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1. Generalities-about ferroelectric|s

History:
U Piroelectricity: 1824- David Brewster
Piezoelectrici
U Piezoelectricy: 1880- Pierre and Jacque Pir:mm
C u I’I e Feroelectrici

U Feroelectriciy: 19201 JoseplValasek
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Ferroelectric = multifunctionalmaterial



1. Perovskite structure ABQ | , @ @’ &

dgred

A=Na', K, Cd? Ba? P2 ‘

B=Ti4, Zr4, Sri4, Hf4, NS, Ta®, WS,
etc.

T = 120AC

Rhombohedral system  Orthorhombic system Tetragonal system Cubic system
Sy
> €

109
!
3 e
s
s
E
£ ol
i
H
2 o5
L {
104 I
0 35 o0 o5 o
Applied electric field (a.u.)



|. Composite materials |

A composite material Is a macroscopiccombination of two or more
distinct materials that remain separateand distinct while forming a
singlecomponent

Dependingon their origin

- Natural (biomaterials) composites

- Artificial 6 ¢ SY 3 A Yy S S NEcBmposites.S N | £ &4 € 0
Design to improve mechanical, thermal, optical, electrical, magnetic etc
in order to extend the applicability area.

IIATINCK, + =1llET = [ CONEISNES
A Ceramiematrix composites AParticulatereinforced composites
A Metal-matrix composites AFiberreinforced composites

A Organiematrix composites AStructural composites



l. Composite materials |

ldea (1972 2 phasesindividually not showing a property can
achievat, if appropriatelycombinedor coupledin acomposite

J. VarSuchetelengPhilips Res. Rep. 27, 28 (1972)

Magnetoelectric (ME) composites coupling via
maghnetostrictivepiezoelectriceffect:

MATERIALS SCIENCE

The Renaissance of
Magnetoelectric Multiferroics

Nicola A.Spaldin and Manfred Fiebig

@ A= s

N\
FM/AF/Ferri  Diel/FE

Phase control in ferroics al ul
field £, magnetic field H, and stress electric
polarization P, magnetization M, and strain £, respectively. |

ME = magnetic = mechanics
€, res n - 0 B

a ferroic material, P, M, or £ are spontaneously formed to pro- meChanlcaI eIeCtrIC
duce ferromagnetism, ferroelectricity, or ferroelasticity,

respectively. In a multiferroic, the coexistence of at least tw. electric mechanica
rroi E M = 3

agnetoelectric multiferroic, a magnetic field may control P -
or an electric field may control M (green arrows). meChan | Ca.l

ic forms of ordering leads to additional interactions.Ina mag netl g - l M (E)
Science 15, 5733 (2005)

wp P(H)




U Application
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Fig. 3 The photos of the flexible PZT Pyroelectric sensors.
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U Fernroelectrics

collaboration withiCMATECNR Gera Italy

- Prof. dr. PNanni
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ACE Ciomagaet al., PhaseTrans 79, 389(2006); C E Cianagaet al., J Opt Adv Mat. 8, 944 (2006); C E Ciomagaet al., J EurCeram Soc27,
4061 (2007); L Mitoseriu, C Ciomageet al., J Optoel & Adv Mater. 10, 1843 (2008; CE Ciomageet al., J Optoel & Adv Mater. 10, 2367
2008; D. RicinschiCE Ciomageet al., J Eur. Ceram Society30, 237 (2010

CE Ciomagaet al. J Appl Phys 110, 114110(2011); M. Delucaet al. J Appl Phys 111, 084102(2012; M. Delucaet al., J Eur Ceram

Society(2012
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collaboration withlSTE€CNRFaenza, Italy,

IIl. MAIN RESULTS G sicc NG

i FerroelectricsRelaxors " &

wFenroelectricrelaxor crossoverinduced by the-Site
substitution in BaM,_, Ti,O,; (M=Zt, Sn{Ce)-ceramics
U Study of ferroelectric-relaxor crossoverin BaZ(Ti, O, (BZT)when
Increasing x by first order reversal curves (FORC)method and

modeling Bazr, i, 10,

15 1.5
101 U FORCs indicate th
] 0 " | ferroelectric- relaxor crossover
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& 5 Wos & reducing of the irrev.
component).
-15 -1.5 T
20 -15 -10 -05 0.0 0.5 1.0 15 2.0 -1.5 -1n
E (kV/mm) 104 1.5
BaZlp 1571y 5505 ] g
_ g 0.5j -
g § 0.0 _ AN e ble
g 0 = 1 &é\"\
AMitoseriu, L; CiomagaCE et.al., J Eur Ceram Soc 27 o me <
(13-15), (2007) 37233726 5] 10
AlanculescuA., Mitoseriu L, BeregerD., CiomagaCE Et - -2 15
al,PhaSérranS?g, 375388 (2006 -1({20 1 —‘0 —d 0.0 0T I0 ‘ 2.0 | -15 —:ﬂO -65 0‘0 0‘5 1‘0 1‘5

