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Preface

In June 2015 we could welcome our new colleague Prof. Kyle G. Webber heading the func-
tional ceramics department. Together with two research fellivam his DFG funded Emmy
NoetherGroup he started his research activities in the field of ferroelectric ceramics. After transfer
of unique experimental facilities from TU Darmstadt to FAU Erlangen his experimental equipment
is ready for work.

In the glass department (Prof. Dominique de Ligny) research centers on a better understanding
of light interactionwith glassas well as response to external stress. Laser glass interaction is ex-
plored for new functionalization of glass by surface texturing. Therdised structure of glass
imposes the development of specific instrumentation as vibrational spectroscopy. A new setup
coupling Raman and Brillouin spectrosgogs well as a calorimeter allemew and unique pro-
spective ways.

In the biomaterials departmefProf. Stephan E. Wolf), the DFG funded Embigether
Research Group on biomimetic materials started the research activities after completing the refur-
nishment of the laboratories. Work is focused on identifyingptfogessstructureproperty rela-
tionships in biominerals and subsequent in vitro mimesis by biomimetic crystallization at ambient
conditions. Initial results were publishedNiature Communicationsee publications).

Work of the research group on cellular ceramics (Dr. Tobias Fey) is ceotemitrostruc-
ture characterisation applying-rdy microtomography and testing of the mechanical and thermal
properties of cellular ceramics. Massive strain amplification lattice structures were investigated by
experimental and theoretical approaches. & dknerativeceramic processing group (Prvoz.
Dr. Nahum Travitzky) research activities envisage formation of multilayer refractory ceramics
from preceramic paper. Electric sensor patterns were integrated by screen printing technologies.

Intensive coperation with the Advanced Materials group at the Nagoya Institute of Technolo-
gy, Japan, continued including several visits of Japanese colleagues to Erlangen and vice versa.
Fortunately, we received the approvaldvammdd a ne
Cel l ul ar Bi ocer ami c s NagogeelrsttueeohTedAndblogy, Japa argl )Sung
Kjun Kwan University Suwon, Korea. With this program Master and PhD students as well as facul-
ties coming to Erlangen as well as our fellows visiting the pestin Japan and Korea will be
funded in 201682017.

The institute took part in th2015 Lange Nacht der Wissenschafignpresenting interesting
results on the research in bioceramics, cellular and functional materials. We could celebrate the 40
years ofcontinuous employment of Alfons Stielgeschmitt. Since October 2015 Prof. Greil serves as
the dean of the faculty of engineering.

| want to express my sincere thanks to the members as well as to all friends of the institute of
glass and ceramics.

Peter Gri
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Staff

1. INSTITUTE OF GLASS AND CERAMICS

a. Staff

Faculties

Prof. Dr. Peter Greil Head of Institute
Prof. Dr. Dominique de Ligny Glass

Prof. Dr. Kyle G. Webber Functional Ceramics
Prof. Dr. Stephan E. Wolf Biomimetic Materials
PD Dr. Nahum Travitzky Ceramis Processing

Administration
Karin Bichler
Candice Iwai

Evelyne Penemiiller

Senior Research Staff

Dr.-Ing. Ulrike Deisinget Ceramic Multilayer Processing

Dr.-Ing. Tobias Fey Cellular Ceramicaind Simulation

Y now in industry
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5



Institute of Glass and Ceramics

Research Staff

M. Sc. Azatuhi Ayrikyan
Dr. Guo Ping B&

M. Sc. Alexander Bonet
M. Sc. Corinna B6hm
Ph.D. Maria Rita Cicconi
Dr. Andrea DakkourBaldauf
M. Sc. Benjamin Dermik
M. Sc.Franziska Eichhorn
Ph.D.Xiaomeng Fan

