms ewed along a tTheée&8DMsdo zonoe aaiuse
splitting.

a) C) domain wall

111

000

Fi gube a) BF TBNX oimsd qne Bi derOa miEcx;pelby i ment al SA
patterns taken in [110] zone axiscshowmunagtepl
SAED of aAdapt Ogv3asflt er

nstead of paralleds eilleciiEM,n STHMIMb®adIn: & had nv
s scanned over the Armmpll &r bdetseathmr sn gt ceon | saol

I

[

el astically saatbtee rpeocs ifttiromaic ma egaeng.l eT haer nhiil @l ©
field (HAADF) detector-axiforseatatmpl €d e«lod dtercad
c he mibsatsreyd contrastZzcoamlts@asknowmeag o the depen
on EZmembeZt)1(3.4]A | i mitation of HAADF is the ina
such as oxygen. An al(tBeR)n ait magi nigs, bwaikgchst cfai pe
forwsacattered electrons as well as the unscat
el emgBERS., [ 35]

Most STEM i maging techniques, including HAAI
di ffracted el ectdehsct it if at € gromt e hteh e m, ano
signal as intensity on aTheeyatalrmaai omaabopto
where each diffracted electron hits the detec
ot her hanid, pnoaskseisbl e to i mage the entire diff

l ocations where the diffTha&ctiendhgeélngctofomscdrme c
each probe positiemerimddd-diadnespiacreali sSTEM (4D
Captutheg diffraction pattern at each probe

possibilitiesw. vime uailmpleedtnstructi on of the H
swalled virtual detector. Ot heentaenal gisemas o c(
anlysis, where displacements of the diffracte
sample are evaluated and related to various

magneti,anti s[t JWwB. 6]

Fingl i ®EM, (S) TedMamnhbtgtical techniques bas:
scattered el ectrons, namely EDS and el ectron e
techniques provide i nfor madfi$oemb eatbtoeurt & rheser gcyh erne
and can be used to,dedteaaxiinteda gh,tam@&e attaEdyi ng
and is therefore used to complement EDS.
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1.3 Mechanical Properties

Whil e the primary focus of this thfesisoelseonrier |
oXipdeer ovskites wild.l al so be di s, cuwshsiecdh iins tomies ocfh
more extensively studied perovski.te oxides in te

1.3.1 Elastic and Plastic Deformation

The mechanical properties describe how a mater.i
propertipes manreel gt ed t o interat omi,cankdomaeli ng, t h
mi crostructure of t,haen di ndveetsetringiantee dt hnea teslrd satli ¢ (
pastic (irreversible}]Fide6éaerdigtiica s suhrbdeet rivedetart & som.

stress and strain,whurcihngwia It ebnesidsed essd an exan
elasticity and plastic deformati on.

When initially appllywnglstiess, rebke dmatkelt agt i C:
t @« heriginal form when the stress is removed. The
|l i near progresgiramn nofcutrhbe amddéee gmurkre ldesscri bed b
| aw. For anersidatdrishpisda rmasts and straandardoodoé&ecri be
I

aw can be 3wr]itten as

., & - h (1)

whefigdenotes t he dthree sss rtad mg guwehres cerl asti ¢ constant
i sotropic material s, the elastic constant matri
the elastic modmddBI[Rgs Alotuegnati vely, el asticity
as stif#ness [ Nm

I n the | atppoi atageftelpeti @d dt poasnt or strength, the

to deform plastically wuntil failure occurs (Fi gl
d ofr matair@n shown 6bn ,Bit@geserswsailn curves aflactal britt]l
material, respectively. Brittle materials withst
mat erbivatlhsgy acture after | ittlwheoreutsd i plea ntait @ rd eflc

withstsamgdhidi carft pdmad wirtobaetfioorne Af prloperty that ref
to the plastic deformabil iH} yPal]f, tvihhei cnhatdee s carli bies

resi stance of a material to penetration of anoth
a) A by A
Brittle
Failure
S S Ductile
o} b
@ @
(%3] (%3]
o o
& o
Elastic Plastic
deformation deformation - -
Strain, ¢ [/] Strain, ¢ [/]

Figuade )r-etssai n cur-ster,baib) Sumweess of a brittle an
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1.3.2 Dislocations and Their Role in Plastic Deformation

Perhaps thlnmestcaetilers of plastic flow are
i's primarily goovre® maeidnemys i dwinkall o ccatyis,twdnlelr ®@graap h
hapFfFamfe atemsi nserted bet wegas tsvoowant oirid c Fipd wam
However, the ionic/coval entssnathurfe cafntbamgpd iic
t het ructur e odndimndtoicean i ons .

Firstly, in perovskite (as well as other ion
relatively | arlgpeFiBauuwagyer&o mpeacrteodr t o met al s. To
charge neutralipyand hemustxtiadbeadd Bbdi3Bisa
Additionally, ionic bonding rpersetvireonatsi scogt hteh @ v & d
charge from passing ovemlegaalctdtvieers.l i s sa srtesm
at room temperHtOwher é¢{dd0}xepl1 Gn{fes ghil e rierc tti hoen
[ 2]

Hi glremperature annealing, either cal cinati on
nearly dis¢éecawioh a dislocatiohm?dlenhFlory of
comp i,sothnhe di sl ocati osm odgm¥igyiief vmet almaj or it
di sl ocations thus need to be freshly nucleate
byhomogeneous nwuel edei ona,xi wh é/n.3 haenaurst stexesesse d
theoretical (F)ela3r] osft[r3eQngt h

TX“'L,F‘ (12
T p
wheEés thes Ymodg!| iss atnlde s Paidgsldjadn t he ot her f
heterogeneous nucleation requires lies socscturress s
fromepreting defects. Various defects can se
preci pditsaltoecsaat i on | oops, anfd4de@ien surface terr

