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Preface

The Institute of Glass and Ceramics centres on research and teaching in the fields of proc-
essing, microstructure, properties as well as application of glasses, ceramics and composites. In the
2012 report a comprehensive overview on the main activities will be presented.

In the field of engineering ceramics (Peter Greil) research work centred on fundamental
aspects of crack healing and processing and properties of lightweight cellular materials. Cellular
piezoelectric PZT structures with auxetic behaviour were processed. Research facilities on a new
approach for digital rapid prototyping based on high precision pick-and-placer technology were
installed (see survey on selected research projects).

In the area of functional ceramics (Andreas Roosen) current research addresses colloidal
processing of nano-sized powders for tape casting, multilayer processing and printing technologies
for the manufacture of optical and electronic parts. Printing was extended to inkjet and rotational
printing. The investigation of anisotropic shrinkage due to particle orientation during tape casting
was extended to verify the influence of pore orientation. Lamination and co-firing techniques of
different green tapes for microelectronic and refractory applications were developed.

Research activities in the glass group (Lothar Wondraczek) centred on optical properties of
novel glass systems. A DFG priority program 1594 on “Topological engineering of ultra strong
glasses” was launched in 2012. The scientific vision of the priority programme is a significant
breakthrough in the understanding of the mechanical properties of disordered solids, going beyond
empirical or semi-empirical approaches. Glasses with GPa strength by demonstrating defect-
tolerant materials and toughening strategies based on ab initio understanding of the interplay be-
tween stress fields and topological features in the bulk and on surfaces will be explored. Lothar
Wondraczek accepted a call from Friedrich Schiller University of Jena to be appointed as Director
of Otto Schott Institute for Glass Research by 1 August 2012.

New research funds were acquired from DFG and industries. International cooperation with
Nagoya Institute of Technology (NITech) was intensified by mutual exchanges of students and
faculties. A group of 30 students of ENSCI Limoges visited our laboratories for excursion. Fur-
thermore, a number of foreign guests were visiting our laboratories for carrying out research work.
Members of the Institute of Glass and Ceramics were involved in the organisation of the annual
conference of the German Ceramic Society (DKG) in Nuremberg with more than 280 attendees. In
the field of ceramics processing the institute in co-operation with the German Ceramic Society
organized a very successful conference on “Joining of Ceramics”, which was held in the Town Hall
of Erlangen attracting 110 participants from industry and academia. The 5" Advanced Training
Course on Tape Casting and Ceramic Multilayer Technology was held at the Institute in February
2012 in cooperation with the German Ceramic Society.

We would like to thank all members and friends of the Institute of Glass and Ceramics for
their continuing support and cooperation.

Peter Greil and Andreas Roosen
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Staff

1. INSTITUTE OF GLASS AND CERAMICS

Staff

Faculties

Prof. Dr. Peter Greil
Prof. Dr. Andreas Roosen
Prof. Dr. Lothar Wondraczek®

Priv.-Doz. Dr. Nahum Travitzky

Administration

Karin Bichler

Ursula Klarmann

Senior Research Staff

Dr.-Ing. Ulrike Deisinger

Dr.-Ing. Tobias Fey

Research Staff

Head of Institute
Functional Ceramics
Glass

Ceramics Processing

Candice lwai

Evelyne Penert-Muller

Ceramic Multilayer Processing

Cellular Ceramics and Simulation

Advanced Engineering Ceramics and Rapid Prototyping

M.Sc. Alexander Bonet
M.Sc. Ina Filbert

Dipl.-Ing. (FH) Tobias Schlordt

! now with Friedrich-Schiller-University of Jena

M.Sc. Benjamin Dermeik

Dipl.-Ing. Lorenz Schlier
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Institute of Glass and Ceramics

Functional Ceramics

Dipl.-Ing. Michael Beck M.Sc. Zongwen Fu

Dipl.-Ing. (FH) Ingo Gétschel® M.Eng. Michael Hambuch
Dipl.-Ing. Daniel Jakobsen Dipl.-Ing. Nadja Kdlpin®

M.Sc. Torsten Schiiler? Dipl.-Ing. Alfons Stiegelschmitt

M.Sc. Moritz Wegener

Cellular Ceramics and Simulation

Dr. rer. nat. Andrea Dakkouri-Baldauf Dr. Guo Ping Bei
Dipl.-Ing. Michael Gotz® Dr. Young Jae Kang?
Dr. rer. nat. Sreejith Krishnan Dipl.-Ing. Joana Pedimonte

Dipl.-Ing. Bodo Zierath

Glass

Dipl.-Ing. Ning Da’ M.Sc. Guojun Gao
Dipl.-Ing. (FH) Robert Meszaros® Dr. Doris Méncke*

M.Sc. Karsten Nielsen' Dr. Sergey Sirotkin

M.Sc. Weijuan Zhang? Dipl.-Ing. Anja Winterstein®

Technical Staff

Sabine Brungs Evelyn Gruber

Dipl.-Ing. Helmut Hadrich Beate Mdiller

Timotheus Barreto-Nunes Heike Reinfelder®

Peter Reinhardt Alena Schenkel-Rybar

Eva Springer Dipl.-Ing. Alfons Stiegelschmitt
Hana Strelec Andreas Thomsen

! now with Friedrich-Schiller-University of Jena 2 now in industry *now at IPAT, FAU
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Staff

Our team at the annual football championship of the Department of

Materials Science and Engineering
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Institute of Glass and Ceramics

Graduates

Bachelor Thesis

Rudolf Borchardt

Enhancing the efficiency of biomassreactors by means of solar spectral conversion
Tobias Frih