M. Sc. Ina FilberdDemut
M. Sc. Matthias Freihart
M. Sc. Zongwen Fu
Dipl.-Ing. Philipp Geiger
M. Eng.Michael Hambuch

M. Sc.Ruth Hammerbacher

Technical Staff
Sabine Brungs
Timotheus BarretdNunes
Evelyn Gruber

Heiko Huber

Beate Miiller

Heike Reinfelder

2now in industry

Ph.D. Joseph Harris
Dipl.-Ing. Daniel Jakobsen
Dr. Barbara Kaeswurm

M. Sc.Hannes Lorenz

Dr. Kalina MalinovaTonigold
Dr.-Ing. Joana Pedimonte
Dipl.-Ing. Lorenz Schliet

Dipl.-Ing. (FH) Tobias Schlordt

Dipl.-Ing. Alfons Stiegelschmitt

M. Sc.Martin Stumpf
Ph.D. Alexander Veber

M. Sc. Moritz Wegener

M. Sc.Bastian Weisenseel

Dipl.-Ing. Bodo Zierath

Peter Reinhardt

Eva Springer

Dipl.-Ing. Alfons Stiegelschmitt
Hana Strelec

Andreas Thomsen
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Staff

Excursionto the lead crystal glass pro-
duction lines of Nachtmann Gml{M/ei-
den) followed by a guidedke through
old gold mining areasvith gold panning

in a creek(Oberviechtach
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Institute of Glass and Ceramics

Welcome to Professor DrKyle G. Webber

Kyle G. Webber, born in 1980, graduated in Marine Syste

Engineering from Maine Marithe Academy in 2003, wher¢

39 Assistant Engineer for steam, diesel, or gas turbine
sels of unlimited horsepower. In 2005 and 2008, respect
ly, he received a M.Sc. and Ph.D. in Mechanical i&eey-
ing from the Georgia Institute of Technology for his work
the nonlinear electromechanical constitutive behavior
single crystal and polycrystalline ferroelectric materials. In
2008, hejoined the Department of Materiand Geoscienc- 313
es at the Tdmische Universitat Darmstadt as a postdoctoral researcher mvestrgatrng the
mechanical properties of ferroelectrics, such as high temperature ferroelasticity, stress
induced phase transformations, and fracture. In 2014, he was appointed as a Junior
Profesor at the Technische Universitat Darmstadt, headinglgwtromechanics of Oxides
research group.

In 2013 he was awarded a Emmy Noether Research Grant by the Deutsche For-
s ¢ hungs ge meThalsfluehca bf MecbanicaliLoads on the Functional Properti
of Perovskite Oxidés. P e rstuctarédi céramics are commercially important oxide
ceramics that are used in numerous actuation, sensing, and energy applications due to their
wide-ranging functional material properties, such as ferroelectricityprfeagnetism, su-
perconductivity, colossal magnetoresistance, and ionic conductivity. The aim of this project
is to investigate the influence of mechanical loads on two advanced applications: large dis-
placement actuators and cathode materials for solid dxedeells, which involves stress

modulated structural phase transformations and ionic conductivity.

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Equipment

b. Equipment

Technical hall (600 m?2): equipped with facilities for advanced processing, shaping,

ing, and sintering as well as molding of glass, ceramics and composites

Main Equipment

Laboratories

i Biomaterials laboratory 1 Powder characterization laboraton
9 Ceramography workshop 1 Processing workshop

9 Functional ceramics laboratory 1 Rapid Prototyping laboratory

1 Glass laboratory 1 SEM/AFM laboratory

1 Mechanical testig laboratory 1 Simulation laboratory

1 Multilayer processing laboratory 1 X-ray characterization laboratory

1 Polymer processing laboratory

Report 2015 Department of Materials Science and EnginggriBlass and Ceramics, University of Erlangéuremberg
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Institute of Glass and Ceramics

Equipment

Thermal analysis 1 3-dimensional optical dilatometer

1 Push rod dilatometers (up to 1870D)

1 Thermal analysis (DTA/TGA/DSC/TMA)
1 Thermal conductivity device

)l

Viscometry (beam bending)