Another big challenge for motsilDBmns.d toican s oinn mod
proceeds step by -pdtaenpe, awdivtatnrcittimgc dolallef a't a ti
overcoming latsoclkendwmcas onhe Peierls barrier
be particularly high, sometnigmedi sédcaddiomg mi
significantly difficultth®&u€thbr mauygtroas thef s stehsamk
sustainedTipé amatiicon yi.s mai npgi came BH nnpdhii he k
i presumedigbl pbedependent on theé¢ddbslredatcieon he
energy required forpeaevodwokifttednsldosamico mb ien @ an
parti al dainsdl cac asttiadcrksB jags fid ulutst r7fait ed i n Figur e

P pG® gcfp oGt OOAAEA’E(T)]%@ oG (13)
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b) Full dislocation

Two partial dislocations
dissociated by a glide

20039

4
(]

Figlftae®) Schemedige sdfocaati on. The @hasnedrikKedd i nser
by ainedftellhe Bur geawn wectthora igsr edern ars ow cl osi I
circuit (greemwndasheuwnd i ned dirsl ocati on; b) Co
di sl ocat isomoowiidgthed diisl ocation into two. parti al

Adapted 2gdgfter

Duri ng adoitsiloonccati on can multiply through a numb
to metal s, wh eser @ doemidniasnlit dfgma o nmmwlfReiapdlk s aur ces

mul tiplication mechanisd mcian ivomi st ganemitnrbeechds o ut
| oop trhtaualelvye [BBtlmeoheispl i cation in perovskites i
by (mul t isdlié) wént BRdad nkour cesmicngonrtlr i buti ng

A comprekenewvenr di sl ocations in|[@¢rwdhmicchs can
provides a detailed diosomadsioon ol di gl iocati om,
However, plastic deformation in perovskites is n
on the snaseruatur al and microstructur al charact

such as grain bduwddariygslciachi md sondl ay a signi fi

1.4 Local Measurements of Mechanical Properties

1.4.1 Nanoindentation

I ndentation is a versatile mechanical testing to
sucHHaan#,f racture toughnetsrsangfreremat amms phlatsei nv ol
an indentation probe (usually made of di amond)
precisely controlling and recording the applied
1411 Cal cul ation of Hardness and YoungNs Modul us

During indentation, the indentation probe of a s

the sampl e asmarxfiamuen kRhgptricle (eacBadshéwgutrlee lsur f ac
prof iFlamanat after the r eFwg@sharodmeshse adamtat edt as
LO .

0 — 14

0 ——h (14)
wheAledh is the projected condtegpdthear whical thleatedt
i s mh)de[ ] considering the gedJnesterayd romiu tthhee i nden
depth measurapplducamnigon hetfhet e pfcddr d m,deintea.t i on cu
as ohowFi ure 1.
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The indentati on oduwrov emaiish hceeantpoossdeidn g por ti on
and the unloading portion of the curve. The I
pl astic deformation of the masauisald, bwhitlhe th
recovery of the mat enrdiearl tdhuirsi nags suunnipotai dsnn,g .t hile
modulEQs c@n be calculated from the sl ope of th
that represents the st®f NHass safchthe el astic

V%
o ——==3 (19
C Vo

Ecan be cal Eblymaredi deroithng t he el astic properti
(Ep) and t he rPatisenof (B tahn dt hteh eg Hspathp | e

p p d p H
= — — 8 (16)
@) @] @]
a) b) A
F i
Surface profile H
after force removal Indentation probe L:} E
------------- Initial surface g Loading™ ™, E
2 |
hma{ ; s
A Unloading [ i
Surface profile h i h
at max force L max >
Depth, h
FiguBa) GCsestsion of an indentation marking ¢t
maxi mum force applied and after the-dreemdhval

curve. Addpithg.d nddfrteepr esent the indent dtoireare dep
and after unl oadi n§demetspect heelsy opewhiolfe t he
corresponding to the contact stiffness.

Nowadayssensipnd i ndentati chn gihrcgturrtarhent sneaamrb
di spl acements of theiigrmderetsatthyydincogtiriogb @ awmigteh o f
thannanomeiapd ezoel ectric-pflaéeeucaparciaitvier @@ an
i nstrument s ar e referred tManams ndanbamdent atfi
advantage over copdict inbencahlanma at o sme a stuhree me nt
evaluation of specific features or small speci
utilizisngounaent at i[odfvhseyrset etnfh e me as urdii mg i dyes taemm
el eobh micr sEdMome T(kdd!| | owi ngacfcourr attlee posi ti oni |
i ndentation probe.

In the field of perovskites, n ainylo i dnudee nttoa tii tos
abiltiotydet EamiéHinwe tathi gh spati al r esfodfriitlinosn ,onp art
substFat eisnstance, hmanbephsrstewmtdd dlanopaltt pes
ofathick film prepared usangdempesalt udep asiptois
met hod wher ecka®emsanmcc @plaegrtated with high,kineti
and the film grows by impact consolidagdbdn anoc
[ 47]Nanoi ndentraevieoanl esdt-atdmasts| pogtdamp o aBeat Tei Qb |
film onnlsgtssseh substrate aBEf bddM ~“*1C30 nGRa&e atse d~ 1
and Hifroam ~8 GPa to ~11 GPa. The authors attri
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Figugasla function o/fgriandie nrteaotriioenntdaetp tom , space
antdhe rel axati on [dfHpiwetveerrn alf usrttrheesrs easerseud Itiemdg up
im decrBapsH aicmompanined elaysedofscahdedéescphge ement
curve distedbolionpe. wasd | inked to grain growth,
i nhomogeneous microstructur e, t huel tdienvaetleol pyme nctr aocf|
f or ma[t4i8gn
300 20
a) Before annealing b) —— Before annealing
250 Single-crystal Single-crystal
—— After annealing ~ 15 — After annealing
© o 1
o 200 st @
5 150 2 T ——————
=} =
b <
S 100+ £
5
50
1 S ———— 0 +———————————————
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Displacement (nm) Displacement (nm)
Figua9e)EandH@)s a function of indentation depth o