Manufacturing of biomimetic composite tapes via tape casting

Stefan Gruner

Sintering of Cu-exudating borosilicate glasses

Jonas Herbst

Formation of metallic nanoparticles in ionic glasses

Stefan Pfeiffer

Influence of Al,Os-Fasern fibers on microstructure and properties of paper-derived Al,Os-

substrates
Frank Schinzel

Tape cast glass-ceramic composites and characterization of thermo-mechanical properties for high

temperature applications

Johanna Schmidt

Manufacturing of hierarchical Al,O; foams

Stanislaus Schwanke

Robocasting of hollow filaments

Benjamin Seemann

Formation and characterization of spectral conversion foils for biomass reactors
Daniel Subatzus

Multilayer processing for ceramic bioreactors

Clemens Vennebusch

Tape casting of optically transparent spinel
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Graduates

Diploma Thesis

Christoph Baumgartner

Formation and characterization of the microstructure of nano-porous anodic layers on titanium

substrate

Daniel Jakobsen

Microstructure evolution during sintering of piezoceramics
René Kaiser

Discrete-element modelling of 3D printing process

Bodo Zierath

Residual stress strengthening of Al,O;

Master Thesis

Ina Filbert

Surface modification of polymer-derived ceramics

Zongwen Fu

3D printing of silicon-based ceramics

Dominik Orzol

Deposition of highly efficient antireflective coatings on solar glass
Li Wang

Co-firing of metallized magneto-ceramics

Moritz Wegener

Processing of nano-sized powders in a stirred media ball mill for tape casting of transparent doped

yttria alumina garnets
Rong Zhao

Properties of multilayer glass/silicone composite structures
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Institute of Glass and Ceramics

Ph.D. Thesis

Lars Muller

Copper deposition on silicon nitride ceramics for joining

Daniel Galsterer

Porous silicon carbide for exhaust gas purification

Dr. Daniel Galsterer after successful Ph.D. examination
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Graduates

Cora Schillig

Joining of ceramic components of solid oxide fuel cells with glasses and glass-ceramics

Dr. Cora Schillig after successful Ph.D. examination
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Institute of Glass and Ceramics

Visiting Students and Scientists

Dr. Steferson Luiz Stares (January 2011 - February 2013)

Federal University of Santa Catarina, Floriandpolis, Santa Catarina, Brazil

Dr. Janaina Accordi Junkes (April 2011 - March 2012)

Federal University of Santa Catarina, Floriandpolis, Santa Catarina, Brazil

Kotaro Hattori (November 2011 - January 2012)

Nagoya Institute of Technology, Nagoya, Japan

Kensuke Kato (September 2012 - November 2012)

Nagoya Institute of Technology, Nagoya, Japan

Prof. Dr. Xiaowei Yin (October 2012 - November 2012)

Northwestern Polytechnical University, Xi‘an, Shaanxi, China

Naoki Kato (October 2012 - December 2012)

Nagoya Institute of Technology, Nagoya, Japan

Veronica Moreno (November 2012)

Federal University of Santa Catarina, Floriandpolis, Santa Catarina, Brazil
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Visiting Students and Scientists

Visit of a Japanese delegation of the Nagoya Institute of Technology (NITech), Nagoya, Japan; in
front of the Institute of Advanced Materials and Processes (ZMP), Firth, Germany, (March 2012)
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Institute of Glass and Ceramics

Teaching

The Department of Materials Science and Engineering offers a Bachelor and a Master programme.
The bachelor course is a three years programme (six semesters) which qualifies for the master

programme (three semesters).

The curriculum consists of the "Grundstudium” during the first 2 years, devoted to the fundamental
scientific education. It introduces the student very early into materials science and engineering
concepts by offering courses on materials structures, properties, thermodynamics, Kinetics,
chemistry, processing, product manufacturing, analysis and testing as well as practical training.

Examinations follow immediately after each semester.

The subsequent advanced programme in the 5" and 6™ semester broadly deepens the entire field of
materials science and engineering. Courses on economics, management and other soft skills are
obligatory. This period ends with a Bachelor Thesis of nine weeks duration. Additionally, the

student has to perform an industrial internship of 12 weeks.

The Master programme in the 7" and 8" semester is devoted to specialisation in a selected
"Kernfach" (core discipline), including corresponding seminars. The student has to select an
additional "Technisches Schwerpunktfach” (special technical discipline) which offers the
possibility of specialisation. Finally, the programme is completed by a Master Thesis of six

months.

In addition to this Materials Science and Engineering programme, the Institute of Glass and
Ceramics is involved in the new programme “Nanotechnology” of the Department of Materials
Science and Engineering. We also contribute to Bachelor programmes “Energy Technology”,

“Medical Technology” and the Elite course “Advanced Materials and Processes”.

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Teaching

Courses offered by the faculties of the Glass and Ceramics Institute

1. Semester

e Introduction to Inorganic Non-metallic Materials, P. Greil

3. Semester

e Materials Characterisation and Testing, A. Roosen

4. Semester

e Solid-state Kinetics, L. Wondraczek

5. Semester
e Processing and Applications of Glasses, P. Greil

e Processing and Applications of Ceramics, A. Roosen

Major Courses 7. and 8. Semester
¢ Biomimetic Engineering Materials and Processes, C. Zollfrank
e Ceramic Materials in Medicine, P. Greil
e Computational Calculation of Crack Probabilities, T. Fey
e Electroceramics | + 11, A. Roosen

e Engineering Ceramics, P. Greil

e Innovative Processing Techniques for Advanced Ceramic Materials, P. Greil

e Mechanical Testing, T. Fey

o Non-destructive Testing, T. Fey

e Physics and Chemistry of Glasses and Ceramics: I. Thermodynamics of Condensed

Systems, P. Greil
e Powder Synthesis and Processing, A. Roosen

o Rapid Prototyping, N. Travitzky

o Silicate Ceramics: From Natural Raw Materials to Modern Applications, N. Travitzky

o Stresses and Mechanical Strength, T. Fey

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Institute of Glass and Ceramics