E (kV/mm) E (kV/mm)



- collaboration withl STE€CCNRFaenza, Italy
Dr.R.StanculescuDFM group, Faculty o
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1. MAIN RESULTS

U Ferroelectrics
A The influence of possintering reoxidation treatment on dielectric

response of dense and porous BaSK, 5,T10; ceramics
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- collaboration withLectdr. L. Padurariy DFM group,

Il. MAIN RESULTS

U Porousfferroelectric-composites
0 Study of the role of porosity on the functional properties of
Ba, Sk TI0, ceramicsproducedby usinggraphite forming agent
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A R StanculescuC Ciomagal. Padurariuet al. Studyof the role of porosity on the functional properties of (Ba,Sr)TiQceramics J. Alloys
& Compds643 79 (2015



- collaboration withLectdr. L. CurecheriuDFM group,
I I MAI N R ES U L-|_S Faculty of Physics, UA

U Ferroelectricc basedcomposites

ASynthesis and functional properties of PbErT)0,-CNTs
composite,sintered by SparkPI

A
%
py - S/

. A N/

PZT powder

112+

[ (1-9PZT-xCNTs |

1.10
9= x=05%
- 108 )
1.06 - .

1.04 0/

1.024

Tunability,

1.00

0.98

0 5I 1|0 1'5 2‘0 2|5 3‘0 35
E(kV/cm)

U by usingthe MWCNTSn ferroelectricceramicsY reduceof permittivity with about 14%
combinedwith low lossesand highertunability Y new structuresfor tunability properties

ACE Ciomagaet al, Usingmulti-walled carbon nanotubesin spark plasmasintered Pb(Zp, 4, Ti, 55)O; ceramicsfor tailoring dielectric
and tunability properties, Journalof AppliedPhysics116(16), 16411Q (2014).
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11 MAIN RESULTS e~ T

Faculty of Physics, UAI

i Ferroelectricc basedcomposites B
A Dielectric and non-linear properties of SITIQ@BaTiQ core-shell

ceramic e -
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| By compaison with the parent phasesthe SrTiQ@BailiQ core-shell
ceramichave reducezerofield permittivity, and increasethe tunability.

A Airimioaei, M; Buscaglia, MT; Tredici, I; AnseTamburini, UCiomaga, CE&t al., SrTigBaTiQnanocomposites with temperature independe
permittivity and linear tunability fabricated using fietbsisted sintering from chemically synthesized powders, J. Mat Clker@028 (2017)




- collaboration withAssist.dr. Mirela Airimioaei

1. MAIN RESULTS e g

U Ferre€lectric- magnetic composites

A NiFe0,/CoFe0,/NMnFe,0, with pure and Nb doped Pb(Zr,T)O,
ceramiccomposites

Fes*, Nit¥, wC.Ciomageet al., J. Alloys & Com#85 (%2), (2009 372378
nitrguales wlordan, AR; Airimioaiei, M; Palamaru, MN; Galassi, C; Sandu, AV; Ciomagal, JE;
Eur. Ceram. So29 (13) (2009)2807
wCiomaga GEcriptaMaterilia, 62 (8)(2010), 610612
wCE Ciomagaet al.J Appl Phys 113 7,074103(2013

S — i, wCE Ciomageet al. J Eur Ceram Soc 32, 33253337, (2012

© Ph(ZrTi)NbO, wCE Ciomageet al. J Appl Phys 111, 1241141-6, (2012
Selcombustion wC E Ciomagaet al. I Appl Phys 112, 0941031-7 (2012
Sty wPatentOSIM Nr. A/003142017, ROBOPIL1/ 2018
Comire: L (G wPatentOSIMNr. A/004222017, RGBOPI12/2018

C GrantPNII-RUTE187 Investigationof the volum interfaceand percolationeffectsin multifunctional
compositematerialsand metamaterialswith controlledgeometry(IMECOMP{20102013
C PostDoctoral grant POSDRI8Y 1.5/S/63663 Studiul ceramicelornanocompozitecu proprietati

- electromagneticeemergente - metamateriale Cercetaresi comunicare stiintifica. Popularizarea
stiintifica: indicelede refractie negativsi invizibilitate electromagneticgProiectaregoelerineimagice
alui HarryPotter?(20102013

A BarTiQ,-CoFg0,/Co,Zn, ,F6,0, ceramic composites with
different ConneCtiVity (0'3, 2‘2) by SPS - collaboration withlFT, lasi

