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History of MM&FGM Conference

This 14" International Symposium of the Functionally Graded Materials held at Bayreuth, Germany (2016)
continues the series started with previous international symposia on FGM held in Sendai, Japan (1990), San
Francisco, USA (1992), Lausanne, Switzerland (1994d)kuiba, Japan (1996), Dresden, Germany (1998), Estes
Park, USA (2000), Beijing, China (2002), Leuven, Belgium (2004), Hawaii, USA (2006), Sendai, Japan (2008),
Guimaraes, Portugal (201®eijing, China (2012) an8ao Paulo, Brazil (2014)

Scope & Topics

The increasing demantbr improved performance of materials under severe conditions, for expanding
application areas of known materials and for reduction of the material and energy footprint of advanced products
calls for materials with unique structures in addition to a fipediemical composition. Tailoring the structure
with the help ofunctionalgradientsor uniquebuilding blocksin metamaterialenables specific functionalities at
different geometrical scales. Such materials are designed with embodied contspadias variations in
composition and microstructure for the specific purpose, e.g., for adjusting their mechanical, thermal, optical,

electrical, biological or mukfunctional response to specific application conditions.

The desired functional profile isften achieved with mulinaterial composites, characterized by a specific
distribution of different materials and microstructures, with different sizes and shapes, with passive and active
functionalities. Such materials can even include autonomous emanggsting, storage and conversion properties,
in addition to adequate mechanical, thermal, electromagnetic, chemical or biologic responses, configuring a so
called multifunctional behavior. These structdaminated multphase materials are best undeost through a
comprehensive multiscale modelling approach. Their processing and characterization requires new methodologies
and techniques. They have a wide range of application including, for example, biomedical, automotive, aerospace,
mechanical, civilenergy and transportation engineering applications.

The main objective of the 14th International Symposium on Functionally Graded Materials ({5iBGM
provide opportunities for exchange of ideas, discussion and improvement of the state of theyarntiokiling
and synthesis techniques, applications and recent developments in the areas of functionally graded materials and

metamaterials, through plenary lectures, oral presentations and posters.

The conferenceopics will include the following aspestof Functionally Graded Materials and Metamaterials for
Multiscale and Multifunctional Structures:

Material concepts & design criteria for FGMs and Metamaterials

Synthesis and Processing

Characterization, structure and functionality

Mechanical andhermomechanical propertiesther functionalities

Modelling and Simulation

Bio-inspired & Biomaterials

Applications

Life Cycle Analysis (LCA)
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Organizers & Committees

Conference Chair
Prof. Dr. MonikaWillert-Porada, University of
Bayreuth, Germany

Co-Chair
Prof. Omer Van Der Biest, Katholieke University
Leuven, Belgium

Local Organizing Committee

Dr.-Ing. Thorsten Gerdes, University of Bayreuth,
Germany

Kerstin Sollner, University of Bayreuth, Germany
Dr.-Ing. Andreas Rosin, University of Bayreuth,
Germany
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Aalto University
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University, Japan
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Prof. Qingjie Zhang, Wuhan University of
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University
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Dr. Akinaga Kumakawa, Japan Aerospace
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Conference at a glance

Monday, September 19t", 2016
Welcome and Opening Ceremony

Oral Session: Manufacturing and properties  Oral Session: Modelling of FG materials
assessment of FG materials and structures | and structures |

Oral Session: Structure dominated Oral Session: Porous and ordered
Biomaterials | structures

Oral Poster Presentations
Bavarian Evening
Tuesday, September 20, 2016
Opening of Industrial Exhibition

Oral Session: Manufacturing and properties  Oral Session: Testing of FG materials and
assessment of FG materials and structures I structures

Oral Session: FG amorphous and semi- Oral Session: Modelling of FG materials
crystalline materials and structures Il

Oral Poster Presentations
Conference Dinner at Eremitage Restaurant incl. Poster Award
Wednesday, September 21%, 2016

Oral Session: Manufacturing and properties Oral Session: Structure dominated
assessment of FG materials and structures || Biomaterials Il

Oral Session: Performance verification of FG materials and structures
Panel discussion & closing ceremony, Introduction of next conference venue
Farewell Barbecue
Thursday, September 22", 2016
Hands-on Training Additive Manufacturing
Visit of the neutron source Garching

Visit of Oktoberfest Munich

14" International Symposium Functionally Graded Materjdiltiscale & Multifunctional Structures
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Oral sessions

Monday, September 14, 2016

8:3071 9:00
9:007 9:45
9:457 10:15 Coffee break
10:157 10:50 | I. Konyashini Functionally graded W&o cemented carbides: The state of the art V. Petrova i Modeling of thermomechanical fracture of functionally graded coatings
10:507 11:15 | ¢ . Wang i Preparation and Properties of 8dbstituted Bismuth Titanate Films with Gradient M. Amirpour i Stress and vibration analysis of FG plate witplane material properties variation
Composition
11:157 11:40 | D. Sidorenkoi Functionally graded diamond containing composite materials: manufacture, R. Gunesi Investigation on the Ballistic Limit of Functionally Graded Plates
properties, performance '
11:407 12:05 | B. Henriquesi Mechanical characterization of feldspatpimrcelainzirconia composites C. Mohcine i Geometrically nonlinear free vibration of clampeldmped functionally graded beam with an
edge crack
12:057 12:30 | G, Luo7 Fabrication and Application of MGu GradeeDensity Impactors from Powder |. Comezi The Contact Problem of a Rigid Punch Sliding over a Functionally Graded Bilayer
Processing for Accurately Controlled Complex Loading Paths in igghtGun,
12:307 13:30 Lunch break
13:3071 14:15
14:201 14:55 | M. Lorenzetti i Titania Surface Layer Can Prevent Adhesion of Bacteria to Titanium Implants| ©- Mondain-Monval i Soft Porous Materials for Acoustics
14:551 1520 | ¢, Ortmann i Functionally Graded Ceramic Implant Materials for Joint EndoprotfieSegeriences| R. Zhangi Fabrication and Characterizationfainctionally Graded CNTBMMA Microcellular
and Outlook Foams with Designe@ell Structure
15:201 15145 | 5. ¢. M. Souzai Applications of functionally graded materials in dentistry N. A. Saninai Multifunctional polymer composites and ordered nanostructures of photochromic molecula
magnets: synthesis and properties
15:4571 16:15 Coffee break
16:151 16:40 [ A Rosini In-vitro biocompatibility of Ttimplants with compositionally graded coatings M. Bo r oiWlastigwale propagation velocity in graded metallic foam materials
16:401 17:05 | g Henriquesi FEM and analytical analysis of the bending stress distribution in graded zircon| K. Arslan i Low Velocity Impact Performance of Honeycomb Sandwich Structures Reinforced by Functio
based dental ceramics Graded Face Plates,
17:051 17:30 Oral Poster presentations
17:30i 21:30 Bavarian Evening & Poster Session Opening
12 14" International Symposium Functionally Graded Materfidliltiscale &Multifunctional Structures
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Tuesday, September 20, 2016

9:007 9:45

9:45i 10:15 Coffee break & Poster presentations & Industrial exhibition

10:157 11:00

11:057 11:30 | g Kirihra i Stereolithographic Additive Manufacturing of Geometric Micro Patterns in Bulky J. Zhangi Microstructural Characterization of Mg/Al Diffusion Bonded Joint Using\hInterlayer
Metal and Ceramic Components

11:3071 11:55 | M. Rauchi Challenge for Additive Manufacturing of Functionally Graded Materials Parts C. Richter i Hot corrosion behavior of 82r0,/ZrSiO, ceramic sealed by Lasassisted Microwave

Plasma Processing

11:551 12:20 | v, watanabei Microstructure and Wear Propen§ Al-Al;Ti FGMs Fabricated by Centrifugal S. Takahashii Measurement of Young's Modulus at Elevated Temperatures of Thermal Barrier Coating
Solid-Particle andn-situ Methods by Bending Resonance Method

12:207 12:45 | v N. Sanini Hierarchical Structured Intermetallic Alloys Produced by Centrifugal-Sd§ting Y. Shinoharai Development of measurement system of thermoelectric properties of thin films in the
Technology thickness direction,

12:457 13:30 Lunch break & Industrial Exhibition

13457 14:30

14:35i 1510 | 5. Gerlach- Gradientindex MicroOptics by lon Exchange in Glass and its Applications to Op M. Gasik - FGM ThermalBarrier CoatingsOptimizationunderHot BurnerTestingConditions
Metrology and Biophotonic Imaging

151101 1535 | A. Streicher - Confocal chromatic sensor systems based on gradient index optics M. K. Apalak - Stress wave propagation in a functionally graded cylinder

15351 16:00 | 1. Gerdes- Compositionally graded glass by microwave field assisted ion exchange F. Yu - Nonlinear Dynamic of Imperfect FGM Shallow Shell with Time Dependent Parameters in

Temperature Field

16:001 16:25 | p, Leykam - Glasceramics with graded photocatalytic activity K. Daszkiewicz- Elastoplastic analysis of axially loaded FGM box section column

16:25i 16:45 Coffee break & Poster presentations & Industrial exhibition

164571 17:30

19:001 22:00

Conference dinner at Eremitage Restaurant

14" International Symposium Functionally Graded Materjdliltiscale & Multifunctional Structures
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Wednesday, September 2% 2016

9:0071 9:45
9:457 10:15 Coffeebreak
10:157 10:40 | C.-C. GE- Research on FGM for Nuclear Applications E. DeSimone- Recombinant spider silk proteins as bioinks
10:407 11:05 [ m. Hamamci - Experimental Investigation of Microstructural and Micromechanical Properties| C. Haynl - Collagenbased gradient materials for tendon replacement
Fe/B,C-FeB Functionally Gradetaterials
110571 11:30 [ . Kohri - Friction and Wear Characteristics of MéSu-Sn Composite Film G. Lang - Mechanical Testing of Engineered Spider Silk Filaments Provides Insight®¥oigzular
Features on a MesScale
11301 11355 [ 5 park - Functionally Graded Cu ZnS Phosphor and its Applications M. Miyaoka - Study on the functionally graded characteristics of biofilms
11551 12:20 [ £ zamulaeva- Electrospark Deposited FGMBoatings with Enhanced Characteristics A. Ohmukai - Decomposition and Recovery Technology of Méitinction TypePrint Circuit Board with
Substrate a Biodegradable Resin
12:207 13:30 Lunch break
13:3071 14:05
14107 14:35 | R.Zhang - SynthesisndMechanicaPropertief Graded TC4Titanium Alloy via Plasma M. Aydin - Effect of Number of.ayers on the Ballistics Performance of Rimmally Graded Sandwich
ActivatedSintering Plates
14:35i 15:00 | X. Ren- Innovative Preparation of Narsized WC/W2C/W Functionlgl Graded Material S. Oetinger- High pressure injeati valve with magnetic gradient
(FGM)
15:007 16:00
16:00 Farewell barbecue
14 14" International Symposium Functionally Graded Materfidliltiscale &Multifunctional Structures
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Poster Program

Developmentof a functional glasshaving antimicrobial activity,
non-irritant and low ion elution via silver or copperion
exchangehnique

Gyuw-In Shim, SeongHwan Kim, SeYoung Choi

Departmenbdf MaterialsScienceandEngineering,y onseiUniversity, Seoul,Republic

of Korea

Fabrication of lightweight and thin bulletproof materials
satisfying protective capacity of NI1J levellll using strengthened
glass/polymercompositeby ion exchange

Gyuw-In Shim', SeongHwan Kim', Jong
Kyoo Park, SeYoung Chot

!Departmenbf MaterialsScienceandEngineeringYonseiUniversity, Seoul,
Republicof Korea
2Agencyfor DefenseDevelopmentPaejeon Republicof Korea

Fabrication of functionally graded materials with a high
melting point difference for extreme environment
application

Zhangjian Zhou, Changchun Ge

Schoolof MaterialsScienceandEngineeringUniersity of Scienceand
TechnologyBeijing, China

Oxidation Resistanceof MoSi,/Mo FGMs Layer for Titanium
Aluminide Intermetallic Compound

Masayuki Ohshima Shohei Matsuda
Toshimitsu Tetsdj Kazuhiro Hasezaki

ntelligent StructuresandMechanicsSystemsEngineeringGraduateSchoolof
AdvancedScienceand Technology,TokushimaUniversity, TokushimaJapan
2High TemperaturéMaterialsCenter Nationallnstitutefor MaterialsScience,
Tsukuba/baraki,Japan

SDepartmenbf MechanicalScience GraduateSchoolof Scienceand
Technology,TokushimaUniversity, TokushimaJapan

Changein mechanicalcharacterization according to the
addition of graphenein functionally graded Cu-ZnO
manufactured through spark plasmasintering

Kwangjae Park Jehong Pafk
Seungchan Cho3, Akira Kawasgki
Kwonhoo Kimt Hansang Kwoh?

!PukyongNationalUniversity, Republicof Korea
2Next-GeneratiorMaterialsCo., Ltd.(NGM), Republicof Korea
3Korealnstituteof MaterialsScienceRepublicof Korea
“TohokuUniversity, Japan

SisNs-CMC reinforced with compositionally graded
carbon fibers

Christian Richtét, Karina Mee§
Monika Willert-Porada, Viktor Heyef,
Achim SchmidtRodenkircheh

Chairof MaterialsProcessingUniversity of Bayreuth,Germany
2GraduateSchool1229,University of Bayreuth,Germany
3InVerTece.V., Bayreuth,Germany

Influence of ionic conductivity gradient in refractory
lining for energyefficiency of electrically heatedglass
melting tanks

Andreas RosinThorsten Gerdes,
Monika Willert-Porada

Chairof MaterialsProcessingUniversity of Bayreuth,Germany

ReactiveTexturing of Y-TZP and Ce-TZP in Magnetic Field

0. Van der Biest D. Vriami*, E. Beaugnoh

!Departmendf MaterialsEngineeringK.U.Leuven,Heverlee Belgium

2LaboratoireNationaldesChampsviagnétiquesntenseLNCMI), GrenobleFrance

Innovative Preparation of Nano-sizedWC/W2C/W
Functionally Graded Material (FGM)

Xiaona Ren, Min Xia, Qingzhi Yan,
Changchun Ge

Instituteof NuclearEnergyandNew EnergySystemMaterials,Schoolof
MaterialsSciencegandEngineeringUniversityof ScienceandTechnology
Beijing (USTB), Beijing, China.

14" International Symposium Functionally Graded Materfdliltiscale & Multifunctional Structures
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Workshop Program

Workshop: Additive manufacturing for multimaterials and
functionally graded materials and handson training
Date:Thurslay, Septembez2'd, 2016

Room:H3&/ NW Il

10:00 Introduction into workshop topics

10:3071 11:00 The LaserCUSING® Process
Peter PontilleiSchymura

ConceptLaserGmbH,LichtenfelsGermany

11:001 11:30 Binder Jetting technologyto 3D print complexparts in industrial -grade
materials

Dr. Sarig Nachum
FraunhoferZentrumfur HochtemperatwteichtbauHTL, Bayreuth

11:307 12:30 Lunch break

16
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Prof. Dr.-Ing. habil. Aldo R. Boccaccini

Functionally Graded Materials in Biomedical Applications: Progress and Challenges

Aldo R.Boccaccini is Professor of Biomaterials and Head of the Institute of Biomaterials at the
University of ErlangefNuremberg, Germany. He is also visiting Professor at Imperial College
London, UK. He holds an engineering degree from Instituto Balseiro (Angg¢nDrIng. from

RWTH Aachen University (Germany) and Habilitation from TU limenau (Germany). The
research activities of Prof. Boccaccini are in the field of glasses, ceramics and composites for
biomedical, functional and/or structural applications. e author or cauthor of more than

600 scientific papers and 15 book chapters. His work has been cited more than 15,000 times
and he was named in the 2014 Thomson Reuters Highly Cited Researcher list. Boccaccini has
been a visiting professor at diffetauniversities around the world, including Japan, Italy, Spain,
Slovenia, Netherlands, Singapore, Argentina and Poland. His achievements have been
recognized with several awards including, most recently, the Materials Prize of the German
Materials Societf{DGM) in 2015 and the Turner Award of the International Commission on
Glass (2016). In 2015, he was elected member of the World Academy of Ceramics. Boccaccini
is the editotin-chief of the journal Materials Letters and serves in the editorial boardref mo
than 10 international journals. In 2015 he was elected member of the Council of the European
Society for Biomaterials (ESB). He also serves in the Review Panel of the German Science
Foundation (DFG) and is an international advisor to the Ministry afréei and Technology

of Argentina.

18 14" International Symposium Functionally Graded Materjaultiscale & Multifunctional Structures
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Functionally Graded Materials in Biomedical Applications: Progress
and Challenges

Liliana Liverani Aldo R. Boccaccini

linstitute of Biomaterials, Universityf ErlangerNuremberg
91058 Erlangen, Germany
aldo.boccaccini@ww.urerlangen.de

An overview on the applications of FGiM the biomedical field will be presented, with focus

on the different uses that FGM (and stratified materials) are increasingly finding in tissue
engineering and drug delivery applications. FGM, usually featuring porosity, are favorable to
act as 3D sc#ébldsto induce the regeneration of tissues and organs because of their biomimetic
structure resembling the anisotropic properties of native tissues. A variety ofbaGad
scaffolds (and layered structures) are being investigated whidbitegraded properties in

terms of composition, morphology, pore size and mechanical propé&tiesiportant area of
application of such FGM is in the reconstruction of tissue interfacgsbetwee soft and hard
tissues. Scaffolds based on FGM can be obtained by integrating different fabrication techniques,
like electrospinningrapid prototyping, foam replica method, freeze drying, etc. A series of
examples will be reviewedh this lecture highlighting the materials used, usually smart
combinations of biopolymers, bioactive ceramics or glasses and porosity, and the relevant
manufacturing technologies. For example, to reconstruct the osteochondral interface, a soft
polymer fbrous layer (the cartilage side) can be deposited on the bone scaffolds, usually made
of hydroxyapatite or bioactive glass foams [1]. In this context, electrospinning will be
highlighted as an attractive technique to fabricate Hezided (and layered) scalffs,
combining 3D patterned fibrous (nano)structures (Fig. -C)Awith zonal (biomimetic)
mineralization utilizing bioactive nanoparticlembedded in the fibres. Remaining challenges

in the field, especially in terms of understamditime dependent, loAgrm biological
performance of FGM constructs in viwall be discussed.

-
i ’ J Bk, o
v ¥ - - i
o v e
5 - Y, s

200 pm
|

Fig. 1 (A-C) Patterned electrospun fibrous layetitized to fabricate FGMcaffolds

[1] L. Liverani, et al., Mater. Sci. Eng. A 557 (2012)i 58.