Laboratories

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

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

Main Equipment

Laboratories

o Biomaterials laboratory e Powder characterization laboratory
e Ceramography workshop e Processing workshop

e Functional ceramics laboratory ¢ Rapid Prototyping laboratory

o Glass laboratories o SEM/AFM laboratory

e Mechanical testing laboratory e Simulation laboratory

e Multilayer laboratory e Technical hall

e Polymer processing laboratory e X-ray charcterisation laboratory

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg

16



Laboratories

Analysis

Thermal analysis

Powder characterisation

Optical analysis

Mechanical testing

3-dimensional optical dilatometer

Push rod dilatometers (up to 1800 °C)
Thermal analysis (DTA/TGA/DSC/TMA)
Thermal conductivity device

Viscometry (beam bending)

ESA acoustophoretic analyser (Zeta-meter)
Dynamic light scattering particle size analyser
Gas absorption analyser (BET)

Laser scattering particle size analyser

X-ray diffractometers (high-temperature)

FT-IR spectrometer

High-resolution fluorescence spectrometer (Fluorolog-3, Horiba
Jobin Yvon)

Light Microscopes (digital, polarization, in-situ hot stage)
Scanning electron microscope (variable pressure, ESEM and high
temperature with EDX)

UV-VIS-NIR spectrometers

High precision mechanical testing with optical tracking system
(EXAKT)

Impulse Excitation Measurement (buzz-o-sonic)

Micro hardness tester

Servo hydraulic mechanical testing systems (also high temp.)
Single fibre tensile testing machine

Viscosimeter and elevated-temperature viscosimeter

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Institute of Glass and Ceramics

Structural analysis

2D laser scanning microscope (UBM)

e 3D Laser scanner

e Atomic force microscope (AFM)

e Electron paramagnetic resonance spectroscopy

e He-pycnometer

e High accuracy weighing scales

e Laser-Flash LFA 457

e Mercury porosimeter

e Micro-CT Sky scan 1172

e Microwave and ultrasonic devices for non-destructive testing

e Raman-microscope with two excitation lasers

Chemical analysis

High-pressure liquid chromatograph

e ICP-OES (Spectro Analytical Instruments)

Processing
Powder and slurry e  Attrition mills
processing e Agitator bead mill

e Disc mill

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

e Overhead mixer

e Pickand Placer

e Planetary ball mills

e Planetary centrifugal mixer (Thinky)
e Rotary evaporators

e Sieve shakers

e Single ball mill

e Thermo kneader

e Three-roll mill

e Tumbling mixers

¢ Ultrasonic homogenizer

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Laboratories

Shaping

Heat treatment

3D printers

Advanced screen printing device
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

Langmuir-Blodgett trough

Lapping and polishing machines
Low-pressure injection moulding machine
Precision diamond saws

PVD coaters

Robot-controlled device

Roller coater

Sheet former

Spin coater

Tape caster

Textile weaving machine

Twin screw extruder

Ultrasonic drill

Vacuum infiltration device

Autoclave

Dryers

Furnaces (air, N,, Ar, Vac, High-Vac, forming gas) up to 2500 °C
for sintering, glass melting, infiltration, debindering, pyrolysis
Gradient furnace

High-temperature spray furnace

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Research

2. RESEARCH
Survey

Research centres on basic aspects of ceramics, glasses and composites. 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

international universities and industries.

Research Projects (in alphabetical order) Funding Principal Investigator
Accelerated glass durability testing EnCN Prof. Wondraczek
Bioactive ceramic cages IN Prof. Greil / Dr. Fey
Bismuth activated glasses with IR luminescence for

broad band amplifier applications in laser technology DFG Prof. Wondraczek
Cellular ceramics for heat absorbers EnCN Prof. Greil
Deformation and sintering behaviour of preceramic

papers DFG PD Dr. Travitzky
Disperse systems for electronic manufacturing DFG Prof. Roosen

Eu®* doped glasses with broad band luminescence be-

haviour DFG Prof. Wondraczek
Experimental study and simulation of anisotropic effects

in cast green tapes DFG Prof. Roosen
Flexible manufacturing of preceramic paper based re-

fractory components DFG Prof. Greil

Glass melt filled photonic fibers DFG Prof. Wondraczek
Hierarchical cellular ceramics and composites DFG Prof. Greil

High temperature stable ignition components based on

defined 2D and 3D SiSiC structures AiF PD Dr. Travitzky

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Survey

Research Projects (in alphabetical order) Funding  Principal Investigator
Highly resistant multilayer systems BFS Prof. Wondraczek
Lightweight cellular ceramics EC Prof. Greil
Lightweight ceramics AiF PD Dr. Travitzky
Long time stability of glasses BFS Prof. Wondraczek
Manufacturing of multilayer refractories by tape casting DFG Prof. Roosen
Manufacturing of transparent ceramic substrates BMBF Prof. Roosen
Mechanochemical properties of nitridated glasses DFG Prof. Wondraczek
New glasses for photonic crystal fibers EC Prof. Wondraczek
Polymer derived ceramics for bearing applications IN PD Dr. Travitzky
Relaxation behaviour of compressed inorganic glasses DFG Prof. Wondraczek

Robocasting of macrocellular ceramic 3D-lattice struc-
tures with hollow filaments DFG PD Dr. Travitzky

Self healing MAX phase ceramics DFG Prof. Greil

Stable and metastable multi phase systems at high tem-
peratures DFG Prof. Greil

Structured carbon based catalyst support structures for

CO hydration DFG Dr. Fey
Tape on Ceramic Technology BMBF Prof. Roosen
Transparent glass foams EC Prof. Wondraczek

Projects of Prof. Wondraczek were transferred to University of Jena or finished.