Powder characteri-
zation

1 ESA acoustophoretic analyser (Zeteter)

1 Dynamic light sattering particle size analyser
1 Gas absorption analyser (BET)

1 Laser scattering particle size analyser

1 X-ray diffractometers (higtemperature)

Optical analysis FT-IR spectrometer

High-resolution fluorescence spectrometer

Light Microscopes (digital, polaation,in-situ hot stage
Scanning electron microscope (variable pressure, ESEM an
temperaturavith EDX)

f  UV-VIS-NIR spectrometers

Drying stress 1 High precision mechanical testing with optical tracking syste
measurements (EXAKT)

1 Impulse ExcitatioMeasurement (buza-sonic)

1 Micro hardness tester

1 Servo hydraulic mechanical testing systems (also high

temperature)
1 Single fibre tensile testing machine
1 Viscosimeter and elevateadmperature viscosimeter

Chemical analysis  ICP-OES (Spectro Analytical Ingtments)

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Equipment

Structural analysis

Powder and slurry
processing

2D laser scanning microscope (UBM)

3D Laser scanner

Atomic force microscope (AFM)

Electron paramagnetic resonance spectroscopy
He-pycnometer

High accuracyeighing scales

LaserFlash LFA 457

Mercury porosimeter

Micro-CT Sky €an 1172

Microwave and ultrasonic devices for ndastructive testing
Ramanmicroscope with two excitation lasers

Attrition mills

Agitator bead mill

Disc mill

Intensive mixers (Eirich, powder and inert gas/slurry)
Jaw crusher

Overhead mixey

Pick and Placer

Planetary ball mills

Planetary centrifugal mixer (Thinky)
Rotary evaporators

Sieve shakers

Single ball mill

Thermo kneader

Threeroll mill

Tumbling mixers

Ultrasonic homogenizer

Report 2015 Department of Materials Science and Enginegriblass and Ceramics, University of Erlangéuremberg
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Institute of Glass and Ceramics

3D printers

Advanced screen printing deeic

Calender

CNC High speed milling machine

Cold isostatic press

Electrospinning machine

Flaring cup wheel grinding machine
Fused deposition modelling device (FDM)
High precision cutting device

Hot cutting device

Laminated object manufacturing devices (LOM)
Lamination presses

Langmuiii Blodgett trough

Lapping and polishing machines
Low-pressure injection moulding machine
Plate sheatfor cuttingthick green sheets
Positioning unitwith a resolution of-/- 35 microns
Precision diamond saws

PVD coaters

Robotcortrolled device

Roller coater

Screen printer

Sheet former

Spin coater

Tape caster

Textile weaving machine

Twin screw extruder

Ultrasonic drill

Vacuum infiltration device

=A =4 =4 4 4 -4 45 -4 -5 -5 -5 -4 -2 -5 -5 -4 -5 -5 -5 -5 -5 -5 -5 -5 -5 -5 -5 -2 -
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Equipment

Heat treatment 1 Autoclave
1 Dryers
1 Furnaces (air, B Ar, Vac, HighVac, forming
gas) upto 2500°C for sintering, glass melting,
filtration, debindering, pyrolysis
1 Gradient furnace
1 High-temperature spray furnace

Prof. Dr. Peter Greil congratulates Diplng. Alfons Stieglschmitt for

40 years of service

Report 2015 Department of Materials Science and EnginggriBlass and Ceramics, University of Erlangéuremberg
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Institute of Glass and Ceramics

c. International

Visiting Students and Scientists

Prof. Dr. Shangwu Fan (February2014i February2015)

Northwestern Polg c hni c al University, Xiodan, P.R. Chin

Hyuen Woo Yang (January 2015 February2015)
Sungkyunkwan University (SKKU), South Korea

Jina Yang (January 2015 February2019
Sungkyunkwan University (SKKU), South Korea

Jimei Xue (March 2015 August2015)