Keywords: scaffolds tissue interfacestratified structureselectrospinningcomposites

14" International Symposium Functionally Graded Materisdsiltiscale & Multifunctional Structures 19
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Prof. Dr. rer. nat. Uwe Gbureck

3D Printing of Drug and Material Gradienia Bioceramic Implants

Uwe Gbureck is a professor in the Department or Functional Materials in Medicine and
Dentistry, University of Wirzburgde earned a PhD degree in chemistry from the University

of Wirzburg in 1999 about the synthesis of organically modified titaniumoxide coatings as
coupling agents for hydrolysis resistant mgtalymer joints in dental applications. Afterwards,

he investigted the use of injectable mineral biocements as bone replacement materials for low

|l oad bearing defect sites within his fAHabili
APr-Douz. 060 (200Pyofand fidpl Exper i me msitydHospitBle nt i st
Wirzburg. His main research interests include the chemistry and material properties of mineral
biocements based on calcium and magnesium phosphate chemistry, the use of such cement in
rapid prototyping applications, as well as drug delivsrstems based on inorganic structured

materials.

20
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3D Printing of Drug and Material Gradients in Bioceramic Implants

S. Meiningey E. VorndranU. Gbureck

Department for Functional Materials in Medicine and Dentistry, University Hospital
Wirzburg, Germany, uwe.gbureck@fmzwuoerzburg.de

The classical application of bioceramics in the form of granules or monolithic imdants
subsequently replaced by using tissue regeneration approaches based on macroporous scaffolds
The latter are seeded with cells either in vitiaa bioreactor or directly in vivéollowing
implantation. The fabrication of such scaffolds by additive manufactappgoaches aims to
produce defined microstructures with interconnecting, anisotropically aligned pores in the sub
millimetre range from calam or magnesium phosphate compounds. Here, 3D powder printing
has been demonstrated to be a powerful tool for bioceramic fabrication, whereas a reactive
binder liquid is selectively applied onto thin powder laydils A major advantage of 3D
printing technology is the ability to work at ambient temperature, e.g. the use of reactive cement
systems enables the fabrication of low temperature, hydrated ceramics with a simultaneous
local deposition of bioactive compods to direct cellular response to the material. Such a
spatial control of scaffold modification with various drugs was recently demonstrated by using
a commercial mulicolour printer for sample preparation [2], in which the black channel was
used for aplying the binder, while the other three channels were filled with drug solutions
(BMP-2, vancomycin, heparin) and polymer solution (chitosan hydrochloride) to produce
graded materiacompositions. Drug release kinetics were showrdépend on the drug
localisation (homogeneous, depot or graded) within the scaffolds; while homogeneously loaded
scaffolds provided first order release kinetics, drug depots or gradients resulted in zero order
release over a period of3days with releasates in the range 0.6896 %/h.

[1] Vorndran E, Moseke C, Gbureck U. 3D printing of ceramic implants, MRS Bulletin 40 (2015),3627

[2] Vorndran E, Klammert U, Ewald A, Barralet JE, Gbureck U. Similtaneous bioactive immobilisation during 3D
powderprinting of bioceramic drug release matrices, Adv Funct Mater 20 (2010); 15885

Keywords: Calcium phosphate scaffold3D powder printingdrug release

14" International Symposium Functionally Graded Materisdsiltiscale & Multifunctional Structures 21



. CDa

Prof. Dr. Martin van Hecke

Wit 2™

-5/

1\ &
Combinatorial Design of Texturddechanical Metamaterials

Martin van Hecke got his PhD in theoretical physics in 1996 at the University of Leiden. Since

then he has worked on a broad range of topic in soft matter, including gatteation and

chaos, granular media, foams, rheology and jamming, combining experiments, simulations and

theory. The common thread in all this works is the fascination for the emergence of complex

behavior in seemingly simple systems. In 2008 Martin varkelevas appointed as professor

in the 6organization of disordered mediad ir

2011, he has refocused his research towards mechanical metamdtenalsatterned elastic

mediato origami His main current fascination is the inverse problem: to design and make

simple materials for which desired complex behavior emerges. Since Sept 2014 he weorks part

time at AMOLF, running a single group at two locations and spearli ng t he O0De:

Matte® i niti ati ve.
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Combinatorial Design of Textured Mechanical Metamaterials

Corentin Coulais? Eial Teomy Koen de ReusYair Shokef and Martin van
Hecké?

HuygensKamerlingh Onnes Lab, Universiteit Leiden, PObox 9504, 2300 RA Leiden, The
Netherlands
2FOM Institute AMOLF, Science Park 104)98 XG Amsterdam, The Netherlands
3 School of Mechanical Engineering and The Sackler Center for Computational
Molecular and Materials Science, Tel Aviv University, Tel Aviv 69978, Israel

The structural complexity of metamaterials is limitless, althomgpractice, most designs
comprise periodic architectures which lead to materials with spatially homogeneous features.
More advanced tasks, arising in e.g. soft robotics, prosthetics and wearable tech, involve
spatially textured mechanical functionalityhieh require aperiodic architectures. However, a
naéve | mplementation of such structur al con
prevents coherent operation and impedes functionality. Here we introduce a combinatorial
strategy for the design opariodic yet frustratiotfiree mechanical metamateriaishom we

show to exhibit spatially textured functionalities. We implement this strategy using cubic
building blocks- voxels - which deform anisotropically, a local skiwg rule which allows
cooperative shape changes by guaranteeing that deformed building blocks fit as in a 3D jigsaw
puzzle, and 3D printing. We show that these aperiodic metamaterials act as programmable
shape shifters, morphing into spatially complex jmdictable and designable shapes when
uniaxially compressed. Moreover their mechanical response to compression by a textured
surface reveals their ability to perform sensing and pattern analysis. Combinatorial design thus

opens a new avenue towards megta metamaterials with machitige functionalities.

Keywords: Mechanical Metamaterigl€ombinatoricsDesigner Matter
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Prof. Dr.-Ing. habil. Carolin Kérner

From opencellular materials to mechanicahetamaterialdy structural design and 3D
printing

Carolin Korner has studied theoretical physics and graduated in the field of theoretical nuclear
physics at the Uwersity of ErlangerNuremberg. Afterwards she changed to the Department

of Materials Science and gained her PhD in the field of modeallit@ser material interaction
phenomena. She habilitated in the field of liglgight materials with focus on metal foams.
Since 2011 she is full professor for Materials Science and head of the Chair Materials Science
and Technology for Metals at the Uaigity of ErlangerfNuremberg. In addition, she is head

of the additive manufacturingroups at the Joint Institute of Advanced Materials and Processes
in Furth and at New Materials Furth GmbH. Her research areas are adthtivgacturing of

high performance materials, casting technologies, metal matrix congp@site process

simulation.
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From opercellular materials to mechanical metamaterials by
structural design and 3printing

C. Kornet, F. WarmutB, M. Wormset, Y. Liebold-Ribeiro

tUniversitat ErlangerNirnberg,
Chair of Materials Science and Technology for Metals,
carolin.koerner@fau.de
2Universitat ErlangerNirnberg,
Joint Institute of Advanced Materials and Processes, Firth,

Cellular metalsor metal foams are an interesting class of material since they offer property
combinations which go beyond that of compact materials. Now, the rapid development of 3D
printing technologies makes the realization of nearly all kind oénagellular structures

possible. Thus, the underlying cell architecture is no longer governed by a more or less
stochastic production process like foaming but can be freely designed and optimized to fulfill
specific properties. This new design freedom caw be used to create materials with
compl etely wunusual and new properties, e. g.
(auxetic material) or materials with full phononic band gaps. The properties of these printed
materials are primarily governed blyeir structure and only secondarily by the underlying
material. Hence they are named as mechanical metamaterials

In order to fully exploit this new kind of fabrication freedom, a fundamental understanding of

the physicame chani sms | eading to specific propert.
phononic band gaps, has to be developed. A systematic approach based on eigenmode analysis
of basic cell topologies combined with static and dynamic numerical characteriabdws to

identify the governing mechanisms leading to specific properties. Based on this knowledge, a
specific design of cellular materials showing certain properties can be performed.

Selective electron beamelting, a powder bed basadditive manufacturingnethod, is used

to fabricate specific cellular materials of high performance metallic alloys such as titanium. The
comparison of the calculated properties of the printed materials with experimenttd resu

demonstrates the predictive power of the knowledge based design.

Keywords: Cellular metalsmechanical metamateria@D-printing, selective electron beam melting
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Prof. Luis Augusto Rocha

Multifunctional graded surfaces for osseointegraiteglants Combining triba@orrosion
resistancewith bone cells activity

Luis Augusto Rocha is AssociatBdofessor at UNESP Univ. Estadual Paulista, Faculdade
de Ciéncias de Bauru. Formerly he was Associated Professor at the Department of Mechanical
Engineering of University of Minho, in Portugal. He is the coordinator of the IBTN/Br,
Brazilian branch of tha Institute of Biomaterials, Tribocorrosion and Nanomedicine and
member of theMEMSUMinho i Center MicroElectroMechanicalSystemsit University of
Minho.

His research interests are focused on biomatenalsely on the developmentfoihctionally
graded material (FGM), surface functionalization of metallic biomaterials and on the
investigation of the degradation mechanisms of those materials, essentially Heom t
tribocorrosionpoint-of-view, and its influence on biological systems.

He is a member of WP18 on Tribocorrosion (European Federation of Corrosion}AS3M

Int. Assoc. for Layered and Graded Materials (World Academy of Ceraamdsnternational

Advisory Board on Functionally Graded MatesigFGMForum, Japan).
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Multifunctional graded surfaces for osseointegrated implants:
Combining tribocorrosion resistance with bone cells activity

L.A. Rochd?, F.G. Oliveird? A.R. Ribeirg*

1UNESPi Universidade Estadual Paulista, Fac. Ciéncias Bauru, Brazil, rocha@fc.unesp.br
2IBTN/Bri Brazilian Branch of the Institute of Biomaterials, Tribocorrosion and
Nanomedicine, Brazil
3CITEVEI Centro Tecnoldgico Indlstria Téxtil e Vestuahtla Nova de Famalicao,
Portugal, fernando.g86@gmail.com
“National Institute of Metrology Quality and Technology, Directory of Metrology Applied to
Health Sciences, Rio de Janeiro, Brazil, arribeiro@inmetro.gov.br

Titanium and its alloys are widely useddental and orthopedic implansmong other factors,
lifetime of osseointegrated implants is influenced by the capability of the surface of the implant
to induce osteoblastthoneforming cells) to adhere, proliferate and mineralize as fast as
possible in order to anchor the implant in place. However, the intrinsic low resistance to wear
of Ti-based materials may compromise its biological performance. In fagtadigion by
tribocorrosionmechanisms (corrosion + mechanical wear) results in the modification of the
surface characteristics of the material, but, at the same time, generates micro-siz&@no
debrisand/or metait ions that may have a deleterious effect on the biological functions locally
and systemically. Anyway, the surface properties of titanium can be tailored to ensure enhanced
biological properties, corrosion and wear resistance.

Oxide films grown on titanim by micrearc-oxidation (MAO) may be designed with graded
properties for optimized performance. The incorporation of bioactive elements such as Ca, P
and Mg can enhance the biological response of the surface, allowing better interaction with
bone cellsenhancing at the same time the tribocorrosesistance of the surfaces.

In this work an overview of the growth mechanisms of these multifunctional functionally
graded doped titanium oxide films will be presented. Also, the infli@f the chemical and
structural characteristics of the film on the tribocorrosimechanisms and biological

interactions will be discussed.

Keywords: Functionally graded surfacessteoblastsdebris tribocorrosion nanotoxicity
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Prof. Christian Santangelo

SelfFolding Structures By Programming Gradients in Polymer Sheets: Theory and Practice

Professor Santangelo is a theoretical physicist with a research interest in soft materials. He
received his B.A. degree in Physics from Cornell University in 1997 and his Ph.D. in Physics
from UC Santa Barbara in 2004, with Fyl Pincus. He did a-postatthe University of
Pennsylvania with Randy

Kamien, then joined the Physics Department at the University of Massachusetts in 2007. He is
the recipient of the 2004 Glenn Brown Prize from the International Liquid Crystal Society and
a CAREER award in 2008.isimost recent work has been on using geometry to design shape

and control the mechanical propertedghin elastic sheets.
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Self-Folding Structure8y Programming Gradients in Polymer
Sheets: Theory and Practice

ChristianSantangelb

!Department of Physics, University of Massachusetts Amherst, csantang@physics.umass.edu

Recent advances in the fabrication of polymer hydrogel sheets have resulted in the fabrication

of structures capable akversibly folding and unfolding. This sdlflding is achieved by

imbuing the sheets with gradients in composition, either through photolithography or by careful
chemistry, and by carefully tuning material properties. Yet, the thealr&tols to design such
self-folding sheets lag behind experimental capabilities. | will discuss the work of our group

and collaborators in developing tools to design-&atfing structures by programming either

gradients in crosbnk density or matedl properties. Whether, and how, a particular structure

can b€ofidedd depends cruci al | y andthe mebhanics nt er |
thin sheets. Finally, | will discuss challenges in the design and fabrcat seltfolding

structures.

Keywords: self-folding, origami geometry
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Prof. Dr. rer. nat. Siegfried Schmauder

Challenges in multiscale materials modelling for FGMs

Professor Dr. SiegfrieBchmauder is currently a Professor of Materials Science and Strength
of Materials at the University of Stuttgart, Germany. He graduated in Mathematics from the
University of Stuttgart in 1981, and received his Dr. rer. nat. degree from the same University
in 1988. After his work as a research group leader at the MN&nckinstitute for Metals
Research and postdoctoral research stays at the University of Tokyo, Japan, and at the
University of California at Santa Barbara (UCSB), USA, he accepted an offectome a
Professor at the State Materials Testing Agency (MPA), University of Stuttgart. Since 2003 he
is working at the Institute for Materials Testing, Materials Science and Strength of Materials
(IMWF) at the same University. He is author of more th@@ Fesearch papers in the field of

nane and micromechanics of composites and metals as well as on multiscale simulation of

hierarchical materials.
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Challenges in multiscale materials modelling for FGMs

Siegfried Schmauder

Institute for Materials Testing, Materials Science and Strength of Materials (IMWF)
University of Stuttgart, Pfaffenwaldring 32; D569 Stuttgart, Germany,
siegfried.schmauder@imwf.usiuttgart.de

In the recent past, multiscale materials modelloegame a central idea in understanding
present day complex compositasd in making progress in the development of advanced
materials [1]. There exists, however, a discrepancy between available results described in
literatr e and the expressd,onbdanadde stcyap iec anloldye | ¢ a
two length scales only and sometimes additional one or two time scales.
This presentation will describe several successfully running maikisexamples which are
used in analyzing pipeline steel weldments, metal/ceramic interfaces, polymer composites
bionic materials and fatigysroblems of metals which are employed for a better understand
ding of physical phenomena in these materials leading to their deformation and fracture
behavior. The potential of these findings for modellamgl developmeanof FGMsin future
applications will be shown in the present contribution.
In addition, studies will be shown which provide the basis for the development of new metallic
alloys when taking ab initio, Monte Carlo or Molecular Dynamics mode#imgroaches into
account. As examples solid solution hardei#tjgs considered for Fbase materials or fatigue
loading for polycrystalline steels [3] where property predictions areasechgreement to
experimental findings.
[1] S.Schmauder, ISchafer (Eds.), Multiscale Materials ModelliigApproaches to Full Multiscaling, de
Gruyter, Berlin (2016) (to be published)

[2] S. Schmauder, Kohler, CompMater. Sci., 50 (2011), 1238243
[3] Z. Bozic, S.Schmauder, MMIlikota, M. Hummel, Fatigue Fract. Eng. Mater. Struct., 37(2014), 10434

Keywords: multiscale modellingfatigue solid solution hardenindGMs
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Session Chair: I. Konyashin
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Functionally graded WC-Co cementedcarbides: The state of the art
I.Konyashin, S. Hlawatschek, B. Ries, E. Levashov, A. Zaitsev

Preparation and Properties of NdSubstituted Bismuth Titanate Films
with Gradient Composition

C.B. Wang, D.Y. Guo, C.Y. Liu, Q. Shen, L.M. Zhang

Functionally graded diamondcontaining composite materials:
manufacture, properties, performance

D. Sidorenko, E. Levashov, P. Loginov, N. Shvyndina, E. Skryleva

Mechanical characterization of feldspathc porcelain-zirconia
composites

B. Henriques, RL.P SantosR. M. Nascimento,. C.M. Souza, FSilva

Fabrication and Application of Mg-Cu Graded-Density Impactors from
Powder Processing for Accurately Controlled Complex bading Paths
in Light-gas Gun

Guogiang Luo, Jiayu He, Lianmeng Zhang, Xiaozhuang Zhou, Qiang
Meijuan Li, Chuanbin Wang, Jian Zhang, Jinsong Baiyix Yu

Lunch
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Functionally graded W&o cemented carbide$he state of the
art

|.Konyashirt?, S. Hlawatschek B. Ries, E.Levasho¥, A. ZaitseV

Element Six GmbH, Burghaun, Germany. Email: igor.konyashin@e6.com
2National University of Science and technology MISiS, Moscow, Russia. Email:
levashov@shs.misis.ru

Thefabrication of cemented carbide#h functionally graded composition, microstructarel
properties has been an issue of great interest in the cemented carbide industry for a long time.
The history of the evelopment and fabrication of functionally graded cemented carbides is
outlined. Different technologies employed for the manufacture of functionally grade@&WC
cemented carbides are reviewed. Various types of functionally gradedCdV@aterials
designedor specific applications and fabricated by tailored sintet@éetniques are described.

The functionally graded cemented carbides are characterized by a unique combination of
various properties including exceptionally high hardreessfracturdoughnesswhich cannot

be achieved in bulk W&o materials. Carbide articles are described in which functional
gradients of hardness, cobalt content and WC grain size have been obsiag@sult of
creating Co drifts and regulating the WC grain growth by controlling the carbon content of the
surface layer. Mechanisms of binder migration phenomena allowing one to produce the
functionally graded cemented carbides by their-asffembly dring sintering are presented.

The mechanisms are based on considering capillary forces in parts of carbide articles with
various carbon contents and/or different WC mean grain sizes. Different applications of the
functionally graded cemented carbides withmerous examples illustrating the dramatic
improvement of their weamesistance and significant prolongation of tool lifetime are
presented. Modern trends in the research and development of novel functionally graded WC
Co cemented carbideseaoutlined.