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Research

Funding organisations:

AiF: Industrial Research Cooperation

BFS: Bavarian Science Foundation

BMBF: Federal Ministry of Education and Research

DFG: German Science Foundation

EC: Cluster of Excellence (“Engineering of Advanced Materials”)
EnCN: Energy Campus Nuremberg

IN: Industry

Prof. Dr. Peter Greil congratulates Dipl.-Ing. Helmut Hadrich
for 40 years of service (July 2012)

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Selected Research Highlights

Selected Research Highlights

Photoelastic imaging of residual stress distribution in epoxy

interface layers of ceramics with periodic building-bloc structure

Tobias Fey, Michael Gétz, Peter Greil

Distribution of residual stresses generated by thermal expansion misfit in the epoxy
interface bonding of two-dimensional alumina building bloc layers was analyzed by photoelastic
measurements. Building blocs of sintered alumina with cubic shape and equal size of 1.34 mm
were arranged into 2D layers of
tetragonal and monoclinic unit cell 2D periodic cube arrangement
geometries. Interface bonding was
achieved by infiltration of an optically
transparent epoxy resin with a layer

thickness varying from 145 to 580
um.

2D unit cell
¥——= L
2D periodic building bloc & T | b1 w
I N | /
layer structures prepared from alu- B‘g— - ‘_@_;_ -

mina building blocs.

Lines of equal maximum shear stress (is chromatics) were recorded by photoelastic imaging apply-
ing circular polarized monochromatic light (dark field mode). The specimen plate of 25 x 25 mm?

in size was placed between two A/4 wave plates and crossed polarizer and analyzer.

Path of light in the optical experiment setup for photoelastic imaging.

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Research

In a dark field (circular polariscope) the intensity of the transmitted light varies as

Cd(oy, —0,,)

| =1,sin’
A

lo is the intensity ahead of the polarisator, C is the stress-optical constant derived from stress opti-
cal measurements of pure epoxy resin sample, d is the specimen thickness and o1 - o, is the dif-
ference between the principal stresses in a plane normal to the light propagation direction. Though,
sin® is a multivalued function, only first order fringes were imaged since retardation § << wave
length A. Con-tour lines of equal intensity (isochromatics) correspond to the trajectories of equal
(o011 - o). In interface bonding area where (o11 - 02,) = 0 e.g. hydrostatic residual stress, | — 0
(darkness). The following figure shows the photo-elastic birefringence patterns of first order taken
from the region where the interface bonding layer of thickness t = 290 um connects four (tetrago-
nal) or three (monoclinic) individual alumina cubes, respectively. Dark contrast in the centre of the
bonding layer indicates an isotropic state of residual (hydrostatic) stress. Near to the alumina sur-
face, however, birefringence photoelastic intensity increases which may be attributed to an increa-
sing difference in principal stress components e.g. anisotropic state of stress. The maxima of photo-

elastic intensity can be observed in the bonding polymer layer close to the building bloc edges.

Photoelastic imaging
of stress distribution in the
polymer bonding layer of

periodic alumina composites.

The photoelastic fringe patterns were simulated by plotting the differences of principal components

of the stress tensor a;; which correspond to Tresca’s shear stress,

Oresca = 2T mmax = max(l% - 022|v|022 - 0_33|’|O_33 - 0_11|)

Tmax 1S the maximum shear stress. The calculations of stress tensor were carried out in plane-stress
mode. At locations where shear stress vanishes z, — 0 and orresca — 0 NO birefringent patterns can
be observed and the state of stress corresponds to a mean hydrostatic stress. FE calculation of Tre-

sca’s shear stress distribution in the interface bonding layer confirmed a non-isostatic state of stress

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Selected Research Highlights

in the interface bon-ding layer with high stress anisotropy close to the building bloc surfaces and

maximum Tresca stresses up to 33 MPa close to the edges.

Tresca stress distribution
(a, b) and corresponding simu-
lated photoelastic intensity distri-
bution (c, d) for tetragonal (a, c)

and monoclinic (b, d) geometry.

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Research

Crack healing ceramics of MAX phase composites

Joana Pedimonte, Guoping Bei, Tobias Fey, Peter Greil

Ceramic materials that are able to repair flaws and cracks and recover initial properties
constitute a vital field of materials science that gained in significance recently. Rough guidelines
for acceleration of crack healing reaction were derived from crack healing kinetics as expressed by
the relations derived for pore perturbation and sintering and for an environmental oxidation reac-
tion. Microstructure modifications sintering of intergranular crack Sintering of intergranular crack
should envisage grain boundaries Via low viscous amorphous gb in nanoscale gb microstructure
with enhanced diffusivity, reduc-
tion of grain size (e.g. nanoscale
powders with high surface energy),

and dispersion of repair fillers that

are able to stimulate healing reac-

tion at lower activation energy

(chemical (catalysis) or mechanical Vapor phase oxidation of Release of weakly bonded metal
repair fillers in surface flaws from nanolaminate MAX phase

activation (e.g. accumulated lattice
strain energy)).

Microstructures providing

enhancement of material transport

and repair filler reactivity.