Nort hwestern Polytechnical University, Xi 6an,

Hatim Laadoua (April 20157 July2015)

EcoleNationaleSupérieure dhgénieurs déimoges (ENSIL), Limoges, France

Sana Rachidi (May 2015i August2015)

EcoleNationaleSupérieure dhgéniaurs deLimoges (ENSIL), Limoges, France

Julie Pradas (June 2015 SeptembeR015)
Ecole NationaleSupérieure dhgénieurs déimoges (ENSIL), Limoges, France

Prof. Dr. Jean Rocherullé (July 2015)

Université Rennes Erance

Prof. Dr. Ronan Lebullenger (July 2015)

Université Rennes 1, France

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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International

Dr. Franck Tessier (July 2015)
Université Rennes 1, France

Prof. Dr. Dorrit Jacob (August 2015)
ARC Centre of Excellence for Core to Crust Fluid Systems and GEMOC ARC National
Key Centre, Department of BEh and Planetary Sciencddacquarie University, Sydney,

Australia

Takahiro Fujiwara (November 2015)
Nagoya Institute of Technologgeramic Research, Nagoyapan

0

Takahiro Fujiwara during his visit to our institute in November 20

Report 2015 Department of Materials Science and EnginggriBlass and Ceramics, University of Erlangéuremberg

15



Reseach

2. RESEARCH

a. Project List

Research centres on basic aspects of ceramics, glasdecomposites. Materials for

applications in microelectronics, optics, energy, automotive, environmental, chemical

technologies and medicine were investigated. Research was carried out in close cooperation

with partners from national and internationaluersities and industries.

Research Projects (in alphabetical order) Funding

Principal Investigator

BayFOR AustralidAVar i abl e Cr y s BayFOR

ral and Synthetic Nanc
Bioactive ceramic cages IN
Cellular ceramics for heat absorbers EnCN

Deformation and sintering behaviour of preceran DFG
papers

Development of layered structures and 3D gene BMWi
tive processing methods for innovative combusti IN
chamber lining concepts

Dispers systems for electronic devices DFG

Emmy Noether ProgramméiThe Influence of DFG
Mechanical Loads on the Functional Properties
Perovskite Oxidas

Environmentally friendly developmentof white BFHZ
phosphoruson the basisof oxynitride phosphate
glasses

S.E. Wolf

P.Greil / T. Fg

P. Greil

N. Travitzky

A. Roosen / N. Travitzky

A. Roosen

K.G. Webber

D. de Ligny

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Project List

Evaluation of the densification mechanism dur
realisation of dense ceramic layers at ro
temperature via the Aerosol Deposition Method

Experimental study ahsimulation of anisotropic
effects in cast green tapes

Flexible manufacturing of preceramic paper bast
refractory components

Formation of Liquidcondensed mineral phases a
the mechanisms of the PILP procéSeamy Noe
ther Goup)

Hierarchical cellular ceramics and composites

High coordination numbers: togsiructural impli-
cation on glass strength

High temperature stable ignition components ba
on defined 2D and 3D SiSiC struatsr

Integrated Calorimetry and Vibrational Spectros
pies

Lightweight cellular ceramics

Manufacture ofscaffolds for tissue engineerine BMBF

applicationsn rapid prototypingechniques

Manufacturng of multilayer refractories by tape
casting

Robocasting of macrocellular ceramic-gidtice
structures with hollow filaments

DFG

DFG

DFG

DFG

DFG

DFG

AiF

DFG

EC

DFG

DFG

K.G. Webber

A.

P.

Roosen

Grell

S.E. Wolf

A.