BaTifO Il m (red curve), thanaeabsed|l atlep0b68i t€d(BhiTeC
a BasBii@gl eTbeysthmBapnliwi th indenter displacement
using nanoindentation in the corhoamplulous stiffnes

Whlie nanoi ndéeméthodnofifrdreher mekangof heil ms, there
are some sl iothiet atictomi gue t hat are often overl ooke
influence o mMmMhehsaunbstiapeoperti escioaml EESheomeasur
To mitigate this effect, t he %Wndafe ntt lae i foinl  etph ihc ls
recommended by the standard | SO 14577 wl: 2015
hafdf@dhss guideline, originally proposed by BI
softer substrates and pri maf 50 )T haep gpll iywesst itcoa h ¢
0
e

Q

- 0 O O
> ®® S —™ftonm

rmed zone, from whishobnédionedii 03 &abocati i zec
ntation, as schematiacally illustrated in Fig
I'n contrast, the elastically defor mEdszone, w h
ni fliazragmed yt han the plastic zpbé]elassstdhawnd yi
orming not only t he nfaiklimgb%threalledloi hadéegubiseérf
uEmea@asurements in fil ms. To i mprove accuracy
entation dep¥%hobet Rept i B.&]AImi eirkmeetsisvel y, a cor
ffness nneabseurpeemefnotr ntead t o Emvo niht o mdeat iaat iomn & ei
uring reliabil marrteisfualcttss acnadu saevdoibdy t he substra
the study pr9asehfethienskbBbgur aBviki.tihs ifrocurneda gion g 1|
teati on dept h, an extrapolation to zero penetr
Eofuet he f il m, a0 pMabs( Zdrog ez JfGd 1 mks a Wiof h an

GB.a ]

il Y Bt N o )
WIS >SS TS o o —

oma
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a) Hardness * b) Young’s v

modulus

\/ \/

/ Film
/

Plastically deformed zone /

Substrate
Elastically deformed zone

Figat@®Schemati calolfy tdheepisdtziessn of a) the pl astic
the elastically deadxtremredd izmothe ,t whishbstrate di
of a film on a supStyate. Adapted after

Similarly t o fil ms on substrates, ot her h

mi crostructsuah &saguaen boalndariirefsl mendc @ otr lees
E. ThEacrobBe ferroelecalrse@. dBompd inrss wd d gla3r0at ed b
D W,n a medl 0y’ D Ws , have kadn bo l sExriafl dudedste oi doivrin 5 h

i p | aM(ed o ma)iamd o mawinshrdfp | aMm(e-d o ma)i ndo wedepends

on the indentation position, as both neighbor
contribute to [thile]lmeaonntemasnt, domains separat
theoretically have identical elasticity. How
namaient ati on due to <changes in overal/l pol e
generated during the indentatpiodmrprzede doo.ma$ pe

found to be stpdlfari 2d@Ehdpmavian «

1412 Elucidating Plastic Deformation M echanisms

|l mpriatmagerial with a pralsdiicnded @asaitigtrointg c
indentatianelrws vesch i n i nformation about t
def ormati on.

By comparing tHeaefewncltatinowfofi ndendapiosntceapt
BaTif@l m and si ngsFel gcudlyes tlawaBadb ©e rHod d atelr aots owh |
deposited ddbmstwhaithtei decreased at shall ow dep

in the sifqdllqTlkhe yseldweeh obDhcreasing indentat
phenomenomdermtl dteidon size effect (I SE), where |
(at the nanoindentation |l evel, where indentat
appear to be harder thdhxthed Gaomaegpbacapidca
model | Minwg geometrically necessary di sl ocati

i ndentation to accommodate plastic de5®DJdMmati ol
BaTisOngle crystal, pl astic deformationg is go\v
to a visible ISE-de;btmsmtoendrhlsitmsaexlmlslmllt no ap
ot her mecBpacsm{sal/l , deformation in these f|
grain boundary slidi g and the ptabeit wekhogr a
[ 1.1]
For cases whbasediplasatcobhy is the primary

f orddes pl acement curves can be usesbyt opersfscersmi rng
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an analysis ©ohst he&lbd ¢ @&fsriiddap onpa U e ha a&r;Bii @ gl e
crygRiagur [ 1,5iona t he very early stages of indenta
pr obx9]t he material will first defbar nf heel aedtaiscalcl
behavior of the materi al can be descr[i5lsdd by th
[ 583 shnown gda eaclcdrding to the equation:

"0 -OWYQh (17

qQl-

wheReepretsieemtradi us of the curvaturhe soft htthe i no
indentation depth. At a certain point, the inde]l
el astic b,ethhaev i e r, t zii.aen. behavi or , whi ch i s obser
di spl acement at a constant 1 bfaidp®-binh ea nfde amaiurrkes i s
the transition f-ploansteilcashhetltawvigowbk éamfe ttothhe matseerti aol
plasticity is associ at edarwi tshh oduiltsdhfebceastti aokne pa citni v i
assignation, as crackingoanmndecspihas e ptéb@dmpsi ti ons ¢
From the-ifni,r ft4mepeoched for tdhef onrhmaestialdal ty can &
e X p rdeasgsse7 |
t TIYy fp(,) "0 h (18)
Y

whelFieshe forcdatmdaeareu-dfa r sitn ptolpe exalmpl Hnai 8, Fi gur e
of a 381 highe crystal with hdmd?iwalsod atuinadnttode bei Tty 0a
rl7 GPa (Figure 11k 15]JFeudr tdetra | pewnltilsg),| ehaadw etvoe r
mul tiplication and moti on of di stuppcabhdns, re
conseqguoeatkyformation, asStproohp prSopdfeRbygsbohé Zener
high dislocation density can also develop an o
arrangement of -doeshdaatéesnandntbabsufpsaigunent f or
as has been reg[plo&]jted in SrTiO