Keywords: cemented carbidesintering hardnessfracturetoughness
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Preparation and Properties of {Sdbstituted Bismutiitanate
Films with Gradient Composition

C.B. Wang D.Y. Gug C.Y. Liu, Q. ShenL.M. Zhang

State Key Lab of Advanced Technology for Materials Synthesis and Processing, Wuhan
University of Technology, wangcb@whut.edu.cn

Nd-substituted bismuth titanate EBNdxTizO12, abbreviated as BNT) films have been
extensively investigated for theossibility of application in nowolatile ferroelectric
memories. It is supposed that the properties of those films could be enhanced by changing their
compositions gradually, as verified in the compositiongtgded \doped bismuth titanate
films. In this study, BNT filmswith gradientcompositionwere prepared on Pt(111)/Ti/SiSi
substrates by sajel, and the microstructuréerroelectric and dielectric propertiesthe films

as a function of composition were investigated. At first, sipglased BNT films with
compositions changing from x = 0 to x = 1.0, respectively, were obtained. With increasing Nd
content, the preferred orientatiof the films changed from random to (117), resulting in the
improvement in properties. Then, the (1-briented BNT films with two kinds of gradient
composition, i.e., upgraded and downgraded, were prepared. As compared with the
homogeneous BNT films, the remanent polarization) (Bnd permittivity ) of the
compositionallygraded BNT films were significantly enhanced, which were=22.9s C/cn?

andU{ = 509.
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Figurel Structure and ferroelectric propert@sBNT films with gradientcomposition

Keywords: BNT films, gradientcomposition ferroelectric propertieglielectric properties
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Functionally graded diamorncbntaining composite materials:
manufacture, properties, performance

D. Sidorenk E. LevashoyP. Loginoy N. ShvyndinaE. Skryleva

National University of Science and technology MISiS, Moscow, Russia. email:
dsidorenko@inbox.ru

Diamond cutting tod with metal binderssw bladescore drills and wire saws) are widely

used to machine the most difficult to work with materials, such as reinforced concrete, stone
and steel structures. In such operation conditions the toolsaearrather quickly, which has
significant echnical and economic implications. Currently, there are three main ways of
improving the quality of diamonclutting tools: increasing (1) strength of binder (metal matrix),

(2) diamond grain grade and (3) adhesion strength between thendisand the binder. In
present work a new approach to design of diamond containing composite material have been
suggested: the simultaneous improvement of (1) and (3) during diamond composite material
sintering The mechanism of spontansoformation of Webased layer on diamond surface
during sintering with metal binder in the presence of WC nanopowder as a reinforcing additive
is studied. This intermediate layer provides a good adhesion between matrix and diamond. The
layer is formed viaa gasphase transport mechanism leading to chemisorption of volatile
tungsten oxide Weonto diamond surface followed by Weduction and carbide formation.

The simultaneous increase of the binder mechanical propanie®rmation of a protective
WC-based layer on the diamond surface provide a synergistic effect, leading to the
enhancement in operation performance of the diamond tool, in particular increasing

productivity and cutting speed.

Keywords: diamond interfacial layer nanoparticlesmetal matrix compositeutting tool
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Mechanical characterization of feldspathic porceiaairconia
composites

B. Henrigue$?, R. L.P Santo$, R. M. Nascimentd, J C.M. Souz4 F. Silvé?

ICeramic and Composite Materials Research Group (CERMAT), Federal University of Santa
Catarina (UFSC), Campus Trindade, Florianépolis/SC, Brazil,
brunohenriqgues@dem.uminho.pt
2CMEMSUMinho, University of Minho, Campus de Azurém, 4888 Guimaries,
Portugal, fsamuel@dem.uminho.pt
3Department of Materials Engineering, Federal University of Rio Grande do Norte

(UFRN), Campus Lagoa Nova, 590980, Natal, Brazil, rubensmaribondo@gmail.com,
raffitasantos8 @hotmail.com
4CEPID, Department of Dentistry (DODT), Universidade Federal de Santa Catarina (UFSC),
Floriandpolis/SC, Brazil, julio.c.m.souza@ufsc.br

The purpose of this study was the production and mechanical characterization of feldspathic
porcelainreinforced by zirconigarticles aiming at a FGMpplication. Feldspathic porcelain
specimens with different volume fractions (10, 20, 30, 40 or 50%) of zirpartiales (3YTZP)
dispersed in the matrix were produced. The mixtures were heat pressed in vacuum at 970°C for
2 min. FIl exur al strengt h, H tougknesavere measdredu n g 0 s
The microstructur@and fracture surfaces were characterized by48SE®I. Chemical analyses

were performed by EDS and XRD. The highest flexural strength (218 + 24 MPa) and fracture
toughness (2.1 + 0.1 MPaf) valueswere recorded for compositesntaining 30% zirconia
particles. That corresponded to improvement in mechanical propsréesut 2 times relative

to those registered for feldspaased porcelain. The Youggs mo d ul i i ncrease
addition of zirconia particles. The hardneakies were not significantly different. The addition

of zirconia particles to feldspathic porcelain improved significantly the mechanical properties

of the base matial.

Keywords: feldspathic porcelairzirconig heat pressingcompositesmechanical properties
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Fabrication and Application dflg-Cu GradedDensity Impactors
from Powder Processing for Accurately Controlled Complex
Loading Paths in Lighgas Gun

Guogiang Lué, Jiayu Hé, Lianmeng Zhanly*, Xiaozhuang Zhot) Qiang
Shenrt, Meijuan Lt, Chuanbin Wanfy Jian Zhang Jinsong B&i Yuyin YUu?

State Key Laboratory of Advanced Technology for Materials Synthesis and
Processing, Wuhan University of Technology, Wuhan 430070, China
2 Laboratory of Shock Wave and Detonation Physics Research, Institute of Fluid
Physics, P O Box 91911, Mianyang, Sichuan 621900, China
*corresponding author, Tel.: +86 1887060013; fax: +86 27 87879468 .-mail address:
luogg@whut.edu.cn

Compositionally graded M@u structures for use as liglggs gun impactors were fabricated

by powder proessing and hepress sinteringLayers of pressed metal powders were stacked

in sequence according to designed dertsitgkness curves to attain desired thermodynamic
loading paths. Powder processiwgs simpleto operate and allowed excellent control of the
composition and thickness. The samples were
intermetallic compounds or magnesium oxides. Mg and Cu phases were dispersed
homogeneously and well compacted and noals/pores or voids between layaesre found.

The thickness of each layer deviated little from the designed values, with errors-df1B0&G
Additionally, the parallelism and flatness of the samples were very good. In order to attain the
dynamic loading paths, a 14 layer gragkshsity impactor was chosen randomly to shot target

Al with a LiF window, and the resulting profile was measured with VISAR. The measured
profile was compared with the designed that simulated by onedimensional yryaimad
numerical model. These two profiles agreed well with each other, with both particle velocity
and time scale accurately controlled. The Pres$urne diagram was calculated and a complex
appliedpressure profile combining shock loading, constantspires release, quaisientropic
compression was attained. The mechanism of the Pregsiume diagram was explored

extensively.

Keywords: Powder processingradeddensity impactorsComplexappliedpressure profile
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Session Chair: S. Schmauder
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Modeling of thermomechanical fractureof functionally graded coatings
V. Petrova, S. Schmauder

Stress and vibration analysis of FG plate with ifplane material
properties variation

Maedeh Amirpour, Simon Bickerton, Raj Das, Briace

Investigation on the Ballistic Limit of Functionally Graded Plates
Recep Gunes, Mevlut Hakan, M. Kemal Apalak, J.N. Reddy

Geometrically nonlinear free vibration of clampedclamped functionally
graded beam with an edgerack

Chajdi Mohcine, Merrimi El Bekkaye, El Bikri Khalid

The Contact Problem of a Rigid Punch Sliding over a Functionally
Graded Bilayer

Isa Comez, Mehmet Ali Guler

Lunch
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Modeling of thermemechanical fracturef functionally graded
coatings

Vera Petrova?, Siegfried Schmaudér

YMWEF, University of Stuttgart, Pfaffenwaldring 32;1D569 StuttgartGermany
2\/oronezh State University, University Sq.1, Voronezh 394006, Russia, veraep@gmail.com

A model of fractureof functionally graded coatingsh a homogeneous substrate (semiinfinite
medium) subjected to thermmechanical loadingresidual thermal stresses due to sudden
cooling and/or tension) is presented. The material properties are continuous functions of a
thickness coordinate (e.g., exponential function). The method of singular integral equations is
used in this problem. The solution of the equations is obtained numerically. This method is

applicable when the material gradation of the functionally gradatihgps not steep.

Experimental investigations of thermal barregratingsunder thermal shock show that edge
cracks appear first and then internal horizontal cracks are fgrifijnBesides, the tendency

for horizontal cracknitiation increases as the primary surface crack length increases. In this
connection the interaction of a system of arbitrarily inclined edge cracks with internal cracks is
investigated. Sessintensity factors at crack tips are determined and then, using an appropriate
fracturecriterion, the direction of crack propagation is derived as well as which crack starts to

propagate first.

[1] A. Gilbert, K. Kokini, S. Sankarasubramanian, Surf. Coat. Technol. 202 (2008),22832

Keywords: fracture functionally graded coatingthermemechanical loadingstressntensity factors
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Stressand Vibrationanalysis of the FG plate with-pplane
material properties variation

Maedeh Anirpourt, Simon Bickertoh Raj Da$, Brian Macé

! Center of Advanced Composite Materials (CACM), Department of Mechanical
Engineering, University of Auckland, New Zealang@edeh.amirpourmolla@auckland.ac.nz
2 Department of Mechanical Engineering, University of Auckland, New Zealand

This paper presents the bending and free vibratdution of functionally graded (FG) plates

with variation of material properties through their length using higher order shear deformation
theory (HSDT). The present theory accounts for both the shear deformation and thickness
stretching effect by a sisoidal variation of the displacement field across the thickness. The
problem is then modelled using the finite element method (FEM) using graded solid element.
This element has the spatially graded property distribution (at different Gauss points),swhich i
implemented by the user subroutines UMAT and USDFLD for bending and vibration analysis,
respectively. It can be concluded that the present exact formulation is not only accurate, but

also simple in predicting the bending and vibration of the FG plates

Also, the good agreement found between the exact solution and the numerical simulation
demonstrates the effectiveness of graded solid element in the moa#lithg FG plate.
Moreover, the combination of the derivedaical and numerical results will enable us to
understand the behaviour of new materials with controlled macro properties through the specific

direction with potential relevance to biomedical and aerospace sectors.

Keywords: FG platesIn-plane properties variatioistressVibration

14" International Symposium Functionally Graded Materisdsiltiscale & Multifunctional Structures 41



. CDa

Investigation on the Ballistic Limit of Functionally Graded Plates

Recep GunédsMevlut Hakan, M. Kemal Apalak, J.N. Redd¥

!Department oMechanical Engineering, Erciyes University, Kayseri 38039,
recepg@erciyes.edu.tr
2Department of Mechanical Engineering, Erciyes University, Kayseri 38039,
mevluthakan@erciyes.edu.tr
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“Department of Mechanical Engineering, Texas A&M University,
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Armor technologies are continuously improving against projectile threats which increasing
ravage and destruction area. The use of compositerials as the armor structures provides
high resistance against projectile, as well as facilitate the mobility by reducing the weight of
structure. Besides, it is very important to design of composite armors both to disrupt the
projectile tip geometryand to protect the structural integrity in ballistic applications. In this
respect, functionally graded matesiaonsisting of ceramic and metal are extremely suitable
for ballistic applications due ttheir nature. Namely, the ceramic constituent provides high
ballistic resistance against projectile while the metal constituent supplies the structural integrity
of the FGMarmor.

The aim of this study is to investigathe effect of througthickness material properties of the

FG platesand impact angle of the projectile on the ballistic limits of FGivhor system.
MoriTanaka homogenization scheme is used asnibe>-mechanical model to determine the
throughthickness material properties in the graded region. Ttireensional explicit finite
element simulations are carried out for the FGM armor impacted at 0°, 15°, 30°, 45° and 60°
obliquity by a 0.30 caliber Bgment Simulating Projectile (FSP). The ballistic limit, absorbed
energy by the FGM armor, and the critical impact angle of the projectile are quantified.

Keywords: Functionally graded material®blique impagtBallistic limit, Explicit finite element method
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The Contact Problem of a Rigid Punch Sliding over a
Functionally Graded Bilayer

Isa ComeZ MehmetAli Guler?

Department of Civil Engineering, Karadeniz Technical University, Trabzon, Turkey,
isacomez@ktu.edu.tr
2Department of Mechanical Engineering, TOBB University of Economics and
Technology, Ankara, Turkemguler@etu.edu.tr

In this study the plane frictional sliding contact problem between a rigid cylindrical punch and

a Functionally Graded (FG) bilayer is considered. The thicknesses and the material properties
of the layersare different. ie normal and tangential forces are applied to the upper layer via a
rigid cylindrical stamp, and the lower layer is perfectly bonded to a rigid substrate.

Poi ssonbds ratios are assumed to be constant
exponentally through the thicknesses of the layekpplying the Fourier integral transform
technique, the plane contact problem is reduced to a singular integral equation of the second
kind in which the unknowns are the contact pressure and ttectondth. The singular integral
equation is solved numerically utilizing Gaukscobi integration formula. Numerical results
include the contact pressure and theleme stressomponents for several geometrical and
elastic parameters duas the material inhomogeneity, the friction coefficient, the height of the
layers, the mismatch in the material properties at the interface and the contact width. The results
obtained from this study would be helpful for the design engineers in de\gloparesistant

coatings and surfaces that would resist fatidamage due to contact loading.

Keywords: Contact Mechani¢sSliding ContactFGM, Friction, Singular Integral Equation
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Geometrically nonlinear free vibratiai clampedclamped
functionally graded beanvith an edge crack
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The present work concerns a homogenizagpimtedure already studied in [1] developed to
reduce the problem of geometrically nonlinear free vibrations of a claoipegbed beamm
functionally graded composite materials (FIsdbntaining an opearackin the center, to that

of the homogeneous isotropic beam. The cracked section is modelled by an elastic spring and
the material properties are expected to vary according to an exponential distribution through
the thickness estimated bye mixture rule. The semi analytical model used in this approach is
based on the theory of EulBernoulli beam and assumptions Von Karman geometric
nonlinearity, that is already treated in [2] subsequently reduced by the principle of Hamilton to
link the depth of the crack at the fundamental frequency using frastaolanicgheory that

has been done in [3]. Direct iterative method is presented for solving the eigenvalue equation
for governing the frequency nonlineabkationand form norassociated linear mode, in order

to show the effect of the crack and the volume fraction of the dynamic response of the beam.

[1] E. Merrimi, K. El bikri, R. Benamar, nonlinear free vibrations of laminated composite beams, An
Effective Formulation”, Applied Mechanics and Materials, Vols.-10%, pp. 16811684, Sep. 201

[2] Benamar R. No#linear dynamic behaviour of fully clamped beaams rectangular isotropic and
laminated plates, PhD Thesis, University of Southampton, 19907 6. 35

[3] K.El Bikri, R.Benamar, M.M.Bennouna, Geometrically Farear free vibrations of clampeédlamped
beams with an edge cracdBomputerstStructures 84 (2006) 48502

Keywords: nonlinear vibrationfunctionally graded materiabeam crack
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Titania Surface Layer Can PreweAdhesion of Bacteria to
Titanium Implants

Martina Lorenzetti David Stopa, Saga Novak
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Despites titanium alloys are considered suitable materials for hard tissue replacement, microbial
pre-surgical infections are often the cause for implaitire, with subsequent need for revision
surgeries. The demand for improving the cell attachment to thebkmtihg orthopaedic
implant, rather than the occurrence of bacterial mmaktion, has been driving the research
towards the optimizatioof the biomaterialsurface properties, being the kpgint for the
success of arthroplasties. Accordingly, several methods have been proposedt@ ither
implanttissue interface, such as the fabrication of exterior coatings or .Iadersng the
possible approaches, hydrothermal treatment (HT) dfaSed alloys allows the synthesis of
fully-dense and stable nanocrystalline anafaée layers.

The adhesion of a green fluorescent protagged bacteriuniEscherichia coliwas largely
reduced already after 1 h incubation in contact with thestfdstrates, which further decreased

in combination of HT method with other réace treatments (i.e. highly reactive oxygen
plasma). Such a behaviour depended on the phgsiemical properties of the HT titania
layers Namely, the layers exhibited peculiar topographical, mechanical and electrochemical
surface properties, as well as photduced physical phenomena [1].

The outcomes suggested that the surface ri@onoetopography and surface chemistry of the
anataseliOz layersc ont ri buted the most i n boosting th
osteogenesis [2] rather than bacterial adhe@arfollowed by a surface charge effect, and,

least, wettability.
[1] Lorenzetti M. et al, Mat Sci Eng C, 37 (2014), 330

[2] Lorenzetti M. et al, J Biomater Appl, 30 (2015);84
[3] Lorenzetti et al, ACS Appl Mater Interfaces, 7 (2014), 1644

Keywords: titania, anatasgelayers implants bacterial adhesion
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Functionally Graded Ceramic Implant Materials for Joint
Endoprothesek Experiences and Outlook

Claudia Ortmanh Karen Hans Hannes RichtéiThomas Oberbaéh

Mathys Orthopaedie Gmbldlaudia.ortmann@mathysmedical.com
’Mathys Orthopaedie GmbH, karen.hans@mathysmedical.com
3Fraunhofer Institut IKTS Hermsdorf, hannes.richter@ikts.fraunhofer.de

4Mathys Orthopaedie GmbH, thomas.oberbach@mathysmedical.com

Dispersion ceramics made of alumiaad YTZP are known for high strength, high fracture
toughnessand low wearrates. Mathys Orthopaedie GmbH made different efforts to use
functionally graded ceramimaterials and their extraordinary properties to manufacture save,

os®ointegrative and innovative implants

This lecture includes two research works on this area.

A: Alumina hip heads were prepared with YTZP gradiaside the head cone. The resulting
graded ZTA (zirconigoughend aluminamaterial was made by salt infiltration. Fracture
strength, infiltration depth, density and amount of zirconia were investigated.

B: ATZ (alumina toughend zirconia ceramic implantswith porous layers have been
manufactured. The Aim of work is to generate a porous, osseointegrative andreeetal
ceramic implantMaterial was made by use of a spray coatimajlod. It was characterized
according to morphology, layer thickness, pore structure, roughness and adhesive tensile
strength.

ZTA gradientmaterialshowed increased fractus&rength, high th. deitg in case of and fine
microstructureConcerning ATZ material, a porqusut adhesive ATZ layer was created.

High efforts are required for the authorization procedure of such medical devices. We are
convinced thatn future new additive manufacturingchnologies help and offer new design

opportunities for functionally graded ceranmaplantmaterials.