. Greil

. de Ligny

. Travitzky

. de Ligny

. Greil

. Greil

Roosen

. Travitzky
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Reseach

Self healing MAX phase ceramics DFG P. Grell

Stable and metastable multiphase systems for h DFG P. Grell
application temperatures

Structured carbon based catalyst support structt DFG T. Fey
for CO hydration

Tapeon-Ceramic Technology BMBF  A. Roosen

Towards smart solar cell glasses: Glass texturing EnCN D. de Ligny
under laser irradiation

Funding organizations:

AiF: Industrial research Cooperation

BayFOR: Bavarian Research Alliance

BFHZ: BavarianFrench Academic Centre

BMBF: Federal Ministry of Education and Research

BMWi: Federal Ministry of Economics and Technology

DFG: German Resarch Foundation

EC: Cluster of Excellence (fiEngineering of
EnCN: Energy Campus Nuremberg

IN: Industry

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Selected Research Highlights

b. Selected Research Highlights

Mechanical and Electrical Strain Response of a Piezoelectric Auxetic PZT

Lattice Structure

Tobias Fey, Franziska Eichhorn, Guifang H#&athrin Ebert, Moritz Wegener, Andreas

Roosen, Kerxichi Kakimoto, Peter Greil

A two-dimensional auxetic lattice structure was fabricated from a PZT piezoceramic.
Tape casted and sintered sheets with a thickne§8®fum were laser cut intomverted
honeycombHattice structure with rentrant cell geometryg(= - 25°) and poling direction
oriented perpendicular to the lattice plane. Thelane strain response upon applying an
uniaxial compression load as well aselectric field perpendicular to the lattice plane were
analyzed by a 2D image data detection analysis. The auxetic lattice structure exhibits ortho-
tropic deformation behavior with a negativeplanePoisson’s ratio 0f2.05. Compared to
PZT bulk materibthe piezoelectric auxetic lattice revealed a strain amplification by a fac-
tor of 3071 70. Effective transversal coupling coefficiedf&; of the PZT lattice exceeding
4.10° pm/V were determined which result in an effective hydrostatic coeffici®nt66
times larger than that of bulk PZT.
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Research

Microstructural, mechanical and thermal characterization of alumina

gelcast foams manufactured with the use of agarose as gelling agent
Tobias Fey, Bodo Zierath, Peter Greil, Marek Potoczek

Alumina gelcast foars manufactured by using agarose as gelling agent were exam-
ined in terms of microstructural, mechanical and thermal properties. The microstructural
SEM measurements of alumina foams were compared withy Xnicro tomography inves-
tigations also on the porent wor k. Youngd6s Modulus of al umina
impulse excitation and ultrasonic sound velocity measurements. These two independent
techniques showed similar results. -&Il bson an:i
and closeetell foams wascompared with experimental data derived from compression
tests. The thermal conductivity measurements using iflash Analysis were correlated

with the pore network in the alumina foam structure.

3D-visualisation of pore network at ap® , b) 77% and)89% porosity

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Selected Research Highlights

Chemical tunability of europium emission in phosphate glasses
Maria Rita Cicconi, Alexander VebeQominique de Ligny

The development of new generation of fewergy lighting is closely related to the
properties of the phosphors usetey must fulfill several criteria: color, emission efficien-
cy and ease of production. In the case of white LED (WLED) it is mainly done using the
Cée® *as a dopant in the YAG associated with Ggipe blue LED. Most of the time in this
case the phosphor @btained at high temperatures under reducing conditions, around 1400
° C, by reaction in the solid state. The powders obtained have a low crystallinity and do not
allow the production of large size transparent parts. More@afer use the recycling of
rare earth is very difficult. Its environmental footprint presents two bad points: a high pro-
duction energy cost and an almost non reuse after lifetime. Even if the emission spectrum
of such a YAG:Ce WLED is nearly continuous, an overrepresentation frotiudd ED
emission makes the light slightly cold. We developed a white emission phosphor based on
an oxynitride phosphate glass. In this case, rare earth Eu which was used in its reduced
form EU* has a continuous emission spectrum limited to the visiiel(.). An advantage
of phosphate glasses is their very low synthesis temperatures, just few hundred degrees
Celsius thus limiting the production energy cobtereover a nitrification step allowus to
improve both the durability properties of the glassl to further reduce the usualPEto its

desired reduced Etiform ensuring then a white emission spectréig @.).