A A. Guzu, C. E. Ciomaga etlaplloy&Compound 796 (2019) 554 _
A C.E. Ciomaga et aCeramics International 45 (2019) 24188175
A C.E. Ciomaga et algurnal of Alloys and Compounds 775 (2019990
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powder (ss) &

Viscous gel

C GrantPNII-PT-PCCA0134-1119- Magnetoelectric composites with emergent properties for wirelesssanding applications
(201422016)



1. MAIN RESULTS

U Fenreelectric- magnetic composites

ADoubleresonantpermittivity and permeability in GHzrange A route

towards isotropic metamaterials
xCF(l—x)PZT/PZTNberamlc composﬁes
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1Il. MAIN RESULTS

C ProjectPNII-RUTE20100187
Investigation of thevolum, interface and percolation effects in

multifunctional composite materials and metamaterials with
controlled geometry(IMECOMP(20132013)

AlM Fundamental physics & chemical phenomena related to the
volume/interface effects, interconnectivity and percolation degree in
ceramic compositesand metamaterialswith quastperiodical structure,
with dielectric,ferroelectricand magnetolectrigoroperties

V Producing diphase ME composites

V Investigation of functional (electric, magnetic and magnetoelectric) propertjes
In relation with microstructures

V Implementation of effective fields theories for describindielectric prop. for
different types of microstructures

Reported results:

- 8 ISI papers
- 68 scientific presentations to national/international conferences



I Il. MAIN RESU L'|' S G ProjectPNII-RUTE20100187

U Ferre€lectric- magnetic composites
A Experimental and analytical modeling in microwave range

XNF(1-x)PZTNlceramic.composites

—<— MG aproximation
| —=— BG aproximation
— —&— Ll aproximation

- | —r— FEM simulation T
@ experimental data g o

80 Lot e
NF Volume Fraction (%) x=70%

el x=30%

AcCiomaga C.E. et al, Preparation and magnetoelectric properties of NiFe204-PZT composites obtained in-situ by gel-combustion method, J. Eur. Ceram
Soc 32, 3325i 3337 (2012)

ACE Ciomaga, C.S. Olariu, L. Padurariu, AV. Sandu, C. Galassi and L. Mitoseriu, Low field permittivity of ferroelectric-ferrite ceramic composites
Experiment and modeling, J. Appl. Phys 112, 094103 1-7 (2012).



\ I I MAI N R ES U L-|-S - collaboration Wllztglc_lejlct:)t/d(;f%@\;?g;n&k'

ik Ferroelectric- magnetic composites &%

AEngineering magnetoelectric composites towards application as

tunable microwavefilter
- XMF +(1-X)PZTNlceramic composites
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’ I I . MAI N R ES U L-l-S - collaboration withLectdr. Llf;:dulft?:)i?;ill\s/ligsr’oﬂ%
X

A 0.66BaTiQ-0.33CoFgO, (BTCH randomly mixed and layered

composites Theoretical prediction by FEM
'2.0
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S - ey
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Experimental results

AA. Guzu,C E Ciomaga,et.al, Functional properties of randomly mixed and layered BaTiQ-CoFgO, ceramic compositesclose to the
percolationlimit, J Alloy&Compound/96 (2019 55-64



11l. Conclusions

U Contribution to understanding the effect of compositions, grain size and
boundary ¢ dependent phenomena on dielectric properties;, structural phase
transitions as well as ferroelectric ¢ relaxor crossoverusing Landautheory and

FOR@nethod

U Oxygenvacancyplay an important role on dielectric responsein ferroelectric
ceramics

U FEM demonstrated the concept of engineered local fields in porous
microstructures for tailoring the permittivity and tunability values and the
possibilityto increasetunability with reducingpermittivity for smallporositylevels

U Understanding of the functional (dielectric, ferroelectric, magnetic and
magnetoelectric)related to the structural, microstructural characteristicsin
multiferroic composite systemsformed by ferroelectric oxide and a spinel
ferrite.

U Theresultsobtain by 3D FEMhaverevealedthat there are major differencesin

the electric field configurationsin the randomly mixed and layer microstructure
composite,andthis demonstratesthat the microstructure and phaseconnectivity
play a major role on the effective dielectricresponse




Perspectives

L

Engineering Pb-free porous piezoelectric materials with
particular microstructure with enhanced Figure of
Merits(FOMs)or energyharvestingapplications

C Grant PN-Ill -P4-1ID-PCE-20201988§ title Engineering of lead
free porous ceramic materials for piez@yroelectric sensors with
energy harvesting applications (2021023)

A to designby modellingtools varioustypesof porousceramicmicrostructures
with enhanced piezoelectric and pyroelectric properties and reduced
permittivity with respecto the densestructures