In di sieocachexm Br ThOar heaae di sl ocalthtimézn densi ty

(Figure 1.11c, -dn efcutheaff iasmupbpl ower i ndent
1. 11d)maxidnadignificantly reduced (Figure 1.11e,
results from inhomogeneous disl oceadsd onompuarl eedat i ¢
to the nucleation of di sl ocations from a prist.i
required to move ai ¢li e hMPgaa Btphoen pirne sSeenfcie®toifngpr e
di sl ocations facilitates plast[&5¢8eformation at
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a) indenting force b) 0209——Hertzian fit e) pristine SrTiO; )
—— pristine . _ 6. i3 SrTiO; after
Z 0.154 {p=a <10°m=) dislocation-inducin
= E A g
r=80 nm £ uniaxially polishing procedure
S T 0.10+ \ o deformed SrTiO, (p=5-10"m2)
- . pop-in (p=2-10"m2)
¥ stressed
volume p=5-10°m=2 P
no dislocations 0.00 T T T T 01004 _4 o
0 5 10 15 20 = ~a =
Indentation depth in nm = - i
p > 801 ‘_f ( improvement g
C) ] ] d) 0209 with dislocations, 2 :i reduction of pop-in E
indenting force Hertzian fit -@ 604 .4 stress by a dis- B0
% 0.154 S ~A location density ]
(] 14 -2 (1]
r=80 nm £ DA % 404 :g of 5¥10 m %’ 2
T = —
™ Dl am L © S Y 218
> s L E 2044 g
N » X 0.05 3 ~a E'E
y N stressed p=5-104m2 & “a od =3
ol volume 0.00 T T T T Ot+—r—r—rTT"rTT T T T
X 0 5 10 15 20 0 2 4 6 8 10 12 14 16 18 20

<

with dislocatigns Indentation depth in nm

pop-in stress in GPa

nLéaaa) Schematic represenftragd ownwolod met hset rdeisss
nt altndent d@t)i on curve in the initial; stage:
e the measured curve devi at eisn;f rcoom Schhee nihet
esentation -roifc ht hveol diilme| osctarteisosn dur i ng i nde
e in the initial St asgees) o€o mp/aannicesasshua cedt 1 0
i sfoeat aad -rdii sH cfrad i ®5n]

D.<“_‘('DE

Comparedf eor m®hectric percoavnséuingde e| asercoahdcp
deformabhiom@g@lver si bl e and-180Q0° eiDéVr s 0 &doa si toi ach

respechihe edryset of ferroelastic DW madthioosre i s
required for dislocat iHarren deel e antdriorpescitn edii dlemc
ferroelastic DW dynamics$ hwade ntbd taii ore dg @syv @ nian
shown in 2Biwdhere Rh. Ismal |l hysteresid nappgdagrug eb
12d)The small hystereesiapbbsemecianins @itghat | e
remanence in deformation. The anomaly, which i
bot hspfarthe curve overl ay, is explained as do
mot iwmi ch partécapadmmodcatihon o[ff6.2lhe applied s
Direct evidence of domain reconf i gusriattu on
nanoindentation experi menftisl[nsd kaisd es hao WIhEN ni nt hRe
sequence Pcn amidgutrhee 1schematics i ns;Ragapel l2ds
[ 6.4]
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4 6
a) |aF=4mN b) "|.F-5mN
54
3
z 7|
§ 21 / § 31 / /
S =,
14
@ 1 ®)
c-domain " c-domain
0+ — T T—T— T - T r T T T
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120
penetration depth [nm] penetration depth [nm]

C) Force probe

Figuaie I ndentation s;aQr veedaornd B)aTafOt ern;t hce) fir st
sequence of TEMdmidc)r osgcrdgepniest e ot at eoneel asti c swi-
i Z™Wuring applicattAdapbédlcanhegéd]l force

1.4.2 Atomic Force Microscopy T echniques Dedicated for M easuring
M echanical Properties

As discussed in Chapter 1.4.1.Hi ndfeitlemsni aairi nnga nt diec

objects is challenging, even with nanoindentat:i
force microscopy (AFM) can be used for localized
| at eral [r6e5s]jol uti on

AFM is a subgroup of scanning probe microscopy
end of a flexible cantilever scans the surface
cantilever based on t he satnoppboag rf aapchei. ¢ allh ef edaetf uorrensa t «
the cantilever is detected by a laser that is r
into a photodiode, producing a topography i mage
beer f oirrmesdever al wanps®ge mioa.tneocdt@dmutoanmtnt act mode

[ 6.6]

Two AFM techniques that offer the ability to ma

quanti bahomec hnaamipd anlgQNMRPF and contact resonance
mapping (TGORFMnheec hniisqubeased on i ndteemxiregct he sur
fradarmreesul t idn g tfamrceee wchulrleveelsatl tcallbaatseesd dynn d rhiec

responsemeafhanheiatleldys ateigpl e , s ywshteernre changes in res
frequency reflect variations in | ocal elasticity
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1421 Peak Force Quantitative Nanomechanical Mapping

PFQNMi s a commenec ifalF Miamagi eghnwheuteee canti |l eve
oscillates a@tnidifcmanquegndywseir thdarypiitcaldegs aman
172k Hz t apping the sampltandumpfecadd. ADbtr eaacbfi mafgen
i nt, t he AF&dbrpirefbec onatkaest wi timp t ihirtt ssal mpgl het | sy
igure anti3ahen retracts. This-disatanaettcanve
l ustratedb i FFr Bimg@o isn thdyifl @r a e c e Eciuerxvter,a cttheed by
tting the retraction porti amrctofmotdred o Frivgalr e
uat Non 1.