Keywords: gradient alumina Y-TZP, porous implant
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Applications of functionally graded matesah dentistry

Julio C. M. Souza?, Bruno Henriques®, Marcio C. Fredé| Rubens M.
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3 Department of Mechanical Engineering, Universidade Feder@atga Catarina
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In Dentistry, several authors have found different coméiions based on functionally graded
materiat (FGM) to avoid failures in prosthetic infrastructures, abutments and impleEmns

main aim of this study was to de#®e recent studies of functionally graded materials
dentistry. An electronic Medline search was carried out to obtain the most relevant aspects of
functionally graded materials in dentistry. The search items included layetedaisabased

on metalceramic, allceramic and composite dental materials. Nowadays, many studies
involving the FGM concept have been carried out on dental implants based on titanium and
ceramic materials to improve bone osseointegration and mechaalwlitr as well as in

dental restoration interfaces (e.g. interlayers at porcelain fused to infrastructures systems). Such
strategies have promoted a gradual transition between dissimilar materials decreasing residual
stresses generated during fabricatamal mastication, as well as mimicking optical properties

of tooth structures.

[1] Y. Zhang.Journal of the European Ceramic Socied®, 2623 (2012).

[2] MesquitaGuimaraes J, Henriques, Souza JCM, Volpato CA, Silva FS, Freddriictionally graded
materialsn dentistry. In:Advances in Materials Science Reseaitbva Science Publishers 2015

[3] B. Henriques, D. Soares, F. S. Silvaurnal of the Mechanical Behavior of Biomedical Materidls1718
(2011)

Keywords: FGM; functionally graded materisi
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In-vitro Biocompatibility of Ti Implants with Compositionally
Graded Coatings

Andreas Rosih Elke Rief3, Monika WillertPorada

IChair of Materials Processing, University of Bayreuth, Bayreuth, Germany,
andreas.rosin@urbayreuth.de
2FKI GmbH, Ahorntal, Germany, elke.riess@dknbh.de

Cementlesgitanium alloy implantsare aiming at improved and lofasting implantfixation

due to combined bone ongrowth and ingrowth into a pofoastlike metal surface (functional

level 1). For improved osseointegratian the porous implant surface a nanometer thin
bioactive coatings provided, either from Ti®or bioactive glass, in order to inhibit biofilm

formation and/or promote adhesion of osteobldatsctional level Il). Porousllings of Ca/Ti

phosphates or bioactive glass inside the void shall provide bioresorbable compounds for bone
mineralization (functional level Ill). Above described compositionally graded implant coatings

were approached and investigated in the frame of the EU fupdedo | e c t AMul ti fu
bi oresorbabl e biocompatible coatings with bi
(Meddelcoat).Solgel, electrophoretic deposition, hydrothermal treatment andrdaric)
anodization were the mainly used coating techniques. In vitro teséisgocused on biofilm

formation and cytoreactions like adhesion and proliferation of human osteogenic and
endothelial cells, or expression of genetic markersa Pesult, TiQ coatings were found to be

most beneficial for biofilm inhibition, while bioactive glass coatings were beneficial for
promoting cytoreactions. However, the porosity of the implant surface generally limits in vitro

the adhesin and proliferation of osteogenic cells in comparison to blank surfaces. In vivo tests
finally indicated that level 1l coatings with thin titarleyer, and level 11l coatings of resorbable

bioactive glass tend to be most beneficial fandoogrowth [13].

[L]Drnovgek, N., No v,ankernati®al Orthépaeaigsi(SICQNI.36 (2012) pp. 17391745

[2] Chaudhari A, Braem A, Vleugels J, Martens JA etRlloS ONE Vol. 6 [9] (2011) p. €e24186.

[3] Braem, A., NeirinckB., Van der Biest, O., Vleugels, J., Key Engineering Materials, Vol.654 (2015), pp. 144
148

Keywords: implants biocompatibility functionally graded coating vitro, in vivo
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2CMEMSUMinho, University of Minho, Campus de Azurém, 4888 Guimaraes, Portugal,
fsamuel@dem.uminho.pt
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This study evaluated the biaxial flexural stresses in graded zirfeldgpathic porcelain
compositesA finite element method and an analytical model were used to simulate the piston
onring test and to predict the biaxial strefistributiors across the thickness of discs. An
axisymmetric model and a flexure formula of Hsueh et al. were used in the FEM and analytical
analysis, respectively. Continuous and stepwise transitions (using a power function) from the
bottom zirconia layeto the top porcelain layer were studied. The highest tensile stresses were
registered for porcelain rich interlayers (p=0.25) whereas the zirconia rich ones (p=8) yield the
lowest tensile stresses. In addition, the maximum stresses in a graded struchedasired

by altering compositional gradients. A decrease in maximum stresses with increasing values of
p (a scaling exponent in the power law function) was observed. Graded ziedsjzathic
porcelain composites exhibited a more favourable stregsbdtion relative to conventional
bilayered systems. This fact can significantly impact the clinical performance of zirconia
feldspathic porcelain prostheses, namely reducing the fraiciticence of zirconia and the

chipping and delamation of porcelain.

Keywords: Biaxial flexural teststresdistribution functionally graded ceramigirconia
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Soft PorousMaterials for Acoustics
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Using an emulsion templating procedure coupled to microfluidics, we were able to build a new
material, which exhibits extraordinary acoustic propertie3][1n particular, we show that the
material presents a negative refractive index over a wide range of frequencies in the ultrasonic
range. | will describe the fabrication of the material and the acoustic measurements that were
performed on the samples. Potential applications of the obtaic@ustic metamaterials will

also be discussed.

REFERENCES:

[1] T. Brunet, J. Leng and O. Mondalhonval, Science342, 323 (2013)
[2] S. Raffy, B. Mascaro, T. Brunet, O. Monda&tonval and J. Lengidv. Mat 28, 17601764 (2016)

[3] T. Brunet, A. Merlin, B. Mascaro, K. Zimny, J. Leng, O. Poncelet, C. Aristégui, and O. Mendain
Monval, Nat. Mat.14, 384 388(2015)
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Fabrication and Characterization of Functionally Graded CNTs/
PMMA Microcellular Foams with Designed Cell &tture

Ruizhi Zhang Guogiang LupLianmeng Zharig Chun Gy Qiang ShenJian
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Wuhan University of Technology, Wuhan 430070, China

*corresponding author, Tel.: +86 1887060013; fax: +86 27 87879468. Email address:
luogg@whut.edu.cn

Light weight and high strength graded foams are of great significance to shock resistance in
both civil and military fields. In this paper, a faatethod was adopted to fabricate functionally
graded CNTs/ PMMAmicrocellular foams with designed cell structure. The various gradient
CNTs/ PMMA microcellular materials were hot pressured together, followed by batch foaming
with supercritical carbon dioxide as blowing agent in a specialized constrain mold. Mechanical
properties of different functionally graded CNTs/ PMMA microcellutarhs and the bonding
strength between adjacent layansthe functionally graded foams were investigated by the
universal mechanical test machine. FESEM were used to visualize the foam morphology and
bonding structure. The results show ttia uniform microcellular foams exhibit narrow cell
distribution and the functionally graded CNTs/ PMMA microcellular foams has a cell diameter
ranging from £m to 4@&m through designing. The strength between adjacent layers of
functionally graded CNTs/ PMA microcellular foams is higher than 10 MPa It is also found
that the functionally graded foam is superior in the mechanical proptrtiee uniform one,

and the structure could be optimized to achieve desirable mechanpatties.

Keywords: PMMA, Functionally Graded FoarMorphology Mechanical Propertie8onding Strength
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Multifunctional polymercompositesand ordered nanostructureis
photochromic molecular magnets: synthesis and properties

Nataliya A. Sanina

linstitute of Problems of Chemical Physics, Russian Acadé®giences,
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One of the key directions in nanotechnology is the organization ofelgrots in the system

of interacting elements that are managed by eaténfluences and is compatible with existing
element base of electronaptical devices. Design of the powder nanostructuiegspread

and brings the certain results, showing that the physical properties of organic ardrgeetal
materials essentially change as a result of nanostructuring. However actual applicatiorn of nano
objects of the polyfunctional compounds is possible in case of their organization in an ordered
structures. Complexes of 3d metals with photochromic orgaations have a number of
advantages in comparison with known compounds displaying photocontrol magnetism: i) the
possibility of a light reversible change magnetic moment at room temperature; ii) the change of
the magnetic moment under the action of lightabyarge amount (5Q00%); iii) to be
convenient objects for nanostructuring and to create nanofilms. The latter can be considered as
a technological project of nanochip creation with fotocontrol magnetic elements. In this work
homogeneous polymeric comgites[1] and ordered arrays of nanowires [2] of photochromic
molecular magnets based on the 3d metal (tris)oxasatésphotochromic spiropyrans were
obtained for the first time. Their photochemical characteristics and magnetic propeities
studied.

The work has been performed with financial support of the Federal Agency of Scientific
Organizations (State registration N 01201361839) and President of the Russian Federation
Grant for support of leading scientific schools No. 9664.2016.3

[1] Sanina N. A., Grachev et. al., Russ.Chem.Bull., 62,(2013) 25554
[2] Sanina N.A., Morgunov R.B., Aldoshin S.M., Patent RF No. 2445256 (2012).

Keywords: polyfunctionsl molecular magnetdris)oxalatessalts of spiropyransanostructures<-Ray analysis
SQUID magnetometry
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Plastic wave propagation velocity in graded metallic foaaterials
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Plastic wave propagation in graded metallic faaaterials under compression deformation at
different strain rates was studied by means of computational simulafiohemogenized
modelling approach was used, where properties of the homogenized matedal were
experimentally determined for density dependent material parameters of a pdElS
metallic foam[1].

Parametric explicit finite element computer simulations at different loading speeds were carried
out to determine the dependence of the plastic wave velocity in samples with different constant
porosity from the loading speed. The results indicate thatethdting plastic wave velocity
domain can be divided into three separate regions, namelygjatsj intermediate and highly
dynamic deformation behavior. Empirical relations for characteristic loading speeds in
materials with different porosity were tdemined to differentiate between different
deformation regions.

These findings were then applied to simulations of foam samples with spatially distributed
(graded) porosity. Computationally determined plastic wave velocities in graded metallic foam
were compared with the empirical model predictions, where a very good agreement of results

was observed.

[1] Avalle M. et al., International Journal of Crashworthiness, 14:3 (2009)2269

Keywords: plastic wave propagatiograded metallic foarcomputational simulations
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Sandwich structures are a special class of multilayered composite structures and extensively
used in aerospace, marine and defense industriee wiyaamic effects are quite important

with their high performance propertiédightweight, high flexural stiffness and high energy
absorption capability. Honeycomb sandwich structareone of the commonly used structure
especially where energy is absorbed due to impact loadings. Functionally graded nadderials
exhibit a good impact performance combining the superior features of ceramic ahd met

Honeycomb sandwich structuresinforced by functionally graded (FG) face plates can be a
good proposal for impact applications ranging from low to high velocity impacts. In the first
section, low velocity impagberformance and energy absorption capability of two different
honeycomb sandwich structures are investigated comparatively using explicit finite element
code, LSDYNA®. In design of the sandwich structures, an aluminum honeycomb is used as
core material athtwo different face plates, Al/SiC FG platsd pure Al plates, are used. The
through thickness mechanical propertéshe FG face plates are considered with respect to a
powerlaw. Mori-Tanaka homogenizian scheme is used for determining the locally effective
mechanical properties of the FG face plates and TTO (TamauretaOzawa) model is
implemented in finite element code in order to simulate the elastoplastic behavior of the FG
face plates. In the send section, the influence of the material composition of the FG face
plates, the geometrical variables of honeycomb core (cell size and core height) and impact

energy on the energy absorption characteristics of the sandwich structure are investigated.

Keywords: Functionally graded materialsloneycomb sandwich structurésw velocity impact Explicit finite

element methad
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Stereolithographic Additive Manufacturing of Geometric Micro
Patterns in Bulky Metadnd Ceramic Components

Soshu Kirihra
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Metaland ceramic bulky components including dendritic networks were geometrically built by
using stereolithographic additive manufacturfad/l). Geometric patterns with periodic, self
similar, graded and fluctuated arrangementsrewcreated by computer aided design,
manufacture and evaluation (CAD/CAM/CAE) for effective modulations of energy and
material flows through dielectric lattices in photonic crystals, poebestrodes in fuel cells

and biological scaffoldm artificial bones. Two dimensional (2D) cross sectional patterns were
created through photo polymerization by ultra violet laser drawing on spread resin paste
including ceramic nanoparticlesnd three dimensiona8D) composite models were sterically
printed by layer lamination through chemical bonding. An automatic collimeter was equipped
with the laser scanner to adjust bediameter. Fine or coarse beams could realize high
resolution or wide area dséngs, respectively. As row material of the stereolithographic AM,
fine metal and ceramic particles were dispersed in to photo sensitive liquid resins from 40 to
60 % in volume fraction. The resin paste was spread on a glass substratnainlyer
thickness by a mechanically moved knife edge. An ultraviolet laser beam of 355 nm in
wavelength was adjusted from 10 to 304 in variable diameter and scanned on the pasted
resin surface. Irradiation power was changed automatically from 10 to 200 mW faghenou
solidification depth for 2D layer bonding. The created 3D composite precursor was dewaxed
and sintered in an air atmosphere to obtain full metal and ceramic components. Alumina and
copper photonic crystals to control electromagnetic waves, yttriaiséabdirconiaelectrodes

for solid oxide fuel cell, lithium intermetalics patterns for solid electrolytes and calcium

phosphate and titanium alloy scaffolds for artificial bones were created successfully.

Keywords: additive manufacturingultraviolet laser stereolithographyanoparticlespaste electromagnetic
device biological implantsenergy storage module
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Challenge for Additive Manufacturing of Functionnally Graded
Materials Parts

Pr. JeanYves HascoétDr. MatthieuRauch
Ecole Centrale de Nante$-rance

jeanyves.hascoet@eatantes.fr; matthieu.rauch@aantes.fr

Functionally Graded Material (FGM) parts are heterogeneous objects with material
composition and microstructutieat change gradually into the parts. The distinctive feature of
FGM structure gives the possibility of selecting the dsition of mechanical, physical,
chemical properties to meet the functional requirements. Additive manufacturing processes, in
particular Direct Energy Deposition (DED) processes are well dedicated to manufacture
complex FGM parts. Customized homogeneoarsspare manufactured from digital data, but

the manufacturing of heterogeneous parts is limited to samples: most of the FGM parts are not
functional, with simple morphology and simple material distribution and functional AM parts
are very often made withne material. To move from these samples to functional parts a
methodology with a global approach is necessary. The presentation focuses on various
challenges covered by this approach to move from the concept imagined by a designer to the

manufacturing othe part.

The first aspect focuses on the numerical definition of the part in the CAD/CAM/process data
chain. Most of the current CAD description formats do not support multimaterial attributes for
a single part. It is consequently hardly possible tongeficcurately material distributions and
properties by using FEM simulations or topological optimizations algorithms. In contrast, high
level CAD/CAM/CNC approaches such as STEE can be highly valuable to overtake these

limitations. Their interest is thigst issue discussed in the presentation.

The second issue focuses on DED process modeliingdetermine the appropriate
parameterization and manufacturing strategy. It is essential to identify the actual behavior of
the proces implemented, for example, the evolutions of the material compositions changes
when switching from one ratio to another. The resulting model is a key element to prepare the
manufacturing strategy. Indeed, for FGidrs the control of the material composition at any
point of the part is as important as the part geométraddition, this process model can be

useful to perform DFAM operations on the part to manufacture.
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The last focus of this presentat concerns DED process toolpaths generation for FFGN&.

By using the process model developed, the evaluation of manufacturing strategies and a process
control to reduce the difference between the desired matistaibution and the material
distribution in the manufactured part is enabled. New kind of path strategies can be proposed
and tested off line on a process simulator. As a result, complex parts can be produced with the
desired geometries and the desireatenal distributions.

Keywords: Functionally Graded Materisl (FGM) parts additive manufacturingprocess modelling
process optimizatigrtool paths
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Microstructure and Wedfroperty of AtAlsTi FGMsFabricated
by Centrifugal SolieParticle andn-situ Methods

Yoshimi Watanabk Qi Zhout, Hisashi Satb

INagoya Institute of Technology, yoshimi@nitech.ac.jp
2Nagoya Institute of Technology, damonzgzq@yahoo.co.jp
3Nagoya Institute oTfechnology, sato.hisashi@nitech.ac.jp

Fabrication of FGMsby centrifugal method can be classified into two categories by the
relationship between the process temperature and the liquidus temperature of the master alloy
[1]. One is the centrifugal soliparticle method if the process temperature is lower than th
melting point of the master alloy. The other one is the centrifogatu method if the process
temperature is higher than the melting point of it. In previous study [2], it has been found that
microstructureof Al-AlsTi FGMs fabricated by the centrifugal separticle method casit

800°C was different from that by centrifugalsitu method cast at 1600°C. However, the
microstructures of ARIsTi FGMs fabricated by the centrifugah-situ method cat at a
temperature around the liquidus temperature (1100°C fdrlAol%AlsTi alloy) is not studied.

In this study, the microstructures of-AlsTi FGMs fabricated at 1000°C (centrifugal selid
particle method) and 1200°C (centrifugalsitu method) wee investigated. In addition, wear

properties of the fabricated MlsTi FGMs were also studied.

[1] Y. Watanabe, I. S. Kim and Y. Fukui, Metals and Materials International, 11 (200539391
[2] S. H. EFHadad, H. Sato, P. D. Sequeira, Y. Watanabe and Y-Seyaiya, Materials Science Forum,
631632 (2010), 37378.

Keywords: centrifugal force cast microstructurehardnesswear
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Hierarchical Structured Intermetallic Alloys Produced by
Centrifugal SHS Casting Technology

V.N. Sanirt, D.M. Ikorniko\}, D.E. Andreev, V.I. Yukhvid!,
E.A. Levasho¥, Zh.A. Sentyuring A.A. ZaitseV, Yu.S. Pogozhev

lnstitute of Structural Macrokinetics and Materials Science, Russian Academy of Sciences,
Chernogolovka, Moscow, 142432 Rus&imail: svn@ism.ac.ru

2National University of Science and Technology MISiS, Leninskii pr. 4, Moscow, 119049
Russia

A costeffective SHS process (combustion synthesis) for fabricatingntagnetallic NtAICr-

Co-Hf alloy as an electrode material for centrifugal sputtering of powders for additive
technology was demonstrated on the first part of work. The I®@H&ions yielding the cast
intermetallic alloy [1] can be represented by the following scheme: (Me®)eO) + (MeOk

+ (MeO) + Al+ (FA) [ [Cast Alloy] + AlO3 + Q, where (MeO) NiO, CrOz, CxOs4, etc;
Al-metal reducer, FA is an functional additive facilitating phase segregatioq atlte heat
evolution. SHScasting parameters has been optimized in wide range of centrifugal acceleration
a = 10400 g. Optimization criteria were (a) to improve thegghaeparation, (b) to remove
gaseous byproducts, (c) to diminish the grain size of the final product, and (d) to make
intermetallic product more uniform. @ased nancand micre sized precipitations controlled
mechanical behavior of high strength NiAlogl were investigated by SEM, TEM, indentation
methods. Electrodes and powders based on NiAl were produced and studied.