For the oxidation of MAX phases M,.;AX, withM =Ti, V, .., A=Al Si,..,X=C,Nandn=1-
6, weak bonding between M-A and preferred oxidation of A is the main mechanism. The formation
temperature of A containing oxides was found to depend on the bonding strength and stability of
MAX phases. While oxidation temperatures of 1100 — 1200 °C were reported for preferred oxida-
tion of Al forming hard, strong and protective Al,Os layer on Ti;AlIC, and Ti,AlC lower oxidation
temperatures < 1000 °C might be expected by substituting with an A-element of lower bonding
energy than Al. MAX phase based composite materials with low melting metals like Sn, In, or Pb
on the A position might be of great interest to serve as repair filler requiring significantly lower
healing temperatures to trigger oxidation healing reaction compared to common engineering ce-

ramic materials. For example, substitution of A element Al (cohesive energy E; ~ 10.4 eV and mi-

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Selected Research Highlights

gration energy (0001) E,, = 0.82 eV) by Sn (Ez ~ 8.1 eV and E, ~ 0.66 eV) in Ti,AC was shown to

decrease the temperature for A-element oxidation
2Al+3/2 02 —> A|203 AG740°C =-1356 kJ/mol
Sn+0, —» SnO, AGspgec = -415 kJ/mol

measured by DTA and XRD from approximately 740 °C to 500 °C, Fig. 8. At these temperatures
crack filling with the oxide reaction products was observed by SEM whereas oxidation of Ti re-
quires significantly higher temperatures. Though a lower cohesive energy corresponds to a reduced
thermal stability of the MAX phase surface coating of activated repair fillers may avoid decompo-
sition during consolidation

offering a high potential for

development of repair filler

loaded composite ceramics

with enhanced crack healing

ability at temperatures below

1000 °C.

Reduction of oxidation
temperature for M and A ele-
ments of M,AC phase with M =
Tiand A=Al and Sn.

P. Greil, Generic principles of crack-healing ceramics — Review, J. Adv. Ceram. 1 (2012) 249-267

G.P. Bei, J. Pedimonte, T: Fey, P. Greil, Oxidation Behaviour of MAX Phase Ti,Al-,Sn,C solid
solution, submitted (2013)

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg
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Research

Crack healing in polymer derived ceramics

Lorenz Schlier, Nahum Travitzky, Peter Greil

Nitridation crack healing in polymer derived SiOC ceramics may yield improved mechani-
cal properties of extrusion formed filler loaded polysiloxane polymer systems. While nitridation of
Si-O-C based ceramic residue requires temperatures exceeding 1200 °C significantly lower reac-
tion temperatures below 1000 °C may be achieved in the presence of catalytically active metal
silicide fillers (MeSi, with Me = Fe, Cr, V). For example, polysiloxanes filled with carbide and
metal silicide fillers (Fe-Si-Cr) exhibit crack healing in nitrogen atmosphere by formation of metal
nitride reaction products which exhibit a pronounced volume expansion effect. Simultaneously, the
repair filler triggers nitridation of the Si-O-C matrix as a heterogeneous catalyst at temperatures as
low as 800 °C with Si,N,O and SisN, filling the crack space

2 SiO (g) +C (S) + N, (g) —> S|2N20 (S) + CO (g) AGgomc = -437 kJ/mol
3SiO (g) +3C (S) +2 Nz (g) —> Si3N4 (S) +3CO (g) AGgO()oc = -428 kJ/mol

High mobility of vapour phase reactants SiO (Q)
and N, (g) facilitates long range transport and
nitride and oxinitride reaction products may fill
open pores and cracks. Compared to the low level
of fracture toughness of 1 — 2 MPam"? associated
with the porous and amorphous microstructure of
the polymer derived ceramic residue, formation of
dense crystalline oxinitride/nitride surface layers
may attain significantly higher toughness ranging
from 3 (Si,N,0) to > 6 MPam™? (SisN,).

Repair filler catalyzed nitridation crack

healing in polymer-derived Si-O-C ceramics.

Moreover, the catalytic fillers dispersed in the Si-O-C may undergo nitridation reaction, as for
example,

3 CrSiz +11/2N, — 3 CrN + 2 SisN, AGgpgec = -607 kJ/mol
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which ultimately may give rise for a pronounced volume expansion factor. Penetration of nitrogen
causes effective reduction of porosity at least near the surface which gave rise for a pronounced

improvement of fracture strength

1.0
(oheal ov) = 1.5. Since surface nitri-

dation treatment may effectively
trigger healing of open cracks with-
out forming low viscous oxide pro-
ducts (silica and silicates) we can
expect improved wear stability at

elevated temperatures.

Porosity Reduction AF/F_ . [%]

Crack healing by catalyzed

(CrSiy) nitridation of polymer de- .

900 1000 1100 1200 1300

rived Si-O-C ceramic. Temperature [°C]

The bending strength measured on samples after nitridation treatment and without surface finishing
reaches values up to 400 MPa (1300 °C). Filling of pores and healing of cracks accessible to the
nitrogen atmosphere by Si,N,O and SizN, reaction products may be considered as a potential
mechanism for reduction of defect size as well as enhancement of fracture toughness giving rise for

the improvement of fracture stress by approximately + 35 %.

Bending strength measured
after pyrolysis at 950 °C (Ar) and
subsequent annealing in N,-atmos-
phere for 2 h at various tempera-
tures (P), after removing the reac-
tion layer by grinding (PG) and after
subsequent reannealing at the same
temperature (PGP) for different
binder contents and post treatments

after pyrolysis.