To quantitatilkeltyhaeleclroimiameof AFM tip and ca
AFM tip should be made of aumaieevesal i §gareidhdn yt |
di amond, while the damrtiielngJver sdghduddrbtaoteavesdu fd
rotation of theHeaarmtiialne vceorn,t ma$t @roe®u ntd ofedr c 8
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Chapter 3

Influence of Thermal Treatment on
the Cross -Sectional Properties of
Aerosol -Deposited

Pb(Mg 153Nb 23)O 3 PbTIO 3 Thick
Films
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Abstract: The thermal treatment of electromechanically active thick films prepared by aerosol depo-
sition (AD) is a common practice to improve their electrical and electromechanical properties. We
report on how post-deposition annealing in air affects the unique cross-sectional microstructure and
mechanical properties of 0.9Pb(Mg; ;3Nb; /3)O3—0.1PbTiO5 thick films prepared by AD. Transmission
electron microscopy revealed minor but detectable changes, such as pore redistribution and grain
growth after annealing at 500 °C. We also showed that the stainless-steel substrate is strongly affected
by the annealing. The hardness and Young’s modulus of the films increased after annealing, with
both properties being discussed in terms of their distribution over the cross-sections of the films.

Keywords: aerosol deposition; thick films; microstructure; mechanical properties

1. Introduction

Aerosol deposition (AD) is a method that enables the fabrication of high-density
polycrystalline films at room temperature. The method was successfully used for prepar-
ing films for various applications, such as ferroelectric films for sensors and actuators,
protective coatings, oxide ion-conductor layers in solid-oxide fuel cells, catalytic and super-
conductor layers [1,2]. The AD apparatus sprays submicron particles onto the substrate
with high kinetic energy, and the film grows by impact consolidation and fracture of the
initial powder particles [1,3,4]. Since the AD takes place at room temperature, a wide range
of materials can be used as substrates, from metals with a low melting temperature [5-13]
to ceramics [8,14,15], glass [8], and even polymers [16].

In some cases, a heat treatment is still required after the deposition to achieve the intended
functionalities of the film. For example, additional annealing is essential for electromechanical
films to improve dielectric, ferroelectric, and energy-storage properties [10-12,17-19]. The
enhancement is thought to be related to the partial release of the residual stresses created in
the films during deposition by the high-energy impacts [9,10,17,20]. For example, Khansur
et al. reported a compressive stress in a BaTiOj3 film, measured by X-ray microdiffraction,
that is not uniformly distributed across the film thickness. The peak stress of —800 MPa
was measured near the film-substrate interface, and a significant decrease towards the
surface was observed. Heat treatment at 500 °C reduced the total stress to —271 MPa,
but the relaxation near the surface persisted [21]. At the same time, the annealing also
affects the mechanical properties of these films. An increase in the hardness (H) and the
Young’s modulus (E) as well as a degradation in the plastic deformability and thus the
crack resistance was observed after annealing [12,17], suggesting that an optimization

Crystals 2023, 13, 536. https:/ /doi.org/10.3390/ cryst13030536
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of the annealing temperature is required to achieve both the best electromechanical and
mechanical properties of the AD films.

Studies of the mechanical properties of functional AD polycrystalline films are rare [7,12],
mostly due to the experimental challenges related to the size of the film. The thickness of
the film (up to few tens of um) limits the application of most mechanical tests, leaving only
the possibility of performing micro- and nano-mechanical tests, e.g., nanoindentation.

Here, we investigated the effects of heat treatment in air atmosphere on the cross-
sectional mechanical properties of AD thick films using in-situ nanoindentation to gain a
better understanding of the overall functional response of the films. The materials stud-
ied were aerosol-deposited 0.9Pb(Mg; ;3Nb;,3)O03—0.1PbTiO3 (PMN—10PT) thick films
on stainless steel, which showed a significant reduction in microstrains and an improve-
ment in the energy-recovery density and energy-storage efficiency after heat treatment at
500 °C [10], but their mechanical behavior has not yet been investigated. In addition, we
investigated the effects of heat treatment on the microstructure and composition throughout
the film thickness, down to the nm range. We showed that the formation of nanopore-
chain-like defects and grain growth are triggered when the film is annealed at 500 °C. The
stresses created in the substrate by the impact of the powder particles during the deposi-
tion disappear after annealing, while the substrate oxidizes at the film-substrate interface.
Although the microstructural changes appear to be minor, a non-negligible increase in the
average H and E values was measured in the heat-treated film, with no cracking observed.

2. Materials and Methods

The 0.9Pb(Mg; ,3Nb;,3)03—0.1PbTiO3 (PMN—10PT) ceramic powder was synthe-
sized by separately preparing the two end oxides from the initial powders, i.e., PbO
(99.9%, Aldrich, St. Louis, MO, USA), MgO (99.95%, Alfa Aesar, Haverhill, MA, USA),
TiO; (99.8%, Alfa Aesar, Haverhill, MA, USA) and Nb,Os5 (99.9%, Aldrich, St. Louis, MO,
USA). The prepared oxides, i.e., Pb(Mg; ;3Nb;,3)O3 and PbTiOs, were then mixed in the
stoichiometric ratio and high-energy milled. Details of the procedure can be found else-
where [10]. The high-energy-milled PMN—10PT powder was annealed at 900 °C for 1 h
and then milled for 30 min with isopropanol using yttria-stabilized-zirconia milling balls
with diameters of 3 mm at 200 min~! to achieve the desired particle size and particle size
distribution. Lastly, the powder was dried in a vacuum drier (10 mbar) at 100 °C for 12 h
and sieved.