The second part was devoted to searching the reactive systems and process parameters that
would be favorable for: (i) SHS surfacing dfet castalloys onto Fe and Ti substrates, (ii)
formation of graded structure cast alloys through the centrifugal assistant infiltration of the melt
in-situ SHS [2]. The optimal experimental parameters were verified experimentally. The phase
composition and microstructuref synthesized FGMsvere investigated. Graded materials
obtained are promising candidates for implementation in marine and aerospace engineering,

gas/oil transportation, structural engineenngterials, etc.

[1] V. N. Sanin and other&ussian Journal of NeRerrous MetalsVol. 55, No. 6 (2014), pp. 61819.
[2] V.N. Sanin and others$nternational Journal of SHS/ol. 11, Number 1 (2002), pp. 34.

This work was supported lije Russian Miistry for Education and Science in the framework of Program on
Priority Directions of R & D in the years 2012020 (agreement no. 14.578.21.0040, project code
RFMEFI57814X0040).

Keywords: Centrifugal SHS Proces€astprotective coatingsntermetallic alloys
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Session: Testing of Functionally Graded Structures and Materials
Session Chair: C. Korner

Date: Tuesday, September2@016, Morning Sessiod1:0512:45
Room: S 135/ NW Il

11:051 11:30 Microstructural Characterization of Mg/Al Diffusion Bonded Joint
Using Al-Ni Interlayer

Jian Zhang, Guogiang Luo, Qiang Shen, Lianmeng Zhang

11:307 11:55 Hot corrosion behavior of 8Y-ZrO 2/ZrSiO4 ceramic sealed by Laser
assisted Microwave Plasma Processing

Christian Richter, Monika WillerPorada

11:551 12:20 Measurement of Young's Modulus at Elevated Temperatures @
Thermal Barrier Coating by Bending Resonance Method

Satoru Takahashi, Kazuki Ookubo, Hiroyuki Waki, Masahiko Kato, Sy
Ogawa, Fumio Ono

12:207 12:45 Development of measurement system of thermoelectric properties
thin films in the thickness direction

Yoshikazu Shinoharad]iroshi Kawakami, Yukihiro Isoda

12:457 13:45 Lunch and Industrial Exhibition
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Microstructural Characterization of the Mg/Biffusion Bonded
Joint Using AINi Interlayer

Jian Zhang? ", Guogiang Lud® Ruxia Liut¢, Mei Rad, Qiang Sheh
Lianmeng Zhany

I1State Key Lab of Advanced Technology for Materials Synthesis and Processing, Wuhan
University of Technology, Wuhan 430070, China
E-mail: disaiah178@hotmail.confluogg@whut.edu.crimignonliul@163.com

Dissimilar welding of Mg and Al would achiewseight reduction and high efficiency of
production by substitution of Mg and Al for steels. In this investigation, a vacuuprésged
diffusion method was used to prepare an Md&ker composite using an Al thin fileindNi

foil interlayers. The interfaces microstructanmed shear strengtf the joints were investigated

by means of SEM, XRD and universal machine. The results showed that the joints were bonded
well and the MgAI intermetallic compounds were impeded. Al thin film and Ni foil
successfully strengthened the weak interface of Mg/Al welding joint. With the increasing of the
holding time the shear strength of the joints increases firstly anddbereases. The fracture

took place somewhere at the interface of théAl

Keywords: Mg/Al; diffusion bonding holding time shear strength

64

14" International Symposium Functionally Graded Materj&iltiscale & Multifunctional Structures



. CDa

Hot corrosion behavior of 8¥2rO,/ZrSiO, ceramic sealed by
Laserassisted Microwave Plasma Processing

Christian Richtet, Monika WillertPorada

! Christian.Richter@unbayreuth.de
’Monika.WillertPorada@unibayreuth.de

Due to the low thermal conductivity and enhanced thermal shock resistang&,rBiO4/NiCr
functionally graded materiglare promising candidates for thermal barapplication. In
comparison to direct coatingf TBC on metal substrates, e.g. by plasma spraying, a
compositional gradienteduce thermal stresses, which are caused by CTE mismatch at the
interface. Neveheless, for usage in gas turbines, to improve combustion efficiency, the
fulfillment of adequate corrosion resistance is necessary.

In this study, the ceramic phase of such a megtedmic FGMsintered porou8Y-ZrO, ceramic

and composite ceramics consisting of-B¥02 and ZrSiQ, were selected as a model system
and were surface sealed by a new process, called Laser Assisted Microwave Plasma Processing
(LAMPP). Hot corrosion tests with molten-®s, Vanadium Pentoxide, which are used to
characterize hetorrosion resistance of Thermal Barrier Coatings, were employed to proof the
quality of surface sealing. The reactions taking place upon LAMPP and formation of a
compositional and porosity gradiedte to melting and rapid solidification of the ceramic

phases are discussed.

Keywords: hot corrosionLaserMicrowave processhermal barrier
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Measuremendf Young's Modulus at Elevated Temperatures of
Thermal Barrier Coatingy Bending Resonandéethod

Satoru TakahashiKazuki Ookubd, Hiroyuki Wak#, Masahiko Katt
Syusui Ogawg Fumio Oné

Tokyo Metropolitan University, takahassatoru@tmu.ac.jp
2Tokyo Metropolitan University, ookubd@zuki@ed.tmu.ac.jp
3lwate University, waki@iwate.ac.jp
“Hiroshima University, mkato@hiroshimaac.jp
®Japan Fine Ceramics Center, syusui@jfcc.or.jp
%0Osaka Science & Technology Center, f.ono@ostec.or.jp

Thermal barrier coatings (TBCs) are the indispensable technology fesdatibon components

of an advanced industrial gas turbine. A TBC consists of a metallic-dmatd(BC) and a
ceramic topcoat (TC) on a superalloy substrate. The reliable values of varropgrties on

the coatings have been required to design the superior TBC. Especially, the Young's moduli of
the BC and the TC are important mechanical propetties/aluate mechanical and thermal
stresses. Waki et al. derivadcloseeform solution for the Young's modulus of the TC layer
using the equation of motion for the bending vibrabba composite beaand experimentally
confirmed the effectiveness of this method at room teatpe [1]. In this study, the Young's
modulus at elevated temperatures of TBC was measured using the developed resonance
method.

Several kinds of TBC specimens were produced by plasma sprayings. The schematic
illustration of the resonance device is shown in Fig | |

p v
Function Power Oscillo ‘ Lock-in
generator amplifier -scope amplifier

in an electric furnace. The resonance frequency v (s Themocowe s

\Eicu'p/

A TBC specimen was suspended using alurfibers

measured at from room temperature to 900 °C and I E—
Young's modulus was determinesing the developed - — ! @
resonance method. It was found that the relial == :
Young's moduli of the TC and the BC can be obtain it

even at elevated temperatures. Resonance

[1] H. Waki, K. Takizawa, M. Kato, S. Takahashi,Therm. Spray TechnpP5(4) (2016), 68593

Keywords: Thermal Barrier Coatin¢TBC), Young's Modulus, Resonandgomposite BeapThermal Spray
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Development of measuremesystem of thermoelectric properties
of thin films in the thickness direction

Yoshikazu SHINOHARA', Hiroshi KAWAKAMI 2, Yukihiro ISODA!

INational Institute for Materials Science (NIMS), Japan
2New Energy and Industrial Technology Development Organization (NEDO), Japan
“E-mail address: SHINOHARA.Y oshikazu@nims.go.jp

Thermoelectric materials can generate electpoaler directly from heat without any vibration

That is why thermoelectric power generation is promising as an isolated compact power source
such as automobile generators, solar heat generator. We have already clarified that the
segmentedhermoelectric legs of generators, which is based on a E@idept, are effective

to improve the generated power using bulkTrebmaterials. Recently thin filtthermoelectric
generators are paid moedtention to as energy harvesting applications. However, how to
measure the thermoelectric properiéghin films in the thickness direction quantitatively is

not determined. In the present study, some electrode seaatere tried for in the thickness

direction and the measuremaystem has been developed.

[1] Y.Shinohara, Y.Imai, Y.lsoda, I.A.Nishida, H.T.Kaibe, l.Shiota, Proc. International Conference on
thermoelectrics (1997), pp.3&89

Keywords: measurementhermoelectric propertieghin film
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Session: Functionally Graded Amorphous and SerCrystalline
Materials

Session Chair: A. R. Boccaccini

Date: TuesdaySeptember 20) 2016, Afternoon Session: 14:35
16:25

Room: S 130/ NW I

14:351 15:10 Gradient-Index Micro-Optics by lon Exchange in Glass and its
Applications to Optical Metrology and Biophotonic Imaging

Bernhard Messerschmidt, Sandra Gerlach

15:1071 15:35 Confocal chromatic sensor systems based on gradient index optics
Alexander Streicher

15:3571 16:00 Compositionally graded glass by microwave field assisted ion exchang

T. Gerdes, A. SchmiRodenkirchen, H.S. Park, B. Scharfe, M. Willg
Porada

16:007 16:25 Glassceramics with graded photocatalytic activity
D. Leykam, A.RosinT. Gerdes, M. WillerfPorada

16:251 16:45 Coffee break and Poster presentations
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Gradientindex Micro-Optics by lon Exchange in Glass and its
Applications to OpticaMetrology and Biophotonic Imaging

Sandra GerladhBernhard Messerschmidt

IGRINTECH GmbH, gerlach@grintech.de

Gradientindex micreopticsin glass with planar optical surfaces enables the miniaturization
and integration of optical systems with a complex function. The lens performance of GRIN
lenses is achieved by specific refractive index profiles in glass rods and wslhia$, are
produced by Silver, Sodium and Lithium ion exchamgappropriate glasses. Curved surfaces

of conventional lenses are replaced by plane surfaces of GRIN lenses, which makes the
fabrication of individual lenses with diametel®wvn to 200 um and less possible. The talk will
introduce gradienindex optics and its optical design aspects and presents the potentials and
current limitations of the ion exchange technology in glass, as well as applications in optical

sensing and biophotonic imaging.

Keywords: GRIN lens ion exchangemicro-optics
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Confocal chromatic sensor systems based on gradieex optics

Alexander Streichér

Micro-Epsilon Messtechnik GmbH & Co. KG, Ortenburg, Germany,
alexander.streicher@micrepsilon.de

Micro-Epsilon is known for high precision measurement technology and solutions. The sensor
specialist has continuously set milestoegpecially in the confocal chromatic measurement
technology for years.

Sensor systems based on the confocal chromatic measurement principle provide extremely high
accuracy as well as axial and radial resolution using truecaotact technology. Due to e
advantages, confocal chromatic sensors are frequently used in challenging applications in the
manufacturing industry, quality control and for research purposes. Thelemsltoptical pen

which disperses the polychromatic light of the controller intocased, monochromatic light

by controlled chromatic aberration is a key element of the measurement system. In addition to
the high precision standard sensors made of discrete optical elements, we also use gradient
index technology for confocal probes.

Gradientindex (GRIN) lenses enable to miniaturize the size of the #amf system to
extremely small sensor probes with a diameter of 3.3 mm. Due to the small dimension of the
GRIN probe, new applications such as inline inspection of small boretroiesvement and

distance measurement in small cavities, especially in vacuum chambers can be solved.

Keywords: confocal chromaticGradientindex lens distance measuremebbrehole inspectigrMicro-Epsilon
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Compositionally graded glass by microwave field assisted ion
exchange

T. Gerde§? A. Schmid-Rodenkircheh H.S. Park B. Scharfé M. Willert-
Poradé?

linVerTec eV, Bayreuth, Germany
2Chair of Materials Processing, UniversityRdyreuth, Bayreuth, Germany
3TechnologieAnwenderzentrum Spiegelau, Spiegelau, Germany

Distribution of electrical field gradients developing upon microwave heating glass parts
immersed in an alkaline salt melt is analyzed by simulation. It is assurttesutth gradients
influence the process of ion excharigween the molten salt and the silicate glass immersed
in it. It is shown that strong-keld gradients exist between the melt and the solid glass which
could enhance ion transpaue to an electrmigration effect superimposing the concentration
gradient In addition, interaction of the solid glass with microwave radiation could facilitate
stresgelaxation in the glass, which upon thermally inellicon exchange is retarding diffusion

of alkali ions.

A special microwave applicator has been developed which enables equilibration of
inhomogeneous electromagnetic field distribution by mechanical movement of the samples
subjected to ion exchange order to analyze the overall effect of electromagnetic filed
influence on ion exchange phenoemena.

Keywords: Compositional gradient in glass Field asisted ion exchange
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Glassceramics with graded photocatalytic activity

D. Leykant’, A. Rosirft, T. Gerde§ M. Willert-Porada

IChair of Materials Processing, University of Bayreuth, Germéadgniel.leykam@uni
bayreuth.de

Photocatalytic treatment of waste water suffers from adequate exposition of the photocatalyst
to both (sun) light and the aqueous phase. A common approacbasirzgof photccatalytic

active particles like titania on carrier materials to enable a durable catalytic activity.

However the interaction of the coatimgth the wastewater leads to gradual abrasion of the
photocatalystnd a limited life time. A solution to overcome this drawback is a titania based
glass ceramic where the photo active phase is dispersed in the volume of the carrier material.
Glasses in the system SiDiO2-B203-MgO-CaO-NaO-Al 203 with varying amounts dilaO,

Al20s, B20O3, and TiQ were investigated and amorphous phases with a diiunt of up to

28 wt-% were produced. The glass was transferred to a glass ceramic viastepwoeat
treatment, resulting ircrystalline titania phasedispersed in an ampinous matrix. By
hydrochloric acid leaching porousglass ceramic with a specific surface of around 200m?/g
was obtained.

The photocatalytic activity of those porostsuctures are increased 80 times compared to the
dense material. Thaptical bandgapsf the titania is between 3.0 and 3.17 eV.

Within the paper the preparation process as well as the photocatalytic aciasured a

degradation of methylene bluelWie discussed.

Keywords: Photo catalysisglass cerami¢svater purification
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Session: Modelling of Functionally Graded Materials and
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Session Chair: C. Santangelo

Date: Tuesday, September2@016, Afternoon Session: 14:36:25
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FGM Thermal Barrier Coatings Under Hot Burner Testing
Michael Gasik Akira Kawasaki

Stress wave propagation in a functionally graded cylinder
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Nonlinear Dynamic of Imperfect FGM Shallow Shell with Time
Dependent Parameters in Temperature Field
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FGM THERMAL BARRIER COATINGS UNDER HOT
BURNER TESTING

Michael Gasik, Akira Kawasald

1 Aalto University Foundation, Finland; michael.gasik@aalto.fi

2 Tohoku University, Graduate School of Engineering, Japan;
kawasaki@material.tohoku.ac.jp

For thermal barriecoatings(TBC) thermalmechanical fatiguelue to temperature cycling is

one of the critical parameters; which determines their lifetime. For improved TBC designs and
increasing performance demands it becomes more important toaltyitevaluate the
performance of different TBC under accelerat
(JIS H7851) is being used to compare different types of coatings [1]. When TB&Mis
applied, its better #grmal and mechanical performances might not be evident form the tests
parameters, unless latter are optimized to reflect the proper operational conditions [2]. In this
work extended FEM analysis of the heat flux, temperature, stresses and strains@Mide F
coatinghas been performed. FGM TBC with different gradation profiles were compared with
homogeneous (duplex) coating. With a muobijective optimizationmethod, the optimal
gradation profile was found. The opporitigs of the extrapolation of the test results onto real

applications for FGM TBC are discussed.

[1] Gasik M., Kawasaki A., Kang Y.S. Mater. Sci. Forum, 493 (2005), 914. [2] Gasik M., Kawasaki A. Mater.
Sci. Forum, 63%632 (2010), 798B4.

Keywords: thermal barriercoatingshermal cyclestresstesting modelling
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Stressvave propagation in a functionally graded cylinder

M. Kemal Apalak, Mehmet Dordunci

Department of Mechanical Engineering, Erciyes University, Kayseri 38039,
Turkey, apalakmk@erciyes.edu.tr

’Department of Aerospace and Mechanical Engineering, Uthigersity of Arizona,
Tucson, AZ 85721, USA, dorduncu@email.arizona.edu

This study covers a simple analysis for wave propagation in a functionally graded circular
cylinder subjected to an impulsive loading. The cylinder material composition was assumed to
vary through the thickness direction with a pouawv distribution in terms of volume fractions

of the constituents: metal (Ni) and ceramic (Al203). The Mamaka homogenization scheme
was implemented to the estimation of the thretlgbkness materiaproperties of the
functionally graded circular cylinder. The governing equations of the wave propagation in the
functionally graded circular cylinder were simply discretized by using the finite difference
method von Neuman stability approach was applied for the stability of the numerical solution.
The results show that the material composition variation had evident effects on wave
propagation through the functionally graded circular cylinder. In particular, the spatial
deirivatives of the mechanical propertigsthe local material composition were included in the
governing equations of motion and their effects on the wave propagation were analyzed. The
amplitudes of the temporal variations dktdisplacement and stressmponents exhibited

differences in case the spatial coordinates are considered.

Keywords: Functionally graded materialstressvave propagatiarfinite difference method
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Nonlinear Dynamic of Imperfect FGMhallow Shell with Time
Dependent Parameters in Temperature Field

Fatieieva Yu

Department of Applied Mathematics and Mechanics, Zaporizhzhe National University
Zhukovskogo str., 66, Zaporizhzhe, 69063, Ukraine, fateevajulia@gmail.com

Thin walled structures made of functionally graded mate(aEM) with metal inner surface

and ceramic in outer surface are widely used, for example, in modespaae systems,
engeenering applications, medicine and others. Nonlinear vibiatiomperfect thin shallow

shell made of functionally graded materigflSGM) under external forces and temperature
loading are investigated. The shell material consists of two laymetal and ceramic. The
properties ofstructure are changing in the thickness direction according to the power low
distribution in terms of volume fraction of material and initial conditions. Thelinear strain
displacement relationships based upon the von Karman theory for moderatelydanggl
deflections. The problem leads to necessity integration of nonlinedrarongeneous singular
differential equation with variable in time parameters. Three steps hybrid asymptotic approach,
which consist of perturbation (for nonlinear problemaghintegral and Galerkin methods are
used to find an approximate analytical solution of the problem. Comparison of approximate
analytical solution and direct numerical integration of initial equation of the problem for some
structure characteristics andyanptotic parameters values are given. For some parameters of
structure an analytical solutions are in a good enough correlations with direct numerical
solutions of initial singular nonlinear differential equations with variable coefficients. In some

caseneterm WKB-approximation gives good results for the practical purpose.