Aoy ® 330nm

Eu?t

——NaPEu i _ =422nm
— NaKPEu i =435nm

—KPEu ) =470nm

Normalised Intensity (arb. units)

30 350 ' w0 W 40 50 S0 600
Wavelength (nm)
Fig. 1: Excitation and Photoluminescence spectra foidéped phosphate glassé&oth

Ew’* emission and excitation bands shift todaed by substituting K for Na

Report 2015 Department of Materials Science and Enginegriblass and Ceramics, University of Erlangéuremberg
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Research

As to further improve the glass formation ability and test chemical tunability glasses with
Na, mixed NaK and K were prepad. The photoluminescence studies clearly show that
Ew" emission band shifts toward red by substituting the alkali cation, in the order
Na<NaK<K, whereas the luminescence data here obtained suggest the preserténof Eu
just one site distribution. THarge shift toward higher wavelengths, observed for samples
synthetized in air, indicates that the network modifier ions strongly affect the nature of the
Ew?*-O bond, and so able a gotohability (Fig. 1).

I CIE 1976

0.4 -

0.3

0.2 4

0.1+

0.0 T T T T T T T T v T . T ’ 1

0.0 0.1 0.2 0.3 0.4 05 06 0.7
Fig. 2: CIE 1976 chromaticity diagram for the alkd&learing phosphate glasses syntt
tized in air (stars) and under NHlux (circles). The emission can be systematidaited
by changing the chemistry. In the inset the different luminescence for the NaKPEl

synthesized in air (red) and under Mftlix (blue)
The first results of thistedy are very promising as well on the emission properties that

the production energy saving obtained. In addition the glass technology, chosen here, can
be considered for molding transparent parts in large volume, currently inaccessible by ce-
ramic processs. As in nature apatite crystallization at the end of the LED life cycle will
help the Eu recovering.

This study is realized in daboration with Jean Rocherull
Ronan Lebullenger and Franck Tessier of Rennes Univer I @ 0”

France and received the suppafrthe BayeriscH-ranzdsisches Hochschulzentr(BfrHZ).
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Selected Research Highlights

Integrated Calorimetry and Vibrational Spectroscopies
Alexancer Veber, Maria Rita Cicconominique de Ligny

The new equipment developed this year with vibrational spectrometer from 0,01 to
4000 cmt' allows a fully multiscale approach of materials. In such experiment the calorime-
ter gives the energetic response of matter and the vibrational spectrometers observe its elas-
tic and structural evolution. From 0,01 to 10°tthe Brillouin inelastic scating is sensi-
tive to long range order properties like volume and elastic moduli. From 5 to 2béhem
Raman Terahertz inelastic scattering is related to intermolecular bonds and from 200 to
4000 cm' to internal méecular vibrations (g 1).

Fig.1: Brillouin and Raman Wavenumbers (cm™)
-1 0 1 400 800 1200

spectra of silica glass. Two pair

1:50 Brillouin  Raman

of peaks in Brillouin spectrun
1.0

correspond to dngitudinal and
transverse acoustic waves in tt

glass. Raman spectra above 2

0.5

Intensity (a.u.)

cmit originates from structural

units of the glass network an J
below to vibrdion within the mid 0.0 U L M Jd L\ : : : ,

-20 0 20 10000 20000 30000 40000
range order Frequency (GHz)

Doing these observations simultaneously in situ is useful to study any transition that im-
plies several order parameters or exhibit relaxation phenomena. For exteyplill help
to understand phenomena as different as dbdilsrder phase transitioglass transition or
crystallization. Its use is not restricted to glass and prospective projects are expected in the
field of ceramic, mineralogy, polymers as well as more fundamental study for example of

emulsions.
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Integrated Calorimetry and Vibrational Spectroscopies setup ws#g88 nm solid laser. The laser path between e
equipment can be modulated in function of the needs.