The substrate on which the film was deposited was a 15 mm x 15 mm stainless steel
No. 304 (American Iron and Steel Institute, Washington, DC, USA) with a 0.8-mm thickness
and a bright, polished surface (A480: No. 8, American Society for Testing and Materials,
West Conshohocken, PA, USA). Prior to deposition, the stainless-steel substrates were
cleaned with ethanol. The AD equipment was from InVerTec (Bayreuth, Germany). The
deposition parameters are reported elsewhere [22].

Two films were prepared using the described procedure. One did not receive any
further processing and is denoted in the text as as-deposited. The other film underwent a
further heat treatment in air at 500 °C for 1 h with a heating and cooling rate of 2 K min !
and is denoted in the text as annealed.

Scanning transmission electron microscopy (STEM) and transmission electron mi-
croscopy (TEM) were performed using a JEM 2100 (Jeol, Tokyo, Japan) and an ARM 200CF
(Jeol, Tokyo, Japan) equipped with a Centurio 100-mm? SDD energy-dispersive X-ray
spectroscopy system (EDS, Jeol, Tokyo, Japan), both operated at 200 kV. The 4D STEM data
was obtained using a Merlin pixelated detector (Quantum Detectors, Oxford, UK). Samples
for STEM/TEM were prepared by milling lamellae with a Ga*-source focused ion beam
(FIB) Helios Nanolab 650 HP (Thermo Fischer Scientific, Waltham, MA, USA). The volume
percentage of defects in the FIB-prepared lamellae was estimated using Image J software
(National Institute of Mental Health, Bethesda, MD, USA) [23].
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The surface roughness was measured with a DektakXT Advanced System profilometer
(Bruker, Billerica, MA, USA). Four line measurements of 2 mm each were performed on
each sample and then averaged.

In-situ nanoindentation was performed with a Hysitron PI88 SEM PicoIndenter in-
dentation system (Bruker, Billerica, MA, USA) inside a Quanta 650 ESEM (Thermo Fischer
Scientific, Waltham, MA, USA). A force of 1 mN was applied over 5 s, held for 2 s and then
released over 5 s. The hardness (H) and Young’s modulus (E) of the films were determined
using the methodology developed by Oliver and Pharr [24]. The Poisson’s ratio (v) used
for the calculation of E was 0.3. This selection was made with the assumption that the
ceramic PMIN—10PT thick film had the same Poisson’s ratio as the PMN ceramic [25]. A
cube-corner diamond indentation probe with a nominal E = 1140 GPa and v = 0.07 was used
for indenting (Bruker, Billerica, MA, USA). The cross-sections of the two films on which
the nanoindentation was performed were prepared by embedding the films in epoxy resin,
grinding, and then polishing them with 9-um, 6-um, 3-um, and }-pum diamond pastes. Fine
polishing was achieved by polishing with a colloidal silica suspension for 15 h.

Scanning electron microscopy (SEM) after the nanoindentation was performed using a
field-emission SEM Verios 4G HP (Thermo Fischer Scientific, Waltham, MA, USA) equipped
with an EDS detector Aztec live, Ultim Max SSD 65 mm? from (Oxford Instruments,
Abingdon, UK). Both imaging and EDS acquisition were performed at 15 keV. To avoid
charging during the SEM analysis, the cross-sections of the films were coated with 5 nm of
carbon using a Precise Etching and Coating System 628A (Gatan, Pleasanton, CA, USA).

Contact resonance frequency viscoelastic mappings (CRFMs) were made with a Jupiter
XR atomic force microscope (Oxford Instruments Asylum Research, Santa Barbara, CA,
USA) using AC160TS-R3 silicon tips with a nominal radius of 7 nm (Oxford Instruments
Asylum Research, Santa Barbara, CA, USA).

3. Results and Discussion
3.1. Microstructure and Chemical Composition

First, we performed microstructural and compositional analyses of the cross-sections
of both the as-deposited and the annealed ~6-um-thick 0.9Pb(Mgj ;3Nb;/3)O03—0.1PbTiO3
(PMN—10PT) films using scanning transmission electron microscopy (STEM). According
to the X-ray diffraction (XRD) analysis, these films have a perovskite crystal structure
(Figure S1) [10]. As shown in Figure 1 and Figure S2 (see Supplementary materials) both
films have defects, i.e., some larger pores of 200 nm (marked by arrows in Figure 1a,c) and
chain-like defects consisting of nanopores (marked by circles in Figure 1a,c). The volume
percentage of defects is higher in the annealed film (1.1 vs. 0.6 %), indicating that the
pores redistribute, and areas of lower local density are formed as the film is annealed. The
roughness of the surface does not change significantly with annealing. The root-mean-
square surface roughness of the as-deposited and the annealed films are (110 £ 10) nm and
(105 = 5) nm, respectively.

Energy-dispersive X-ray spectroscopy (EDS) mappings revealed a homogeneous distribution
of all the elements across the cross-sections (Figure S3), with the exception of Mg (Figure 1b,d). Mg-
rich nanosized impurities were found in both films. Similar inhomogeneities were observed
in mechanochemically prepared PMN—10PT ceramics and identified as MgO, which due
to its low reactivity remained unreacted during the mechanochemical reaction [26].