[1] Dao Huy Bich; Yu Do Long: Nonlinear Dynamical Analysis of Imperfect Functionally Graded Material
Shallow ShellsVietnam Journal og MechanicgAST 32, 1 (2010), 114.

[2] Vu Thi Thuy Anh; Nguyen Dinh Duc: Nonlinear Axisymmetric Response of Thin F&ihllow
Spherical Shells with CeramMetalCeramic Layers under External Pressure and Temper&giNié Journal of
Mathematic§ physics 29, 2 (2013), 415.

Keywords: Functionally graded materjalmperfect shellow shellApproximate analytical solutionTime
dependent thickness
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Elastoplastic analysis of axially loaded FGdx sectiorcolumn

SBur z y,ESki - Sc K IDasgkeWwidZ, W. Witkowski’

GdaGEGsk University of Technol ogy;233Depart men
Gda@Esk, G. Nar whdgstabuczy@pg.dda.fidhdst@pB.gdb.pl,
3kardaszk@pg.gda.plwojwit@pg.gda.pl

The purpose of the research is determination of nonlinear response and load capacity of axially
loaded box sectiogolumn made of functionally graded materf&iGM). The elastoplastic
constitutive equations were formulated in the framework -pa&meter shell theory. The
application of this teory to shell problems with orthogonal intersections gives accurate results.
The ceramiametallic TiB/Ti FGM section with material parameters from work [1] was used in
computations. We assumed the elastoplastic material model for titanium and elastiomodel
ceramic constituent. The influence of FGM parameters, micropolar material constants and
method of through the thickness integration of the constitutive equations was investigated. For
instance, the influence of the power law expokamt nonlinear egilibrium curves is presented

in figure. The results from authordés FEM cod
We demonstrated that stability of postbucklaggilibrium path depends on value of the power

law exponent. Morear, calculation of critical buckling force and postbuckling path allow for

safe design of FGM structures.

cssospesss®®”
? ‘0000000"0 : =
‘0900.00000 !
g 4 0000000000000 0000090000000 g - FEM h
= ! m
S 5 o ' 2204440000400 0000000000000s h=2 Absees cezde
= u
co00
Q Y . 24x48x96 S4
& FGM k=0.2 > & Author’s code
S 0] 4 5x10x20 16FI
x 1 FGM k=0.5 Author's code =
— FGM k=1 7p Gauss quadrature
— FGM k=2 bee Abaqus code !
—— titanium 20 layers ——— pinned edges
0 T T T .
0 05 1 15 2 25 <8100 7% 50 [mm]

axial displacement [mm)]
The research reported in this paper was supported by the National Science Centre, Poland with the grant
UMO-2015/17/B/ST8/02190. Abaquslculations were carried out at the Academic Computer Centre in
Gda &Es k.

[1] Jin ZH, Paulino GH, Dodds RH, Cohesive fracture modeling of elgdéistic crack growth in
functionally graded materials, Engineering Fracture Mechanics 70 (2003) 11885

Keywords: FGM, elastoplastic analysibox sectionpostbuckling
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Research on FGNbr Nuclear Applications

ChangChun GE XiaonaREN, Qing-Zhi YAN, Ying-Chun ZHANG Zhang
Jian ZHOU Min XIA

Institute of Nuclear Materials (INM)

University ofScience and Technology Beijing (USTB), Beijing, China

This presentation highlights the research on bulk and coktsig, both for nuclear fusion

reactors and advanced fission reactors in INM, USTB.

Three kinds ofbulk FGM, including W/Cu, B4C/Cu and SiC/Cu with discontinuous
composition distribution have been developed and fabricated witinselfative technology
named sinteringhrough direct electric current under ultregh pressure While W/Cu FGM

with continuous graded composition distribution can also be made with molten Cu infiltration

through sintered gradiepbrousskeleton

Four kinds of coatingechnology for making coating compositasluding coating FGM are
developing in INM, USTB: (1) plasma spraying with spherical powders for making continuous
B4C /Cu coating=GMs and W/Cu coating FGMs; (2) Cold spraying for makingb@sed
graded coatings on Cu substrates; (3) Chemical vapor deposition-afatiigs on Cu
substrates with W(C@)as precursor; (4) N#/O4i WOz molten salt electraleposition on
complexshapes of different matrix including Cu(CuCrZr,@¢-DSCu), Low activation steels,

V alloys, graphite has been developé&thiform diffusion W graded coatings with high
thickness, strong interface strength, low oxygen content on different matrix have been

successfully obtained.
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Experimental Investigation of Microstructural and
Micromechanical Properties of FeFe/B Functionally Graded
Materials

Mustafa Hamaméj Fehmi Naif, A. Alper Cerit

L2Composite Research Laboratory, Department of Mechanical Engineering, Erciyes
University, Kayseri, Turkey

3Department of Industrial Design Engineering, Erciyes University, Kayseri, Turkey
mhamamci@erciyes.edu,fifnair@erciyes.edu.trracerit@erciyes.edu.tr

In the present work, microstructused micromechanical properties of the functionally graded
Fe/B,C-Fe/B materials (FGMs fabricated by powder metallurgy, were investigated
experimentally. Samples were manufactured at different number of idyeesnd 20) which
graded from ceramic dense layer, volume fraction ©ha¢as 0,7 and 0,9 to pure iron layer

with a constant compositional gradignt=1) and uniaxially compacted at 450°C under 600
MPa pressure in a cylindrical hot work tool steel die. In order to better understand the
relationship between processing, structure and mechanical propeftidse samples,
presureless sinteringyas conducted at 1000 and 1150°C for 60, 90 and 120 minutes under
argon atmosphere. Microstructural evaluations were done by optical microscopy, scanning
electron microscopy (SEM) and energy dispersiveaX (EDX) analgis. Microhardness
measurements were done with a Vickers indenter under 100 gr load to get information of their
mechanical behaviours. The relative density and porosity of samples were determined by
Archimedes principle. The correlation between microstmecand mechanical properties was

examined. Each layer demonstrated good adhesion without seperation or serious microcracks.

As a result of interaction between the Fe matrix as@ B particules, FeB and B® secondary

phases were observed and relatedkpewere increased at increasing volume fractions of
ceramics and sinterirtgne. Porosity decreased with increasing the sintering time. It was found

that the hardnessf Fe/BC and Fe/B samples strongly depend on theictural composition

and sintering parameters. When th€# ratio, towards ceramic dense layer and sintering time
increased, the hardness of samples also increased. The transition of hardness from metal dense
layer to ceramic was found smoother whenrthmber of layerincreases.

Keywords: Functionally graded materialBowder metallurgyBoronizing Secondary intermetallic phases
FeB-FeB.
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Frictionand WealCharacteristics of MoBCu-Sn Composite Film

Hitoshi Kohrit, Takayoshi Yagasaki

School of Advanced Engineering, Kogakuin University, kohri@cc.kogakuin.ac.jp
2School of Advanced Engineering, Kogakuin University, yagasaki@cc.kogakuin.ac.jp

It is difficult to use an ordinary bearing in a vacuum and/or at a high tempeiztoese of
evaporation or deterioration of the lubricant oil. A solid lubricant like as N®fromising in

such condition. Recently, a thin solid lubricant film is often applied on a hard material by PVD
or CVD. The thin filmis, however, easily removed when the load or friction speed is too high.
On the other hand, when the lubricant is dispersed in the surface layer of bearing, it is expected
that the solid lubricant exists by abrasion on the surface of the bearing. Tbhéthimreport

is to examine friction and weaehavior of the MoZCu-Sn composite film. The lubricant
particles dispersed Sn layer was formed on the Cu substrate by electroless deposition. Then the
plated sample was heat treated aiowes temperature due to become bronze. Frigifoperties

of compositesvere determined by using a balirdisk type testingnachine. The test was
performed in a vacuum without oil at the room tempeeatu

The coefficients of dynamical friction of the composite films were decreased by the lubricant
than the one of Cu. The effect of the lubricant was much remarkable in vacuum. From the results
of 0.076 m3 in the sliding speed, the coefficient of dyriaat friction of as deposited sample,
which is MoS/Sn, was lower than the one of heat treated sample, which ig/osze. On

the contrary, for the results of 0.12his the sliding speed, the coefficient of dynamical friction

of heat treated sample wéower than the one of as deposited sample. The natzs of the
compositesvere much less than one of Cu in a vacuum. The wear rate of heat treated sample

was 2.5% less than the one of as deposited sample in both wiibcon

Keywords: Friction, Wear Solid lubricant Electroless depositioitomposites
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Jehong Parfk Seungchan CRpAkira Kawasaki, Kwangjae Park Kwonhoo
Kim#, Hansang Kwott

INextGeneration Materials Co., Ltd.(NGM),ngm01@ngm.re.kr
Korea Institute of Materials Science,sccho@kims.re.kr
3Tohoku University, kawasaki@material.tohoku.ac.jp
4Pukyong National University,kwon13@pknu.ac.kr

We describe dunctionally graded metagdhosphor adapting the concept of the functionally
graded material (FGM9; copper (Cu) is selected as a metal and & Cldoped ZnS
(ZnS:Cu,Cl) is selected as a phosphor and €GJ-[ZnS:Cu,Cl] is fabricated by a simple
powder process through spark plasma sintd@®R§5). The FG [CH]ZnS:Cu,Cl] reveals a dual
structured functional material composed of dense Cu and p&n8sCu,Cl, which is
completely combined through six graded mediating laye®&[Cu}[ZnS:Cu,Cl] also exhibits
diode characteristics and photo reactivity for 365 WV light. Our FG metaphosphor
concept can pave the way to simplified mfacturing of lowcost and can be applied to various

electronic devices.

6-graded layer 2ZnS:iCuCllayer
ZnS:Cu,Cl layer : Y | /Cu layer

Cu layer

Under 365 nm-UV lamp

Keywords: Functionally Graded Materials (FGMd%letal PhospharSpark Plasma Sintering (SPS)
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Electrospark Deposited FGMXatings with Enhanced
Characteristics

E. LevashoyE. ZamulaevaN. Litovchenkg A. PotaninD. Shtansky

Nati onal University of Seninskypoospecedpd Techno
Moscow119049, Russia, Emdévashov@shs.misis.ru

Pulsed electrospark depositi@PED) is widely used for surface treatment. Special features of
PED (short heatip pulses 16-102% s and high rates of warop and coetdown) require the
optimizationof deposition conditions (pulse duration, current, frequen@dia) to provide
alloying and/or chemical reactions as well as to avoid overheating and thermal decomposition
of deposited material. Two examples are considered: tribological coatings on the base-of MAX
phase GIAIC; Ag- doped TICTi bioactive coatings il antibacterial effect. The results
obtained show that TiC layer is formed during the initial stage of PED due to interact®i€ Cr
electrode (anode) and Ti substrate (cathode). Atarglrgy PED in Ar, the TiC layer quickly
developed and acted as aadk with erosiomresistant higher than anode, thereforgACE with
lamellar structure became a main phase. In case eéih@rgy PED there are two ways to obtain
coatingwith MAX phase: annealing at 78D or preliminary PED with graphitdeztrode.
Electrodes with TiC, BPQ, CaO, CoTiP, TiCo, AgCa produced by combustion synthesis
were used to obtain coatitigsed on TiC, TiCo, and Fisolid solution witha OP, [, Ag.
Bioactivity was evaluated in vitresing simulated body fluid (SBF) and compared with that of

bioactive glass Biogran.

Keywords: electrospark depositigicoating tribology, bioactivity
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Recombinant spider silk proteins as bioinks
Elise DeSimong Kristin Schacht Jirgen Grofl, Thomas Scheibgl

1Lehrstuhl Biomaterialien, Universitat Bayreuth, thomas.scheibel@b+haymeuth.de
2L ehrstuhl fir Funktionswerkstoffe der Medizin und der Zahnheilkunde, Universitatsklinikum
Wirzburg, juergen.groll@fmz.umiuerzburg.de

3D bioprintinghas recently gained popularity as a fabrication technique to overcome common

di sadvantages of traditional tissue engineer
components). However, the number of process compatible materials is limited sthiregent
requirements placed on these materials. Thesead | ed 6 0 bt benk§or e, ar e
focus of research and development in this field. Recently, recombinant spidérasdl

proteins weraised successfully in a 3D bioprinting process [1]. It was therefore the objective

of this work to further characterize the recombinant spiderbsifed bioinks, expand the

possible variations of the bioinks, and establish the printing parameters fobibieks.

[1] Schacht et al, Angew. Chem. Int. Ed., Vol. 54 (2015), 282820

Keywords: 3D bioprinting bioinks recombinant spider silk protein
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CollagenBased Gradint Materials For Tendon Replacement

Christian Haynl, Thomas Scheibgl

1L ehrstuhl Biomaterialien, Fakultat fur Ingenieurwissenschaften, Universitat Bayreuth,
Universitatsstral3e 30, 95440 BayreuBermany, christian.haynl@bm.ubayreuth.de

2Lehrstuhl Biomaterialien, Fakultat fur Ingenieurwissenschaften, Universitat Bayreuth,
Universitatsstral3e 30, 95440 Bayreuth, Germany, thomas.scheibel @{rayueuth.de

Tendons are collagdmased tissues, which transfer forces from muscle to bone. Due to their
fundamental role in work movements, tendons are often affected by injuries. However, tendon
repair is still poorly conceived and current tendon replacematdrials from synthetic sources
show insufficient biocompatibilityOn the other side, reconstituted natural materials generally
lack mechanical stability, which appears mostly at the interfaces between ipddissue.

For this reason, collagenous materials exhibiting a longitudinal graafigheir mechanical

propertiedn order to connect soft muscle and stiff bone are of high scientific interest.

gradient material

hard soft

[1] K. U. Glussen, R. Giesa, T. Scheibel, H. W. Schvfédtomol Rapid Comn2012) 33, 206211.

Keywords: gradient materialtendon replacementiomaterial collagen
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Mechanical Testing of Engineered Spider Silk Filaments Provides
Insights into Molecular Features on a M&3male

Gregor Lang - Btnedikt R. Neugirg “Daniel Kluge® Andreas Fery/,
Thomas Scheib€l

!Department of Biomaterials, University of Bayreuth, Bayreuth 95440, Germany
2Professorship for Biopolymer Processing, University of Bayreuth, Bayreuth 9544nany
3 Department of Physical Chemistry Il, University of Bayreuth, Bayreuth 95440, Germany
“4Chair for Physical Chemistry of Polymeric Materials, Technical University Dresden,
Dresden 01069, Germany

Spider dragline silk shows the highest toughn@ss|Natural SpiderSilk Artificial Spider Silk

comparison to all other natural or marade fibers. Despitg ‘ Xxi

a broad experimental foundation concerning 1| - -ﬁ\ I‘Tj"*-
macroscopic silk thread properties as well as ' ) elgctrpd"
simulationbased molecular understanding, the impact o s R
mesoscale building blocks, namely nasobmicronsized bl

filaments, on the mechanical propertieé the threads *Ysubmicron fibers

| R
remains the missing link. Here, we illustrate the functior %;}

~< secondary structure

these mesgcaled building blocks using electrospun
fibers made of a recombinant spidédk proteinand show the impact @sheet formation and

fiber hydration on their mechanical performance. Specifically elucidating the interplay between
b-sheetcrosslinkingandstre t ur al water effecting the fiber
the gap between the molecular and the macroscopic view on the meadbfasjider silk.

Finally, the seup enables a precise control of mechanical propetidanorphology of man

made spider silk mimics, a prequisite for future applications of the precious biopolymer

fibers [1].

[1] Aldo LealEgana, Gregor Lang, Carolin Mauerer, Jasmin Wickinghoff, Michael Weber, Stefan Geimer
and Thanas Scheibel, Advanced Biomaterials, 14, No. 3 (2012);B&

Keywords: recombinant spider sillsilk structure mechanicselectrospinningnanofibers
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Study on the functionally graded characteristitbiofilms

Makoto Miyaoka, Kouichi Nakané, Toshinari Maeda

!Graduate School of life Science and Systems Engineering, Kyushu Institute of Technology,
miyaokamakoto@edu.life.kyutech.ac.jp
’Graduate School of life Science and Systems Engineering, Kyushu Institute of Technology,
nakano@lifekyutech.ac.jp

3Graduate School of life Science and Systems Engineering, Kyushu Institatdoblogy,
toshi.maeda@life.kyutech.ac.jp

As regarding graded function on biomaterjdisr example, we can find it in the graded
distribution of fibrovascular bundle or lacuna on the cs®Edional surface of bamboo or
seashell. These three dimensional structure is evaluated as the ideal buckling resistance
structure for realizing highngth and weight saving.

On the other hand, biofilmere used for activatesludge process in wastewater treatment and
producing useful materials in lactic fermentation. It has been observed that the biofilm on the
root surface of plantdissolves phosphoris.

From the above, we think that biofilnmsve functionally graded characteristegen though
there are few reports about it.
So, we investigated the functionally graddracteristicef some biofilmsso as to control and

utilize biofilms for the industrial use in the future.

[1] Yamaga, F. et al.: Environ. Sci. Technol, 44, (2010), 6470.

Keywords: biofilm, biomaterialsfunctionally graded characteristics
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Decomposition and Recovery Technology of Mdilinction Type
Print Circuit Boardwvith Substrate a Biodegradable Resin

Arashi Ohmukai Takayoshi YagasakiHitoshi Kohr?, Ichiro Takané

! Graduate school, Kogakuin University, bm15005@ns.kogakuin.ac.jp
2School of Advanced Engineering, Kogakuin University, yagasaki@cc.kogakuin.ac.jp
3School of Advanced Engineering, Kogakuin University, kohri@cc.kogakuin.ac.jp
“4Faculty of Engineering, Kodain University, ct97912@ns.kogakuin.ac.jp

In recent years, resins (plastics) have been used in large quantities as substrate materials for
making printed circuit boards. Problems associated with the disposal of these resin haterials
including the exhastion of landfill areas and generation of toxic gases during disassembly
have long been pointed out. Accordingly, there is much interest from the standpoint of
environmental protection in the potential of biodegradable resins that are broken down to water
and carbon dioxide by microorganisms as replacements for conventional resins. However,
because the dissolution behavior of biodegradable resins in different environments is still poorly
understood, methods for collecting and breaking down biodegradainle hese not yet been
established.