P. Greil, Advancements in Polymer-Filler Derived Ceramics, J. Kor.Ceram.Soc. 49 (2012) 279-286
L. Schlier, N. Travitzky, J. Gegner, P. Greil, Surface strengthening of extrusion formed poly-

mer/filler derived ceramic composites, J. Ceram. Sci. Techn. 3 (2012) 181-188
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Robocasting of Alumina Lattice Truss Structures

Tobias Schlordt, Felix Keppner, Nahum Travitzky, Peter Greil

Robocasting of aqueous colloidal a-Al,O; gels for manufacturing of cellular ceramics with
periodical lattice truss structures was investigated. Three dimensional alumina grids with periodical
lattice structure were manufactured on a six-axis robotic system equipped with a single screw mi-
cro-extruder (RobFab, Battenberg ROBOTIC GmbH & Co. KG, Marburg, Germany). 1. Real time
tactile and optical sensor control operating at a frequency of 200 Hz allows deposition of a contin-
uous filament with a lateral resolution < 50 pm at a line deposition velocity of 35 mm/s. Tempera-
ture and relative humidity in the fabrication
chamber (400 x 400 x 400 mm?®) were kept
constant at 20 °C and 22 %, respectively. A
stainless steel nozzle (Model Number
100792, UES AG, Krefeld, Germany) with a
circular hole having a diameter of 500 pm

was applied.

Scheme of six-axis high precision ro-

botic system applied for robocasting.

Coagulation of gels loaded with 48 vol% a-Al,O3 was induced by adding NH;Ac. The gels exhibit
shear-thinning behavior, shear elastic moduli ranging from 6.7 to 390 kPa and yield-stresses from
25 to 570 Pa. Though the reference viscosity 7 100000

at 0 g/l NH,Ac was shifted to values more than

509/
one order of magnitude higher by addition of 50 § 10000 . 409/
g/l NH,Ac, shear thinning behavior remained = . 309/
2 1000
unaffected and the coagulated alumina gel k- . 20gA
L] ‘
achieved adequate rheological behavior required g 100 /o 10gn
for the robocasting process, 3 C S 0 g
CS.L ;
Viscosity over shear rate (a) and shear < 10
elastic modulus over shear stress (b) measure-
1
ments on colloidal alumina gels loaded with 0.1 1 10 100 1000

Shear rate [1/s]

different content of NH,Ac coagulant.
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Three dimensional lattice truss structure of sintered alumina with dimensions of 32 x 32 x 3 mm®
were prepared by continuous filament writing of the alumina gel coagulated with 50 g/l NH,Ac.
The lattice structure consists of alternating layers formed by a linear array of circular rods aligned
parallel with a distance of 1 mm and an angle of 90° between alternating layers. Thus, macroscopic
cell patterns with tetragonal symmetry and a cell size of 1 x 1 mm? were formed with continuous as
well as porous walls (free spanning ligaments).
A micro-extrusion nozzle of circular geometry
and a diameter of 500 um was applied which
after sintering at 1650 °C for 2h resulted in a

filament diameter of approximately 400 pum.

Sintered alumina lattice truss structure
of tetragonal cell geometry fabricated from
colloidal alumina gel with a coagulant content
of 50 g/l NH,Ac applying an extrusion speed of

35 mm/s.

Fabrication of lattice truss structures with the

ligaments connected to form continuous walls as well as spanning lattice structures with free span-
ning strut ligaments requires control of ligament deflection during the continuous writing process.
Based on beam theory viscous flow ligament deflection driven by gravitation was analyzed and

processing parameters to avoid deflection were derived.

Wall structures of sintered alumina
lattice truss structures perpendicular to the
deposition plane of robocasting applying a
constant deposition rate of 35 mm/s: a) con-
tinuous wall (d, = #/2; 30 g/l NH,AC); b)
porous wall with spanning but deflected li-
gaments (d, = ¢, 30 g/l NH,Ac); c) porous
wall with almost undeflected ligaments (d, =
@, 50 g/l NH,4AC).

T. Schlordt, F. Keppner, N. Travitzky, P. Greil, Robocasting of Alumina Lattice Truss Structures,
J. Ceram. Sci. Techn. 3 (2012) 81-88
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Anisotropic shrinkage of cast green tapes

Zongwen Fu, Andreas Roosen

During tape casting the slurry is exposed to shearing stresses below the doctor blade. The
effective shear rate depends on the casting speed vgw and on the gap-height h between the moving
carrier film and the fixed doctor blade. In this velocity profile the ceramic particles perform a con-

tinuous rotation of time dependent speed. This is described by the Jeffery’s orbit:

d(t)=arctan| r tany—'t1
r+=
r
with @: orientation angle, t: time, y: shear rate, r: aspect ratio. For non-equiaxed particles, an un-
balanced rotation occurs leading to an average orientation of the particles in casting direction. In-
vestigations of the morphology of ceramic powders by means of a flow particle image analyzer
(Malvern Instruments, Worcestershire, U.K.) show that particles exhibit a strong deviation from the
spherical shape. This particle orientation causes inhomogeneous particle packing, which was de-
termined quantitatively; it is the cause for the anisotropic shrinkage behaviour of green tapes. With
X as casting direction and z as thickness direction, the relation between the tape shrinkage ¢ in the

three dimensions is €, > ¢, > . The coefficient of anisotropy shrinkage K is defined as
K=1- (& /gy).

The particle shape has a strong effect on the K-factor. Tapes from nearly spherical powders exhibit
low K-values < 2, whereas platelet shaped powders showed K-values of app. 13. Anisotropic
shrinkage impedes miniaturization of multilayer structures, because after co-firing the structures of
different layers should have an overlap of at least 50 % to guarantee interconnectivity. Because
these structures are in the range of 50 pm, a position accuracy of £ 25 um is needed. If K is too big

or the structures are too fine, these requirements cannot be met.