A to produceoptimisedPb-free porousceramicswith peculiar microstructures
A to developand test piezoelectricand pyroelectric sensorsfor thermal and

mechanicalenergy detectionand conversionin order to be employedin
energyharvesterdevices



Perspettives

Exploring the morphotropic phase boundary (MPB) in
ferroelectric systens in order to find high-performance
materials with excellent dielectric properties for energy
storageapplications

- Usingof innovative synthesistechnique for obtaining optimum
structures with enhanced properties as high permittivity,
tunability, energy storage/conversion/harvestingcapacity for
advancedapplications

Exploring electrica properties in new classes of
ferroelectrics(A, WO, A=L¥*, BiY)

Néw
arroel

PNHIFP33.1-PMROFR2019n nc X dadzZ GA&OF S Ay@Sad
FSNNR St SO0 NR O (dit. E.MRoSediu)2D192021) C9 wé

Polimer (PVDE biopolymer) - based composites
Flexible! | (BaTiQ, Ferrite, CNT metallic nanoparticles)




| lons: Wh
Collaborations: What can | do T DS,

& MULTIFERROICS
GROUP

C Synthesisof nanoparticles ceramicsand polymer films by s.s.
reactions

R
~a_
Y |
| Q=
! @l I ﬁéand bath
=
——

A Chemical niche g AnalyticalbalanceOhaus ACalcination furnace300°C (Nabertherm L5/13/P330) si 168D ¥
(DV215CDV) (Nabertherm LHT04/16/P310),

A Isostatic press |\&

C Broadband impedance spectroscopy
(10nHz3GHz) dielectric measurements

E4991A RF Impedance/Material Analyze

and |nterpretat|0n : Frequency range: 1 MHz to 3 GHz

["IIIIIIHIIIIII N
Bridge GWT (20 HO MHz)

r 4

Directional antenna up to 6GHz

https://eeris.eu/ERIF2Z000-000£0736

Solartron1260A Impedance/Gakxfrhase Analyzel
CNBIljdzSy Oe MNRWHAS wmn



https://eeris.eu/erif-2000-000z-0736

.
F i

Collaborations: What can | do i Do, S
C Piezoelectric measurements Piezoelectric Tests d33

C Ferroelectricmeasurements P(E) S(E), o |
. . . Precision Multiferroic 500V Ferroelectridest
FORC, Rayleigh analysis and calculations System

C Magnetoelectric measurements
- Polarization Measurement under AC & DC Magnetic Fields

High Voltage Interface

Bulk Ceramic Heated Piezo/Pyro Test Fixture to 230C
High Voltage Amplifier 10kV

Magnetoelectric Test Bundle for Bulk Ceramics

Thin Film Piezoelectric Test Bundle-PIiB)

o T J>o I I

¥ E— -
i

C Noninear dielectric propertiestunability e(E) q'g

 —

and(in collab with Lect. Dr. L. Curecheriu) '

e ¥
.:-‘.' ‘

43

Trek_ amplifyer Model 30/20AH-CE
https://eeris.eu/ERIFR2000:000Z0736 maximum voltage DE 30kV @ 20mA.



https://eeris.eu/erif-2000-000z-0736

X Accessstructural analysis(XRD) |
http://stoner.phys.uaic.ro/major ‘facilities.html ‘

C Expertise on suctural analysis by XRD (Shimadzu Lab 6Q00)

- Powder and bulksamples measurements
- Thin filmssamples measurements by grazing incidence method |

SQUID Magnetometer MPMS XL - 7AC
Maximum field: 7T with integrated AC-coil
Temperature range: 1.9K to 400K

7 Tesla AC Measurements

x (ollaborationson magnetic analysis

Dual AGM / VSM Magnetometer

C Magnetic characterizatiorfM(H), .
M(T), FORC analysis by SQUID and AG&l &

i
LakeShore Probe Station with vertical
magnetic field

X Collaborationin designand predicted of functional properties in
varioustypes microstructuresby modellingtools

C Modeling of the functional properties of composites iyffective
Field Modelsand Finite Element Methodcollab. with Lect. dr. L.

Padurariu)
C Data interpretation by a complete preparation

micro/nanostructural-functional properties¢ modeling approach;


http://www.qdusa.com/products/mpms.html
http://www.princetonmeasurements.com/

.Collaborations:l look to share ‘

X

domain structure analysis (AFM, SEM/EBSDhanNd ferroelectric
local switchingexperiments(PFM)

TEMSAEDand HRTEManalysis

XPSanalysisfor investigate the reduction of V,, and analysethe
changeof the content of V_, in BaTiQ-solid solutions (e.g. (Ba,
.Ca)(Th,,Z1,)Os etc)

Exchangeof knowledge concerningstructural analysis(Rietveld
refinement)

Ferroelectric oxide materials with dielectric/ferroelectric
properties
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