In this study, polylactic acid (PLA) as a biodegradable resin with high potential for use as a
generalpurpose material was selected, and carefully examined the decomposition
characteristics of PLA, modified at the microstructural level to rfufictionalze it with

respect to the end goal of use in printed circuit boards. It was found that the decomposition
characteristics of the resin essentially did not change, even when the resin was modified at the
microstructural level to improve various functions. was also found that the rate of
decomposition significantly varied depending on the liquid medium used during decomposition
(i.e., the decomposition solution). These results demonstrate that microstructural modification

and choice of decomposition sotuti can either promote or inhibit decomposition.

Keywords: BiodegradationPolylactide acidPrint Circuit BoardProteinase K

14" International Symposium Functionally Graded Materisdsiltiscale & Multifunctional Structures 89



. CDa

Session: Manufacturing and FPoperties Assessment of
Functionally Graded Materials and Structures IV

Session Chair: B. Henriques
Date: Wednesday, Septembert!22016, Afternoon Sessiori:3:30

15:00

Room: S 130/ NW I

13:3071 14:05
(H36)

14:107 14:35

14:3571 15:00

15:001 16:00

Electromagnetic induced segregatin of aluminum alloy cast parts
Bernard Nacke

Synthesisand Mechanical Properties of Graded TC4 Titanium Alloy via
PlasmaActivated Sintering

Yi Sun, Guogiang Luo, Chuandong Wu, Jianian Hu, Jian Zhang, Meijug
Qiang Shen, Lianmeng ZhariRhuizi Zhang

Innovative Preparation of Nanosized WC/W2C/W Functionally
Graded Material (FGM)

Xiaona Ren, Min Xia, Qingzhi Yan, Changchun Ge

Panel discussion and closing ceremony

90

14" International Symposium Functionally Graded Materj&iltiscale & Multifunctional Structures



. CDa

Electromagnetic induced segregatiorabfminum alloy casparts

Bernard Nacke

Institute of Electrotechnology, Leibniz Universitat Hannover
nacke@etp.uAhannover.de

The Electromagnetic Induced Segregation (EIS) ofmasgs is an innovative technology

for diecasting of aluminum alloys. Due to the different action of electromagnetic forces
to high and low conductive materials electromagnetic fields can be used for separation of
the different materials during the liquathase before solidification [1]. This principle has
been applied during casting of aluminum/silicon alloys cast parts in orgeodoce a
primarysilicon concentration gradiemuring castingThe paper shows the principle of

the electronagnetic induced segregation effect, the design of a suitable inductor system
for casting of engine blocks using numerical simulation, principle experiments in a pilot
casting installation and the realization of the process in an industrial casting pmoduct
machine. Finally four inductor systems were produced and installed in an industrial
casting machine for-8ylinder engine blocks [2]. Four cylinder bores of the engine block
were casted using electromagnetic induced segregation and the other fowvdrares
casted conventionally without electromagnetic treatment. Standard running tests of the
casted engine have confirmed a comparable vessstance compared to conventionally
produced engine blocks, but with high advantages due to theffgcded structures in

the engine blocks.

Keywords: functional graded materialslectromagnét separationaluminum casting
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SynthesisandMechanicalPropertieof Graded TCA4Titanium Aloy
via PlasmaA ctivatedSintering

Yi Sun, Guogiang Lug Chuandong Wulian Zhang
Qiang ShepLianmeng Zhanty

State Key Laboratory of Advanced Technology for Materials Synthesis and Processing,
Wuhan University of Technology, Wuh&0070, China
*corresponding authorTel.: +8627 87879468fax: +86 27 87879468E-mail address:
luogg@whut.edu.cn

Inthe present stuggraded TC4itaniumalloy with agradientvariationof grain size and shape
was successfully synthesized usimgyomilling and plasma activated sinteringThe
microstructuresvere characterizelody OM, SEMandTEM, while the phase compii®ns were
investigatedby XRD. To provde insight into the mechanical behavior of the graded TC4
titanium alloy, we measuréhe compressive strength and midnardnesson the ambient
temperatureOur resultsshowthat thegraded TC4itaniumalloy hasa dense structungith a
relative density of 98.32% heintimatecombinatiorbetween different layersan be observed.
The grainsizes show agradient variation The phase€ompositios of eachlayer change along
with the grainsizes. The graded sampégxhibits notable mechanical propertjebe Vickers
micro-hardnessthe yield strengthandthe compressioffracture strengthof the asprepared
samplereaches 470.9HV, 1229.2MPad2090.3MPa, respectively.The crackinitial in fine

grain zone, and then grows along grain boundaries.

Keywords: TC4 Titanium Alloy gradedmaterial cryomilling; plasmaactivatedsintering mechanicapropertes
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Innovative Preparation of Narezed WC/WC/W Functionally
Graded Materia{FGM)

Xiaona Reh, Min Xia'*, Qingzhi Yart, Changchun Ge

linstitute of Nuclear Energy and New Energy System Materials, School of
MaterialsSciences and Engineering, Universitysofence and Technology Beijing
(USTB), Beijing100083, China.

*Corresponding author: Tel: +861062334951; Enail: xmdsg@ustb.edu.cn (Min XIA),

ccge@mater.ustb.edu.cn (Cha@un GE)

Functionally gradienimaterial (FGM) is considered as a kind of naniform composite
functional materials, which is compositigmaded or/and structwigraded. Here we first
proposed an innovative technology for preparing a kind of 1s@esl FGMs namely
WC/W-C/W graded nanorodsgith diameters of 50nm and less, which consist of WgC\ahd

W from the outside to its core. Ammonium metatungstate was encapsulated into the hollow
core of nanostructured cant with hollow macroporous core/mesoporous shell, then it was
reduced in Hand converted to tungsten nanowire. Through heat treatment at 1400°C, tungsten
in the tube reacted with the carbon shell. Similar to carburization, the outer sphere of nanorod
received more carbon and WC formed. And deeper along the radical directimm bacame

less, therefore VWC formed. While tungsten in the core could not react with carbon. Hence the
WC/W.C/W graded nanorods formed. Results revedled this graded nanorods possess

excellent peroxiddike activity.
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Effect of Number of Layers on the Ballistics Performance of
Functionally Graded Sandwich Plates

M. Aydint, M. K. Apalak, Z. G. ApalaR

1Department of Aeronautical Engineering, EesyUniversity, Kayseri 38030, Turkey,
aydin@erciyes.edu.tr
’Department of Mechanical Engineering, Erciyes University, Kayseri 38030, Turkey,
apalakmk@erciyes.edu.tr
3Department of Mechanical Engineering, Erciyes University, Kayseri 38030, Turkey,
apalakz@erciyes.edu.tr

Further developments in the design of weapons based on kinetic or chemical energy have
mandated the new evolved light and high performance arorew idea of material design

has concentrated on mechanically functional materials. F&®somposed of at least two
constituents and have continuous composition variation along one or more directions. In
general, the most common constitigeate ceramic and metal materials whose combinations of
their superior properties, such as the toughness, heat resistivity, haodmelss quite suitable

for overcoming the hard, high temperature service environments. FGMs have beed appl
successfully in specific areas such as space, nuclear, and automotive industries and become an
indisputable candidate for defense industries due to their good strength against structural and
thermal loadings as well as their advantages in ballistiicapipns. Therefore, the mechanical
responses under ballistic loadings and the material characterization of the functionally graded
materias have become a broad research field in last decade.

In this study the damagend deformation mechanisms of functionally graded sandwich plates
(FGSPs) which have different layer thickness have been investigated and their performances
were compared to each other under ballistics impact loadings. The functionally graded
sandwich plee is composed of a mixture of ceramic (SiC) and metal (Al) phases, at a ratio of
which is determined by a powtaw distribution of the volume fraction. In order to investigate

the ballistic performance of FGSPs, a gas gun test system and 0.3 catjberfraimulating
projectiles (FSP) were used. Functionally graded sandwich plates were manufactured by means
of the powder stackinbot pressing method, their ballistic tests were performed and it was

concluded that number of layasEFGSPsaffected the ballistic performance considerably.

Keywords: Functionally graded materials (FGM®allistic performanceSandwich plates
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High Pressure Injection Valve With Magne@cadient

Dr.-Ing. Stefan Oetinger

Robert Bosch GmbH, Bamberg, stefan.oetinger@de.bosch.com

Function optimized gasoline injection valves are able to decrease the consumption of a gasoline
engine and increase its power. THere a magnetic separatis introduced into a magnetic
circuit of an electromagnetic valve, which means a paramagnetic zone with a magnetic
saturation of nearly O T within a soft magnetic jacket. This can be realized by a local induction
heat treatment process of a soft magrjatiket.

The shortime induction austenitization of the three stainless steels CXB@N 15-1,

X50 CrNiAl 17-2 and X90 CrMoV 18 were investigated. The result is a partially magnetic to
non-magnetic material state of mixed austenitic and martensitic rtrigctisre

Process par améACer 8§ s)lérd@ivéstigatedin order to create the desired
local magnetic separatiomhe resulting local functionally graded properties were characterized

by microstructurehardnessind magnetic properti€saturation, coercitivity

The characteristic of the magnetic separatiorhich is based on a local change in
microstructure is a heat affected zone with gradienagnetic and mechanical properties
between the noaffected initial material of the soft magnetic jacket and the-magnetic
centerlt was recognized, that the heat affected zone consists of a partially magnetic, a hardened

and a tempered zone.

setting local magnetic properties by I _ | magnetic
short-time induction austenitization seperation

+

process I = function

ferrite/ base material soft magnetic/
martensitic ferromagnetic
induction mixed heat-affected partially
cail structure 20ne magniatic
. short-time non-magnetic/
E austenitic
austenitization paramagnetic
mixed heat-affected partially
structure zone magnetic
- jacket ferrite/ ferrite/ soft magnetic/
! martansitic rmartensitic farromagnatic

Keywords: stainless stegmagnetic propertiesnagnetic separatioshorttime austenitizationnduction heating

material
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Abstract

The fabrication of cemented carbidegh functionally graded composition, microstructued properties has

been an issue of great interest in the cemented carbide industry for a long time. The history of the development
and fabrication of functionally graded cemented carbides is outlDiéigrent technologies employed foe
manufacture of functionally graded Wb cemented carbides are reviewed. Various types of functionally graded
WC-Co materials designed for specific applications and fabricated by tailored sirtemtimigues are described.

The funcionally graded cemented carbides are characterized by a unique combination of various properties
including exceptionally high hardneasd fractureéoughnesswhich cannot be achieved in bulk WD materials.

Carbide articles are described in which functional gradients of hardness, cobalt content and WC grain size have
been obtained as a result of creating Co drifts and regulating the WC grain growth by controlling the carbon content
of the surfae layerModern trends in the research and development of novel functionally gradéibWwémented

carbides are outlined.

Keywords: cemented carbidesintering hardnessfracturetoughness

1. Introduction

The fabrication of cemented carbide&h functionally graded composition, microstructumed properties has

been an issue of great interest in the cemented carbide industry for a long time. In the most cases, thendardness
consequently weanesistance of W&o cemented carbides can be improved only at thensepef fracture
toughnessConventional cemented carbides obtained by varying the WC mean grain size and Co content lie within

a narrow band on the curve: Palmquist toughiderdness [1]. The major challenger@search in the cemented
carbide field is to fAescapedo from this band, in other
toughness of cemented carbides, which can be achieved by the fabrication of functionally graded cemented
carbides.

2. First industrial functionally graded cemented carbides

The first industrial functionally graded cemented carbide was the Sandvik DP60 grade, ccthelsb e d fdu al
propertesDP O cemented car bi de. cKdriilingang maedakcuting an@ copprisesyae d f or
cor e wi-phdse [2]lhFanctignally graded cemented carbileslar to the Sadnvik DP60 grade were

produced and examined also in refs. [3, 4]. The functionally graded cemartates of the DRype are produced

in a two stage process comprising: (1) Fabrication of fully sintered carbide articles deficient with respect to carbon
and ther ef or e-phase, nahda(2) Carbugzationhoé thedarticles in a carburizing atmesgtie
temperatures above 1300°C in the presence of liquid phase. As a result of this fabrication process, carbon diffuses
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from the surface toward t he cphaseand its dishppeagance ionthé+teas car b
surface layer, whicheas es a Co drift from t he s tphasecontaningamear d t h
region. As a result, a graded structure generally comprising the three following constituent parts forms: {1) a near
surface layer of nearly 1 to 2 mm characterized Bigaificantly lower Co content and higher hardnénsm on

average; (2) a layer adjacenttothe rearr f ac e | ay e rphasecantphaving a notigeablycighgr Co
content and | ower hardness t han -phase.dkeefunctignally gramledd ( 3)
cemented carbides of the Bfpe can be employed in mining due to the presence of thesndace layer with

high hardness, however, they have a | imit-ghdse.appl i cabi

3. Modern trends in the research and development of functionally mded WC-Co cemented carbides

The fabrication of functionally graded cemented carbidest ¢ o mp r i s iplmage hastbeen therisisue bfl e ¢
great interest in the carbide industry for a long time.nk can produce cemented carbides with a-sedace

region with a significantly lower Co content than the average Co content, this region would have a high hardness
leading to its better weaesistance. It is also expectduat this neasurface region would be characterized by

high residual compression stresses resulting in its higher fraotigienessThis occurs as a result of very different
shrinkage rates in two parts of arlwide article with various Co contents during liggbase sinteringas the

shrinkage factor of the part with a higher Co content is significantly greater than that of the part with a lower Co
content.

The two following major approachés the fabrication of functionally graded cemented carbidg¢scontaining
t h ephade are described in the literature.

The first approach is based on selective introducing WC grain growth inhibitors (mainly Cr and V) into the
cemented carbide neaurface layer as a result of applying the grain growth inhibitors or their precursors to the
surface of green articles (see e.qg. ref. [5]). As a result of this technology, theurfaae region comprising much

Cr or V becomes signifantly finer than the core after liqughase sinteringesulting in its high hardnessd
wearresistance. Nevertheless, there are significant difficulties related to applying the grain growth inhibitors or
their precursors to the surface of carbide articles of complicated shape in the green state, as they are very fragile.

The second approach is based on obtaining a Co drift in carbide articles, which are inhomogeneous with respect
to their WC mean grain sizand/or carbon content in the green state. In general, the following two major
phenomena can be used for fabricating functionally gradedO&/@naterials in this case: (1) If there are two
adjacent layersf WC-Co with various carbon contenin the green state, cobalt drifts from the layer with the
higher carbon content into the layer with the lower carbon content during liquid phase siti®rifithere are

two adjacent layers of WWCo with various WC mean grain siziesthe green state, cobalt drifts from the layer
with coarser microstructuriaito the layer with finer microstructure during liquid phase sintering as a result of
different capillary forces. These phenomena were described in detaifrierous publications with respect te bi
layer cemented carbidgsessed and sintered from various WG graded powders, see e.g. [6, 7]. It can be
expected that, if one can regulate the WC mean grain size and/or carbon icothtemiarbide neagurface layer

and core in the green state, it would be possible to create and control the Co drift during the finphgeid
sintering thus obtaining functionally graded cemented carbides.

A new technology for the fabrication of WCbo articles with a low cobalt content and consequently high hardness
oftheneas ur f ace | ayer ané¢haseonas described by Guo et gl. ahdhFang @t al. [8, 9].
According to this technology, WCo articles with originaldw carbon contents are subjected to carburization at

a temperature, at which solid tungsten carbide, liquid cobalt and solid Co coexist. In spite of the fact that there is
nei tJdphase nat free carbon in the functionally graded cemented carbidaemed in such a way, the
technology mentioned above allows the formation of only very thin haresnei@ce layerbaving a thickness of
roughly 0.1 mm. It appears that such thin hard layers should have a limitethipplin mining and construction,

as the weaof carbide inserts in these applications is typically of the order of 1 mm or more.

Another new technology for the fabrication of functionally graded cemented cacodgsr i si ngphasei t her
nor free carbon was developed by Konyashin et al., [10, 11]. It is based on the following steps: (1) making WC

Co grade powders with a | ow c ar-phase formationtaedrptessibgugteenn ot ¢
articles, R) tailored presinteringof the green articles to obtain a certain gas permeability of theirsneface

layer in the green state, (3) selective carburization of thissweéace layer up to a certain depth in the solid state,
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and (4)final liquid-phase sintering of the articles to obtain a Co drift in the liquid phase from the surface towards

the core and their full densification. As a result of this technology, it is possible to vary the thickness of the layer

with the low Co conterand consequently high hardnéss range of nearly 1 mm to several millimeters. This

allows one to produce carbide articles for various applications with tailorecgmdace layersharacterized by

high combinations of hdness and fractur®ughness The neassurface layer is characterized by high residual
compression stresses in both the WC phase and Co phase, resulting in its high fracture toughness. This leads to an
exceptimally high combination of hardness and fracture toughness of thesumdace layer providing evidence

that it is possible to fiescaped from the curvG rel ati
materials due to obtaining the funatally graded WECo cemented carbides with the hard and toughsiediace

layer.

4. Conclusions

Functionally graded cemented carbides be designed for specific applications by use of tailored sintering
techniques. They are characterized by a unique combination of various properties, which cannot be achieved in
bulk cemented carbides. Therefore, functionally graded cemented carbides being presently employed in some
fields are expected to substitute camienal cemented carbides in numerous applications in near future.
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Abstract

Compositionally graded M@u structures were fabricated by powder processing angress sinteringlLayers

of pressed metal powders were stacked in sequence according to designedtdekiségs curves to attain desired
thermodynamic loading paths. Powder pregggwas simple to operate and allowed excellent control of the
composition and thickness. T h e Thera angad irdesmetallec coenpolndsy h |y d e
or magnesium oxides. Mg and Cu phases were dispersed aoemgly and well compacted. There are no

obvious pores or voids between layefs 14 layer gradedensity impactor was prepared successfully. The

thickness of each layer deviated little from the designed values, with errors «f. 03%6.

Keywords: Powder processingsradeddensity impactorsMg-Cu

1. Introduction

Investigating the properties of materials at extreme conditions (e.g., megabar pressures or thousands of Kelvin) is
of great interest in many fields such as biology, condensater physics, and planetary science [1]. Experiments

in extreme conditions cdre classified into three categories: qestatic measurements using diamemil cells

[2], shock compression [3], and quésentropic compression [4]. However, these methods are limited in practical
applications by their characteristitermodynamic paths and loading rates. Therefore, novel loading techniques
must be developed to bridge the gap between the differing strain rates currently used and to tailor their
thermodynamic paths to access states beyond the principal Hugoniotranmpise

Recently, researchers have been increasingly interested in complex compression during experiments that use light
gas guns [8B]. In order to simulate the conditions that materials experience during dynamic high pressure
experiments precisely, Nguyeet al. [9, 10] developed an experimental approach that used gradsitly
impactors (GDIs) to engender complex loading paths. By using an impactor with a layered structure, one can easily
design a desired appligitessure profile combining shock loadinguastisentropic compression, controlled
release, and constant pressure [5]. Layered impactors can be fabricated using a number of techniques, such as
diffusion bonding[5-8], bonded multplate [11], hotpressing [57], and tap-casting [9]. Powder processing
technigues have been widely used to fabricate GDIs; for example, Luo et al. [12] fabrica®drMzactors in

this way. Powder processing can produce GDIs with continuously variable density atthimog based on the
chosen composition; additionally, the technique is simple and can control the -diickityess profile of the
impactors during fabrication accurately.