To understand why particle orientation causes an anisotropic shrinkage, sintering models had been
reviewed. Basically, two mechanisms are important for densification; on the one hand, grain
growth is controlled by geometric factors of particles including contact points and areas. On the
other hand, pore elimination is controlled by geometric factors of the pores and pore coordination

number. Therefore, the pore orientation was described quantitatively, too. This required the deve-
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lopment of a suitable method. By measuring the pore space N in the three axes, a pore orientation
factor S was defined as

S=1-(NyN,)

If Sis > 0, the pores are aligned in x-direction, S < 0 describes pore alignment in y-direction. Fig. 1
shows the results of a green tape which was processed with a platelet shaped powder. Future re-
search focuses on implementing the data of the oriented microstructure analysis into sintering mo-
dels to explain anisotropic shrinkage.

45
40
3BT —— x-direction

30 ¢ z-direction
25 b
el S, = 69.2
15
10 b

Number of pore spaces [x10%]

0 | | | | |
0 5 10 15 20 25 30

Pore length [um]

Fig. 1: Cast green tape of platelet powder and the corresponding pore analysis.

Report 2012 Department of Materials Science and Engineering, Glass and Ceramics, University of Erlangen-Nuremberg

33



Research

Casting of ultrathin and ultrathick green tapes

Moritz Wegener, Daniel Jakobsen, Andreas Roosen

Typically tape casting is used to manufacture green tapes in the thickness range of 10 to
1000 pm. The thickness of cast green tapes drsp. depends primarily on the casting height h, the
casting speed v, the hydrostatic pressure AP, the design of the casting head, and the consistency of

the slurry as described in the following equation (Chou, Ko, Yan, J. Am. Cer. Soc., 1987):

a-p Psir h2AP
Tape — Jﬁh : (1"’_7)

2 pTape 677\/'

d

with |: length of doctor blade, a: correction factor for side flow, (3: correction factor for weight loss
during drying, psiury: density of slurry, prae: density of green tape, n: viscosity. In multilayer tech-
nology and for printed electronics, there is a demand to cast green tapes exhibiting thicknesses < 1
pm. In contrast, for advanced refractory multilayer composites with improved thermo-shock and
corrosion properties, thick tapes in the range of 5 mm and above are of interest. On both research

topics the group of functional ceramics is focussing.

For thin layers with thicknesses < 1 um, nano-sized powders have to be used which requires im-
proved deagglomeration techniques and specific requirements for the dispersing agents and a de-
crease in solid loading of the slurry. In addition, the doctor-blade technique is not suitable to cast
layers of constant thickness in this thickness range; therefore, casting was done by means of a pro-
file rod (Fig. 1). With this technique, starting from well-dispersed slurries, layers of down to 250
nm could be cast continuously which are suitable for lamination. The application of these layers in

printed field effect transistors and other applications is under investigation.

Fig. 1: Principle of profile rod technique (Straue, Prado, Polster, Roosen: J. Am. Cer. Soc., 2011)
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The manufacture of thick green tapes for refractory multilayer applications with thicknesses > 1
mm requires the use of coarse particles up to 1 mm diameter. For such powders the deagglomera-
tion process can be performed in mixing devices, because attractive forces are not dominant. The
slurry should exhibit high solid loadings to reduce undesired side flow and segregation effects as
well as to accelerate drying. Such tapes can be laminated, too (Fig. 2). The manufacture of multi-

layer composites with optimized layer design is in progress.

Fig. 2: Fired MgO multilayer
structure: Two porous and coarse-
grained tapes are joined with dense and

fine-grained layers.
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DOI: 10.1063/1.4714505

W.J. Zhang, Q.J. Chen, J.P. Zhang, Q. Qian, Q.Y. Zhang, L. Wondraczek

Enhanced NIR emission from nanocrystalline LaF;:Ho ** germanate glass ceramics for E-

band optical amplification
Journal of Alloys and Compounds, Volume 541, issue (November 15, 2012), pp. 323-327

DOI: 10.1016/j.jallcom.2012.06.092
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Publications

Proceedings

U. Deisinger, T. Fey, A. Roosen

Realisation of Large Cavities in Multilayer Ceramics by Cold Low Pressure Lamination and Their

Characterisation by uCT

In: Proceedings 8th International Conference and Exhibition on Ceramic Interconnect and Ce-
ramic Microsystems Technologies, 16th-19th April 2012, Erfurt, Germany. Ed.: IMAPS, Washing-
ton, D.C., USA, 2012, 263-268

Books

A. Roosen
Tape Casting

In: Ceramics Science and Technology: Synthesis and Processing. R. Riedel, 1.W. Chen (eds.),
Wiley-VCH Verlag GmbH, Weinheim, Germany, 2012, 39-62
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4. CONFERENCES, WORKSHOPS, LECTURES, AWARDS
Conferences and Workshops Organised by Members of the

Institute

A. Roosen
5" Advanced Training Course on ,Tape Casting and Ceramic Multilayer Technology”,
University of Erlangen-Nuremberg, Germany, 14 February 2012

A. Roosen

Member of the Program Committee and Session Chair, Annual Meeting of the Deutsche
Keramische Gesellschaft and Symposium of Advanced Ceramics Symposium, Nuremberg,
Germany, 5-7 March 2012

A. Roosen

Session Chair, 8" International Conference and Exhibition on Ceramic Interconnect and

Ceramic Microsystems Technologies, Erfurt, Germany, 16-19 April 2012
A. Roosen

General Chair of the DKG-Symposium ,,Joining of Ceramics®, Erlangen, Germany, 4-5
December 2012

N. Travitzky

2" meeting of the working group ,,Generative Manufacturing of Ceramic Components”,