Next, we examined the region of the film near the substrate. Figure 2 shows the
film-substrate interface (Figure 2a,c) and the elemental distribution of the main elements in
the stainless-steel substrate, i.e., Fe, Cr, and Ni, at the film-substrate interface (Figure 2b,d)
of the as-deposited film and the annealed film, respectively. As described above, the
number of defects, i.e., nanoscale pores, is higher in the annealed film. In the as-deposited
film we observed some brighter contrast at the interface (Figure 2a) extending about
500 nm into the substrate, indicating mechanical deformation of the substrate caused by
the impact of the powder during deposition. Stresses in the substrate of the as-deposited
film were also observed from the divergence map obtained from the 4D STEM data set
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using differential phase contrast (Figure S4) that additionally revealed stresses of a higher
magnitude localized at the film-substrate interface and around the defects in the film itself.
According to the XRD studies, the internal stresses caused by particle impacts during the
AD process on stainless-steel substrates are tensile stresses [8]. Stainless steel (hardness
(H) of stainless steel No. 304 ~1.9 GPa [27]) is more susceptible to mechanical deformation
than substrates with a higher H. For example, for Pb(Zry.5,Ti.4g)O3 deposited on Si, a
100—150-nm-layer damaged layer was reported for the substrate [6] (H of Si ~11.1 GPa [28]).
The contrast caused by mechanical stresses is not seen in the substrate of the annealed film
(Figure 2c¢), indicating that the stresses are relieved in the substrate during annealing.

film

Mg

(b)

Figure 1. STEM dark-field and EDS analyses, respectively, of the (a,b) the as-deposited film and
(c,d) the annealed PMN—10PT thick film. The black arrows on the STEM images (a,c) indicate larger
pores in the films, while the circles mark the chain-like defects composed of nanopores. White arrows
in the EDS mapping (b,d) mark Mg-rich inclusions in the films. Spectral lines Pb L, Pt M, Fe K, and
Mg K were used for the EDS mapping.

In addition, a redistribution of the elements in the substrate occurs at the interface
between the film and the substrate (Figure 2b,d). EDS showed that a layered structure
is formed at the interface, which consists (from the substrate matrix to the film) of an
Fe-rich and a Ni-rich layer, a CrxOy layer, and an Fe,On, layer (Figure S5). Each layer is
approximately 30—40-nm thick. Apart from the formation of the oxide layers, no reaction
with the film was observed in the annealed sample. It is described in the literature that
the passivation of stainless steel in air occurs at 300 °C due to the diffusivity of oxygen
from the atmosphere into the substrate and metal ions towards the surface, forming a
specific sequence of layers associated with the formation energies of FeyOp, CrxOy and
NiO [29]. The source of oxygen forming the oxides in the substrate in our case has not
been determined. However, there are some studies that support the claim that oxygen can
diffuse through the film during annealing. Eckstein et al. argued that films deposited in an
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oxygen-depleted carrier gas such as Ny, as used in this work, contain oxygen vacancies
created during deposition that can serve as pathways for the oxygen, which presumably
fills the vacancies during annealing in an oxygen-rich environment [13]. Another oxygen
pathway through could be the grain boundaries, which have been reported to have a higher
oxygen diffusivity than the grain matrix in nanocrystalline films [30]. The diffusion of
oxygen might also be related to the redistribution of defects during annealing (Figure 1).

as-deposited
film

substrate

(c) d)

Figure 2. Film-substrate interface in STEM dark-field images and EDS, respectively, of (a,b) the as-
deposited film and (c,d) the annealed film. In (a) the dashed line marks the extent of the mechanical
deformation observed in the substrate due to particle impact. For the EDS mappings, the spectral
lines Ni K, Cr K, Fe K and Pb L were used.

The influence of annealing on the grain size is shown in Figure 3. The as-deposited
film consists of ~10 nm grains (Figure 3a), but the exact grain size is difficult to determine
because the grains overlap. Annealing at 500 °C triggered grain growth (Figure 3b), with
some grains growing up to about ~20 nm. The increase in grain size and crystallinity
can also be observed from selected-area electron diffraction (SAED) recorded from larger
areas of the FIB lamellae (Figure 3c), where more pronounced spots in diffraction rings are
observed after annealing. The increase in grain size and better crystallinity after annealing
affect the local stresses observed by XRD [10] and can contribute to improved electrical and
electromechanical as well as mechanical properties of the heat-treated films.
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(c)

Figure 3. Transmission electron microscopy (TEM) images of grains in: (a) the as-deposited film with
the FFT inset of the marked region; and (b) the annealed film (larger and smaller grains are circled in
blue and red, respectively), with an inset of the FFT from the marked region. (¢) Comparison of the

SAED of both films. Circles mark reflections that are indicative of texturing. The Pm 3m space group
was used to index the SAED pattern (PDF#01-074-4513).

The proximity of the reflections in the SAED (some examples are circled in Figure 3c)
indicates that the film has some texture. A fast Fourier transform (FFT) of selected regions
in Figure 3a,b showed that the texture is very local and probably includes few neighboring
grains. The local texturing is a result of deposition causing the larger particles to break upon
impact. On a TiO; nanoparticle model system, Daneshian et al. predicted, using molecular
dynamics, that a particle deposited by AD will fragment after impact and the fragmented
parts will form low-angle grain boundaries [31]. Other authors also reported a reorientation
of the crystallites during annealing at 500 °C in BaTiO3 [12], which was not observed in our
case, at least not to affect and thus reduce the local texturing after annealing.