Report 2015 Department of Materials Science and Engineering, Glass and Ceramics, University of ENangaberg
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Selected Research Highlights

Such tool unthinkable in the paist now possible due to new technologic improve-
ments especially: the new 3D Bragg gratings, that allow easier recording of Raman spectra
in the 5 to 200 crregion, high sensitivity cameras with a better quantum efficiency allow-
ing quick data recording ithe same time scale that the calorimetric measurements, narrow
intense solid lasers at low wavelength 488 nm to avoid black body emission but with

enough power.

This setup was designed around the path of the laser as shé¥gn 2n By adjusting
all theequipment on an optical table, a robust and versatile design was obtained. The path

of light can be modified easily to get the better performances.

Fig 2: Path of the laser

in  blue and the Brillouin
spectrometer

backscattered signal ir
green. Macroscopic
samples can be studie

under different geome

try by following the Calorimeter
dash blue line and set

ting the sample at the

grey circle

mmm rniror, weest Flip-flop miror , g A/2lamells, o lens, .cube beamsplitter

The sample can be observed as well macroscopically that in a microscope environment.

The microscope bliiaround the DSC allows
seeing the sample and the position of the laser
on it at any time so quick adjustment can be
realized. The spatial resolution can be low as a
pair of microns using the x50 objective. The
environment around the sample can be chdnge
in the calorimeter betweer70°C and 650°C

with diverse atmosphere fromertto oxidizing.
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Mechanical stability of polar defects in ferroelectric perovskites

Kyle G. Webber

One of the central advantages of the simple AB@ucture is the ability to snificant-
ly alter the functional properties with relatively small amounts of aliovalent and isovalent
substitutions. Often, in the case of ferroelectric materials, aliovalent transition metals or
rare-earth ions are selected that occupy either anrM-site, resulting in the formation or

elimination of oxygen vacancies for charge compensation. Acedpfmng with lower
valence ions leads to the formation of oxygen vacandig9,(which has been shown to

el ectrically fAhar den oagihghEhesé effects coeréspondtciosely and r
to the development of an apparent internal bias electric field that depends on the concentra-

tion content as well as the thermoelectrical history of the sample. It is generally agreed that

the observed enhancementalectromechanical properties and decreased electric poling

fields in donordoped ferroelectrics is correlated with the decreased oxygen vacancy con-

tent, the formation of Asite vacancies, and changes irsii valance. This facilitates in-

creased domain Wamotion and, therefore, increased extrinsic contributions to the electro-

mechanical properties.

Understanding the role of mechanical fields on accegpaped ferroelectrics is im-
portant, as many applications apply mechanical loads during operationfoféetiee pri-
mary aim of this work is to investigate role of stress on doaod acceptedoped
Pb(zr,Ti)® through the characterization of the stressd temperaturdependent direct
piezoelectric response. The samples used in this study are commexrcalablesoft and
hard PZT, which are both near the morphotropic phase boundary on the tetragonal side and
have the following compositions:  B&[Zroaslio.4A{Nio.3Ske7)o0.0d1.003 and
Pbr.odZro.47Tio.4{Mno 335ty 32Nbo.390.091.0003, respectively Mn?* acts as an acceptor
dopant on the Bite, whereas Nijis a donor dopant.

Measurement of the temperatuasd stresslependent longitudinal direct piezoelectric
coefficientA was performed on a screwviven load frame fitted ith a heating chamber
and custorrbuilt equipment capable of applying small mechanical impulses at various fre-
guencies. The load frame applied the global bias uniaxial compressive stress, while an inte-
grated piezoelectric stack actuator, positioned in sevith the sample and controlled by a
LabVIEW program, partially unloaded the sample with a sinusoidal mechanical signal.
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Selected Research Highlights

During testing a load amplitude of £0.5 MPa was used. The small signal direct piezoelectric
coefficient was calculated from the measiamplitudes of stress and polarization in a fre-

guency range between 50 mHz and 240 Hz with an accuracy of better than £0.2 pC/N.