Erlangen, Germany, 8 March 2012
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N. Travitzky

Symposium Organiser: Materials Science & Technology Conference & Exhibition, Sym-
posium: “Advanced Materials, Processes and Applications for Additive Manufacturing,
Pittsburgh, Pennsylvania, USA, 07-11 October 2012

Annual glass week: Mr. Peter Reinhardt teaches Dr. Sergey Sirotkin in glass blowing
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Some beautiful results of our homemade glass ware
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Invited Lectures

U. Deisinger, A. Roosen
Manufacturing of multilayer LTCC ceramics

Annual Meeting of the “Deutsche Keramische Gesellschaft”, Nuremberg, Germany, 5-7
March 2012

U. Deisinger, A. Roosen, A. Heunisch, T. Rabe
Processing of multilayer ceramics applying thermocompression
DKG-Symposium ,,Joining of Ceramics™, Erlangen, Germany 4-5 December 2012
N. Travitzky, T. Schlordt, L. Schlier, J. Cypris, M. Weclas, T. Fey, R. Kaiser, P. Greil
Additive manufacturing of macro-cellular ceramic structures

36th International Conference and Exposition on Advanced Ceramics and Composites,
Daytona Beach Florida, USA, 22-27 January 2012

T. Fey
Cellular ceramics

2" International Symposium on Ceramics Nanotune Technology for Young Researchers,
NITECh, Nagoya, Japan, 7-9 March 2012

T. Fey, B. Ceron-Nicolat, P. Greil
Ceramic foams from preceramic polymers
Ceramitec, Munich, Germany, 23 May 2012
T. Fey, N. Travitzky, A. Khosravani, P. Greil
Cellular ceramics by generative processing: microstructure and simulation,
MS&T 2012, Pittsburgh, PA, USA, 7-12 October 2012
P. Greil
Advancements in Polymer-Filler Derived Ceramics

ISASC 2012, Seoul, South Korea, 25-28 March 2012
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P. Greil

Cellular Ceramics

Cellmat 2012, Dresden, Germany, 7-9 November 2012
P. Greil

Crack Healing Ceramics

Northwestern Polytechnical University Xi’an, China, December 2012
A. Roosen

Multilayer processing of 3D-structures

3" Innovation Workshop “Energy Storage and Future Applications™, Wittenberg, Germany
4-6 July 2012

A. Roosen
Processing of Miniaturized Planar Ceramic Structures

5" International Symposium on Designing, Processing and Properties of Advanced Engi-
neering Materials ISAEM-2012, Toyohashi, Japan, 5-8 November 2012

A. Roosen
Manufacture of Novel Multilayered Refractories via Tape casting

Materials Science Colloquium, Nagoya Institute of Technology, Nagoya, Japan, 9 Novem-
ber 2012

N. Travitzky
Additive Manufacturing of complex-shaped ceramic structures
36th International Conference on Advanced Ceramics and Composites (ICACC), Daytona
Beach, Florida, 22-27 January 2012
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Awards

K. Hattori (V), M. Beck, K. Kakimoto, A. Roosen:
Effect of Lamination Methods on Transparent Spinel Ceramics

Best Student Poster Award, 5" International Symposium on Designing, Processing and
Properties of Advanced Engineering Materials ISAEM-2012, Toyohashi, Japan, 5-8 No-
vember 2012
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5. ADDRESS AND MAP
Department of Materials Science - Glass and Ceramics

Friedrich-Alexander University of Erlangen-Nuremberg
Martensstr. 5

91058 Erlangen, GERMANY

Phone: ++49-(0) 9131-852-7543 (Secretary)

Fax: ++49-(0) 9131-852-8311

E-mail: ww3@ww.uni-erlangen.de

Internet: http://www.glass-ceramics.uni-erlangen.de/
By car:
Highway A3 exit Tennenlohe;
direction to Erlangen (B4).

Bus stop:

» Technische Fakultat”

Bus 287, 293

®

/@ (50 m)
Bus stop:

,Erlangen/Sud” at the
B4

http://www.glass-ceramics.uni-erlangen.de/Home/contact.htm

Follow the signs ,,Universitat
Suidgelande*”.
After  junction , Technische

Fakultat” please follow the map.

By train:
Railway station Erlangen.

Bus line No. 287 direction
»Sebaldussiedlung®.

Bus Stop ,, Technische Fakultat®.
50 meters to a layout plan; search
for ,,Department Werkstoff-

wissenschaften®.
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Institute of Advanced Materials and Processes (ZMP)

Institute of Advanced Materials and Processes (ZMP)

Dr.-Mack-Strasse 81
Technikum, Ebene 3

90762 Firth, GERMANY

Tel.: ++49-(0) 911-950918-10
Fax: ++49-(0) 911-950918-15
Internet; http://www.zmp.uni-erlangen.de/
. Driving Lot Dr.-Mack-Strasse 81
P Technikum, Ebene 3
= D-90762 Fiirth

—y

Aoomun Foad

m Wilrzburg B

Q@n

@ Mack. gy

Exit
Numberg-Doos
Furth-Shdstadt

U1 towards

Fiirth-Hardhdi ¢
stad;m}m .

{

Stultgan

towards N-Hbf

http://www.zmp.uni-erlangen.de/anfahrt/
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Address and Map

Pratum Furth

Friedrich-Alexander University of Erlangen-Nuremberg
Dr. Mack Str. 77

90762 Firth, GERMANY
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6. IMPRESSUM

Prof. Dr. Peter Greil

Dr. Andrea Dakkouri-Baldauf

Department of Materials Science — Institute of Glass and Ceramics
Martensstralie 5

91058 Erlangen, GERMANY
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