3.2. Mechanical Behavior

Finally, the mechanical properties of the films were investigated by nanoindentation
over cross-sections. A matrix of nanoindentations was made for each film, as shown in
Figure 4a,b. At an applied load of 1 mN, both films exhibited good ductility as no cracks
were observed around the indentations in either film. Zhuo et al. showed for BaTiOj that
a threshold load of 200 g (~2 N) is required to see the difference in the crack resistance
between the as-deposited and annealed films, with the as-deposited films performing better
and not forming cracks around the indentations [12]. The crack resistance of the films,
which is not characteristic of conventionally sintered ceramics [32], is probably related
to the high density of the grain boundaries, which makes it easy for the grains to slide
against each other during indentation, as well as to other defects in the films, such as
dislocations [13].

The differences in the mechanical properties of the films can be seen from the force-
depth curves in Figure 4c,d. The curves of the as-deposited film (Figure 4c) are more
uniform, while the curves of the annealed film show a larger scatter and many pop-ins
(sudden jumps of the measured depth at a constant force) are observed in the loading
portions of the curves. The difference can be attributed to the change in microstructural
properties, i.e., redistribution of the pores (Figure 1) and grain growth (Figure 3) observed
after annealing. The overall increase in H and Young's modulus (E) of the AD films
after annealing from (5.9 £ 0.3) GPa to (6.8 £ 0.6) GPa and from (107.6 &+ 7.7) GPa to
(125.5 & 9.3) GPa, respectively, is in the literature associated with relaxation of residual
stresses [12,17]. The increase in the standard deviation of H and E also reflects the changes
in the microstructure caused by the heat treatment.
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Figure 4. SEM images of indents made on cross-sections of (a) the as-deposited and (b) annealed
film. Force-depth curves of (c) the as-deposited and (d) annealed film. (e) Hardness calculated from
individual measurements plotted against indentation position for both films. (f) Young’s modulus
calculated from individual measurements, plotted against the position of the indentation for both
films. The error bars represent the uncertainty of the method as determined from measurements on

the fused-silica standard. The dashed lines serve only as a guide to the eyes.
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In Figure 4ef the calculated values of H and E, respectively, from the individual
indentations are plotted as a function of position relative to the film-substrate interface.
H (Figure 4e) shows no specific trend across the film thickness and no influence of the
substrate on the measurement was observed (H of stainless steel No. 304 ~1.9 GPa [27]).
The same cannot be said for E (Figure 4f). For both films, E decreases linearly as the
surface is approached, which is a consequence of the elastic properties of the substrate
being measured with those of the film. The E of the substrate is higher than that of the
film, as confirmed by the contact resonance frequency maps, (Figure S6) (E of stainless steel
No. 304 ~200 GPa [27]). The influence of the substrate is strongest near the film-substrate
interface, so a higher E is measured, and appears to have a significant range of at least 5 um.
Measuring E by nanoindentation across the cross-section of films can be challenging due to
the large elastic zone that is deformed under the indentation probe [33]. The oxides that
form at the interface between the film and the substrate are likely to contribute little to the
total E measured.

4. Conclusions

The microstructure of 0.9Pb(Mg; ;3Nb;,3)03—0.1PbTiO;3 thick films deposited on
stainless steel by aerosol deposition (AD) was studied before and after annealing in air at
500 °C to determine the changes in the unique microstructure created by the AD process.
The changes appear to be small, but detectable, such as the redistribution of pores into
chain-like defects consisting of nanopores and grain growth after heat treatment. Local
texturing at the level of a few adjacent grains was also observed in both films. Interestingly,
annealing affects the substrate as well by relieving stresses caused by the impact of particles
during the AD process and the oxidation of the substrate at the film-substrate interface.

While annealing induced microstructural changes at the nanoscale, the mechanical
properties, i.e., the hardness and Young's modulus, were significantly affected, as evidenced
by the increase in both values after annealing. Both films resisted cracking at a force of
1 mN, which is not observed in conventionally produced ceramics, and is a consequence of
the unique microstructure of the densely packed nanograins produced by the AD method.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /cryst13030536 /51, Figure S1: X-ray diffraction patterns of the
as deposited and the annealed film. All peaks were indexed with a cubic perovskite structure

(space group Pm3m, JCPDS 81-0861) Figure S2: Scanning transmission electron microscopy (STEM)
(a) dark-field and (b) bright-field images of the as-deposited film; (c) the dark-field and (d) bright-
field images of the annealed film. Note that the black and white arrows point to pores locations,
which are black in dark field and white in bright field. The vertical lines observed on the STEM
images are a consequence of the focused ion beam curtain effect; Figure 53: Compositional anal-
ysis of the as deposited and the annealed film, respectively, performed using (a) and (b) EDS-
STEM and (c) and (d) EDS-SEM with the corresponding EDS line analysis. The white arrows in
(a) and (b) indicate the Mg-rich inclusions; Figure S4: (a) STEM dark-field image of the film-substrate
interface in the as-deposited film; (b) the corresponding divergence map obtained from the 4D STEM
dataset using differential phase contrast. Areas with higher contrast in the divergence map represent
higher local strain; Figure S5: EDS of the film-substrate interface of the annealed PMN —10PT thick
film resolving a layered structure formed due to oxidation of the substrate at 500 °C. The layer
structure is composed (from substrate to film) of an Fe- and Ni-rich layer, a CrxOy layer and an
Fem Oy, layer; Figure S6: (a) Topography and (b) frequency mapping at the film-substrate interface of
the as-deposited film measured in the contact resonance frequency viscoelastic mapping mode. This
is an atomic force microscopy technique in which the frequency measured is the resonant frequency
of the tip-material system and is related to the Young’s modulus of the material. The higher the
frequency, the higher the Young’s modulus and vice versa. In b, a higher frequency is measured in
the substrate than in the film, which means that the substrate has a higher Young’s modulus than
the film.
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