The direct piezoelectric coefficient of the soft and hard compositions was determined
during uniaxial compressive loadingdwunloading in the frequency range between 50 mHz
- 240 Hz and is shown in Fig. 1. The arrows indicate the direction from lower frequencies

to higher frequencies. The soft [ — o

material displays a significantly soo'li

larger dzsA  value, 550 to 60 2

pC/N, depending on frequency, in R ¥ =
200

the poled state without applied |, \ \A‘b:h“

stress. In contrast, the hard PZT o

0 100 200 300 400 0 100 200 300 200
Compressive Stress (MPa) Compressive Stress (MPa)

composition has & of 250 to

280 pC/N over the same frequen_Flg. 1: Frequencydependent piezoelectric coefi

cy range. The lower piezoelectricc'em with compressive bias stress irftga) and

response of hard PZT is due to théw‘mI (b) PZT

deaease in domain wall mobility and a subsequent decrease in the intrinsic contribution.
With an increasing compressive stress, the piezoelectric response of the soft PZT is found
to monotonically decrease above approximat2s/MPa, which is related to tffiest devia-

tion from the linear elastic behavior (Fig. 1a). This point is where ferroelastic domain reori-
entation begins and is defined as the onset sttgssAS the external compressive stress
reorients domains parallel to polarization direction, the average piezoelectric response of
the polycrystal decreases. This effect continues until saturation, where no additional do-
mains are available to be switchéaw comparison, the hard PZT displays an initial increase

in A until -75 MPa, followed by a decrease and subsequent saturation. The initial increase
is proposed to be due to the presence of an internal bias field created durirextieakl

poling process. As the applied bias stress increases, the electrostatic and mechanical forces
work antagonistically and result in an increase in the piezoelectric response through en-
hanced domain wall motion. Further increases in the mechanathske a shifting of this

balance and a mechanical clamping of domains.
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Research

The stresglependent experimental results (Fig. 1) indicate that compressive stress can
reduce the apparent internal bias that is caused by the ordered orientation of polar defects.
Through the increase in temperature, the influence of stress on the polar defect should in-
crease with the increasing thermally activated mobility of such defects. Soft PZT displays a
reducedA value at 25 °C and a gradual decreagd wicreasing temperature. Hard PZT,
however, clearly shows a twstep switching process with the first decrease occurring at

~40 °C. Importantly for applica-
tions, this limits the thermal oper-
ating range of such materials
when a compressive stress is ap-
plied. Above approximately 150
°C, the rate of decrease i
drops and the subsequeht 4
behaviar matches well that ob-
served in soft PZT. This twstep
switching step is proposed to be
due to the reorientatiof the
polar defects with thepplicdion

. _ _ ~of a bias stress. At loweemper-
Fig. 2: Temperaturelependent direct piezoelectr

coefficient for soft (a), (b) ahhard (c), (d) PZT

with a bias compressive stress

atures, the mobility of the polar
defects is low enough that they
are not significantly influenced
by the stress. However, as the temperature and the mobility increase, theypraam,re
which is the origin of the first step. Because they are mechanically clamped, the frequency
dispersion at higher temperatures also decreases. Eventually, the material loses the sponta-
neous polarization and tihe reduces to zex

The present findings indicate that compressive stress reduces the intrinsic forces gener-
ated by electrostatic ordering of charged defect population. This resulted in the presence of
a two-step switching in hard PZT with increasing temperature thatratasnalized to be
due to the increasing mobility of the charged point defects, most likely oxygen vacancies.
However, further stresdependent electron paramagnetic resonance measurements are re-

quired in order to directly observe stréisduced defect digle motion.
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