In the present work, the powder processing technique is demonstrated to be tiveaféete to accurately
fabricate the GDIs. A series of characterization methods were used to demonstrate the GDIs have been fabricated
accurately.
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2. Materials and Testing Methods

Mg powder (Alfa Aesar; 375 mesh average particle size, >99% purity) andvwCd por

particle size, >99.9% purity) were used in our experiments. After Mg and Cu powder qualities which were
calculated by the rules of mixtures were weighed, they were blended into uniform powder mixtures, which then
were laminged into green samples after being layered accurately. The GDIs were formed by stacking different

(Al fa Aesar;

green samples according to the designed curve. The graded green samples were sintereepusssingotThe
sinteringof GDI samples follved the same process as sintering@®@gmonolithic pelletsSampleavere put into

molds and subsequently vacuum-pogssure sintered at 783 K under a pressure of 100 MPa with a soaking time

of 2 h.

The relative density was measured by Arahithe s 6

met hod,

phase

¢ oraydiffraction i o n

(XRD; Ultima 1lI; Rigaku, Tokyo, Japan), and microstructwas evaluated by Fieldmission scanning electron

microscopy (FESEM, Quant250).

3. Results and Discussion

Figure 1 shows the measured, calculated densities, and relative densities ofGerdgolithic pellets of various

compositions. As shown in the Figure 1, the measured densities agree well with the calculated, indicating that

these compogtare highly densified. The lowest relative density exceeds 98.7%.

Figure 2 shows SEM images of the fractatefaces from singleomposition pellets with (a) 80% Cu, (b) 50%
Cu, and (c) 20% Cu. As shown in the Fig@rethe fractures emanated from uniaxial tension experiments. The

compositeexhibit typical intergranular fracture, indicating that the Mg and Cu phases were well compacted. No

obvious pores were found in these micrographs, and thuseudcd that the composites are highly densified,
which is consistent with the results of relative density.

Mg and Cu are known to have two intermetallic phases Mg@ua MgCu. Reported density for MGu
(3.18g/cm3) and MgCu2 (8.55 g/cm3) deviate from the density predicted by the rules of mixturéBhgl3].
differing densitiecchange thelesigned densitthickness curvesn addition, these compounds are brittle, making
complex loading witha GDI difficult. Figure 3 shows XRD patterns of Mgu monolithic pellets with different

compositions from 100% Mg to 100% Cu. As shown in the Figure 3, these patterns are dominated by Mg and Cu

peaks with no obvious peaks from intermetallic compounds/i®us work has also shown that Mg is prone to be
oxidized [9], and then M@u compositesre difficult to be densified in the presence of MgO. However, no
obvious MgO peaks are found in Figure 3, which is attributed to our sinfmaegss in vacuum.
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Figure ¥ The measured, calculated density and relative density curves-@iuMgmpositesvith different compositions
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Figure 2 SEM images of the fractumurfaces from single composition pellets: (a) 80% Cu, (b) 50% Cu, and (c) 20% Cu
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Figure 3 XRD patterns of MgCu monolithic pellets with different compositions

Figure 4 shows the measured and designed dethsityness curves of a ddyer GDI chosen from a series of
samples randomly. As shown in the Figure 4, the first layer is pure Cu, the second layer is pure Mg, and the
remaining layergare mixtures graded from 0% Cu to 90% Cu. The measures used to calculate the thiotness
density of each layer was reported by Luo et al. [12]. The two curves agree well with each other. Compared with
the total designed thickness of 2.4 mm, the total measured thickness is 2.397 mm, with an error of 0.125%. The
range of thickness errorsrithe individual layers is 0.06.13%. These are very small errors, indicating that powder
processing allows us to control the layer thickness accurately. In comparison, tape casting produces layers with
thickness errors of 1.8.5% [9]. Based on these s, it can be concluded that the precision of thickness control

by powder processing is comparable with reports.

Figure 5 shows the microstructwkthe sample described in Figure 4. Mg and Cu phases are distributed uniformly
andwell compacted in all layer#\s shown in the Figure 5, No obvious pores or gaps between the layers are found.
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4. Conclusions

Mg-Cu GDI samples have fabricated accurately by powder processing and performprgdmosinteringThe
conclusions are as follows:

1. The measured densities of tg-Cu monolithic pellets of various compositions agree well with the calculated.
These compositeare highly densified, and exhibit typical intergranular fractdree lowest relative density
exceeds 98.7%.

2. The XRD patterns of M@u monolithic pellets are dominated by Mg and Cu peaks with no obvious peaks from
intermetallic compounds.

3. The measured densitlgickness profile of 14ayer GDI agrees well with the designed. The errors a¥iddal
layer& t hi cknesd.13r e only O0.06
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Abstract

This paper presents the bending and free vibraiuation of functionally graded (FG) plates with variation of
material properties through their length using higher order shear deformation theory (HSDT). The present theory
accounts for both the shear deformation and thickness stretching effect bysaidsihwariation of the
displacement field across the thickness. The problem is then modelled using the finite element method (FEM)
using graded solid element. This element has the spatially graded property distribution (at different Gauss points),
which is implemented by the user subroutines UMAT and USDFLD for bending and vibration analysis,
respectively. It can be concluded that the present exact formulation is not only accurate, but also simple in
predicting the bending and vibration of the FG plates

Also, the good agreement found between the exact solution and the numerical simulation demonstrates the
effectiveness of graded solid element in the modebinipe FG plate. Moreover, the combination of the derived
andytical and numerical results will enable us to understand the behavior of new materials with controlled macro

properties through the specific direction with potential relevance to biomedical and aerospace sectors.

Keywords: FG platesIn-plane properties variatioistressVibration

1. Introduction

One of the most important consequences in fully understanding the mechanical behavior of natural materials,
e.g. bones anska shells, is the inspiration of a new class of advanced materials. Functionally Graded Materials
(FGMs)are advanced engineered materials whereby material composition and properties vary spatially in
macroscopic length scales, which are created by specialized manufacturing processes [1]. Nowadagte FGMs
alternative materials widely used iromechanical, aerospace, civil, automotive and other applications.
Moreover, FGMs are gaining attention for biomedical applications, especially for imphaptants can be

made of FGMs with spatial property variation to create an opténizechanical behavior and achieve
biocompatibilityimprovement [2]. The static solutions for FG platese been mainly based on classical plate
theory (CPT), which is valid for thin plates, as it does not considear deformation. This may lead to

inaccurate results for thick plates, which is thicker than 1/20 of its larger span [3]. Theréfnsshear

deformation theories (FSDT) consider the transverse shear deformation effects. However, a shear correction
factor is needed to satisfy the zero transverse sheartstiasdary conditions at the top and bottom of the plate

[4]. For eluding the use of shear correction factors, several HSDT have been proposed. In addition, all two
dimensional plat¢heories ignore the thickness stretching effect. Indeed, a constant transverse displacement
through the thickness was considered. This assumption is not appropriate for thick FG plates. The importance of
the thickness stretching effect in a thick FG plas been identified in [5]. So this effect should be taken into
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Figure 1: Schematic representation of the geonfgfty and distribution of volume fraction along x direction of the FG plate
(right)

consideration. In most of the applications reported in the literature the variation of material properties is through
the thickness only. However, no attention has been paid on considering the distribution of volume fraction
through the length, resulting the variation of stiffness along it. The objective of this paper is to propose a new
closed form approach and numerical methodology for bending and free vitaatitysis of simply supported

thick rectangular FG plates with-plane méerial properties variation based on HSDT.

2. Analytical Solution

A rectangular FG plate of uniform thickness h, length a and width b is shown in Figure 1, with origin z = 0
coinciding with the miesurface of the plate

The material is assumed to be elaatid inhomogeneous, and the material stiffness vary continuously through the
length of the plate and obey a simple poveav distribution of volume fraction of constituents as given by:

V(%) _ax ( Q)

where n is a parameter that governs the material variation profile through the length. The displacemetitdield o
present theory which was recently developed by Blabed et al. [5] is adopted based on the following assumptions:
(1) the transverse displacements are divided into bending, shear and stretching components; and (2) the shear
components of the iplane dsplacements produce the sinusoidal variations of shear strains. Based on these
assumptions, the following displacement field relations can be obtained:

U(xy,2)=la(xv-w X(xJ
v(wz)w(xyd% X(xd

WX Y, 2= w(xy +w(xy W EA x) 2

The governing equations of the present theory are derived from the static version of the Principle of Virtual

Di spl acements (PVD), which is called the Haratedt onds
as follows:

@)

.
AU+ ¥ -Kdt &
0

After some mathematical solution and substitution the expression for atrésstrain into equations (3), the
following governing equations of the FG plate with the variation of material property through the length are
obtained as follows:

du N+ Ny =t Ldiy Bdiy (4a)
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v, d,N +d N, =LY% 4,dy Jdw (4b)

dwn:d11ME+d22M§ leZM:y 4 =
oW, +Vi) H,(db, e&,V) I1{dWy djy) Jfdw d,¢ i (4(;)

dWs : duMi + dzzMj 'Qdquy ﬂ1$z @' $z ot = (4d)
(W, +vi) D (dy, €Y IHdy dfy K-diw d;w %
djdS,+dS, vk -N A'w W K+ (4e)

The required mentioned displacement fields which satisfy the boundary condftgimpty supported boundary
conditions are assumed as follows:

éu, 0 eu e cos/ xsin nqy |
%vo ! . } annéf“ sin/ ,xcos ny - )
iw Fa L€ SN/ | Xsin 1y
’:th % g V\Tlsmnéw‘sin/mxsin my
(AR’ i 1.€%sin [ xsin .

3. Finite Element Modelling

For verification ofanalytical modellingthe numerical simulation of the same FG plate was carried out using the
Finite Element Method in this section. The linear hexahedral (C3D8R) graded elements were used in the finite
element program ABAQUS to implentesm effective continuous variation of material elastic properties. This type

of element is implemented by means of direct sampling properties at the integration (Gauss) points of the element.
The user subroutine UMAT and USDFLD function coded with FORTRwY used for modelling of the FG plate
with graded solid elements in the ABAQUS FE software.
of the FG plate as a material property was defined as a function of length for each integration poirduhtbegh
length (x) of the specimen.

4. Results and Discussions

A thick rectangular FG plate with a=b=5h and n=3 is used as an example of bending pFitpleecompares

the analytical and numerical solutions of the deflection of the FG plate along the length. It is found that the
analytically derived miesurface, oubf-plane displacement of the FG plate exhibits close agreement with those
values obtained from the FEM predicted solutions with a maximum relative error smaller than 8%. It is noteworthy
that the maximum deflection does not occur in the meiddlthe plate. While for homogenous and FG plaiiés
thicknesswise variation, the maximum deflection occur in the middle of the plates.
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Figure 2: Deflection of the FG plate with variation of the material stiffness through the length
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Tablel:
Mode (SSSS)
U=h/ Method
f f f f f
1 2 3 4 5
Analytical 156.34 390.60 390.62 624.55 780.30
0.02 FEM 156.48 390.63 392.14 624.43 778.72
Error (%) 0.077 0.007 0.387 0.019 0.203
Analytical 530.06 1313.89 1313.97 2084.74 2591.64
0.07 FEM 529.51 1299.46 1305.11 2009.91 2508.61
Error (%) 0.104 1.110 0.679 3.723 3.310

In Table 1, based on the present exact analytical solutions and graded FEM, the first-fiimertsional natural
frequencies & have hvhenpower law iadexnnedl AnfexcellenFaGreeménais abserved
between the present exact HSDT and proposed graded FEM. It can be seen that frequencies rise with an increase
in thickness of plate. This phenomena originates from the increasing the rigigiatef

5. Conclusions

In this study, the closedrom solution based on the sinusoidal higher shear deformation theory for bending and
free vibrationanalysis of rectangular FG plate#h powerlaw distribution of volumdraction through the length

is presented. The results predicted by the proposed theory are in very good agreement with FE simulations. The
FE solution is obtained using solid elements with spatially graded property distribution. The research will be
beneicial for real life applications of FG plates with-jafane variation of material stiffness in engineering
structures such as wing components, prosthesis, scaffold for biomedical applications
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Abstract

Armor technologies are continuously improving against projectile threats which increasing ravage and destruction
area. The use of composite materials as the armor structures provides high resigtanrsterojectile, as well as
facilitate the mobility by reducing the weight of structure. Besides, it is very important to design of composite
armors both to disrupt the projectile tip geometry and to protect the structural integrity in ballistictmmglida

this respect, functionally graded materials consisting of ceramic and metal are extremely suitable for ballistic
applications due to their nature. Namely, the ceramic constituent provides high ballistic resistance against
projectile while the meil constituent supplies the structural integrity of the FGM armor.

The aim of this study is to investigate the effect of thretiitkness material properties of the FG plates and
impact angle of the projectile on the ballistic limits of FGM armor syskdami-Tanaka homogenization scheme

is used as the micnmechanical model to determine the throtlickness material properties in the graded region.
Threedimensional explicit finite element simulations are carried out for the FGM armor impacted at 89°15°

45° and 60° obliquity by a 0.30 caliber Fragment Simulating Projectile (FSP). The ballistic limit, absorbed energy

by the FGM armor, and the critical impact angle of the projectile are quantified

Keywords: Functionally graded material®blique impagtBallistic limit, Explicit finite element methad

1. Introduction

The design of protective materials as armor has become ampprtant case against developing weapons
technology. The two most important features expected from an armor system is low weight and high impact
resistance. Armor structures should have low weight to provide the mobility of staff or vehicle as welltlhs stop
threats which may come from outside [1]. Functionally graded plates, composed of Aluminum and Silicon Carbide,
have extremely lightweight as well as exhibits high resistance against mechanical impact loading.

Although functionally graded materialseanew and developing technologies, they have a wide range of critical
applications such as aerospace, nuclear, defense and automotive industry. Ever since the emergence of the idea of
functionally graded materials, many scientific researches and studeséan performed {2]. Thermal barrier,

corrosion and wear, automotive, energy, egectronics, aerospace and even used in the medical field,
functionally graded materials is used in ballistic applications that required high mechanical strengtbr& heref
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Figure 1:Functionally graded plate and 0.30 caliber FSP, the angle with the normal and impact point.

is important to determine the ballistic performance of functionally graded matdidsstudy investigates the
effect of througkthickness material properties of the FG plates and impact angle of the projectile on the ballistic
limits of FGM armor.

2. Theoretical Model

In order to determine the ballistic limits of functionally graded glatéjected to ballistic impact at several angles

with a steel projectile, a series of numerical analyses were performed using nonlinear explicit finite element code
ANSYS LSDYNA [6]. The functionally graded plates were modeled in three different thrthigkness material
composition variations (n = 0.1, 1.0, and 10.0) to determine the material properties on the ballistic limit of FG
plates. The locally effective material properties of the FG plates can be determined linearly or nonlinearly through
thickness variation of ceramic constituent using the Mamaka homogenization scheme [4,7]. The bottom layer

of the plate is elastplastic pure metal (Al6061) and the top layer of the plate contains 70%- ¢itsesdic ceramic

(SiC) and 30% elastplastic meth(Al6061) constituents. The elaspiastic behavior of a metal/ceramic FG plate

was modelled using the TTO (TamuFamotaOzawa) model [4,8]. Thus, the failure strains in all layers were
determined using TTO model in order to predict the damages eachtHeyegh the thickness of FG plates under
ballistic impact. Functionally graded plate was considered 50 mm x50 mm square and 10 mm in thickness. Ballistic
impact analysis was carried out with 0.30 caliber Fragment Simulating Projectile (FSP) defineAN&GT

2920 [9] and MIL-DTL-46593B (MR) [10] (Fig.1). Plastic kinematic material model is used for projectile [11].

The mechanical properti@g constituents of FG plate, and projectile are presented in Table 1. The FG plate and
projectile were meshed with SOLID164 elements. The FG plate was modeled using 10 layers through the thickness
and it was divided into 30 elements through the plate thickness, and each layer had 3 elements through thickness.
The FG plate is fully clampedang its lateral surfaces.

Contact modeling is critical for predicting the ballistic response of armor structures. In this study, an
ERODING_SINGLE_SURFACE contact was defined in order to take into accountosedfcting interfaces
during the projectilempact process. An ERODING_SURFACE_TO_SURFACE contact definition was defined
between the projectile and the FG plate.

Table 1. Material properties of the constituents of FG platg8B projectile

Materials Youngo Poi sson: Densitykg/nr) Yield stress ~ Tangent modulus Failure strain
modulus (GPa) (MPa) (MPa)
Al 6061 67 0.33 2702 95 - 0.74
SiC 302 0.17 3100 - - 0.01
AISI 4340H 200 0.29 7850 970 470 0.77

14" International Symposium Functionally Graded Mateijidsiltiscale & Multifunctional Structures 111



. CDa

3. Results

The effect of the composi ti oamgle ofghe prdjéctdendan the Rapistian e n t
performance of FG plates were investigated for réthl (n = 0.1), linear (n=1.0) and cerannich (10.0). The
fragment simulating projectile (FSP), defined by STAN2820 and MIL:DTL-46593B (MR), was used to
detemine the \{ and the ballistic limit. Lambetdonas equation defined as

VR = AC(’le - ng)l/p 1)

where \k is residual velocity, Vis impact velocity and ¥4 is the ballistic limit velocity. A and p are empirical
parameters depending on material. According to Lamlmras equation, when the residual velocity is zero,
impact velocity becomes equal to the ballistic limit velocity. A series of ballistic analgsis performed to
determine the residual velocity is zero for all compositional gradient exponents (n = 0.1, 1.0, and 10.0) of the FG
plates. Variations of residual velocity of the projectile as a function of the impact velocity for theriotetal
(n=0.1) linear (n=1.0) and ceramitch (n=10.0) material compositions of the FG plates subjected to projectile
impact with a 0 degree angle were presented in Figure 2.

The FG plate with n=10.0 exhibits the highest ballistic limit, which is estimated to b@/666or the n=1.0, FG

plate have a ballistic limit of 575 m/s, and the meizh (n=0.1) FG plate results in a ballistic limit value of 420
m/s. The residual velocities increase with increasing impact velocities for material composition values @f 0.1, 1.
and 10.0. Figure 3 shows that the residual velocities versus impact angle of projectile faicmétak 0.1),

linear (n = 1.0) and ceramitch (n = 10.0) Al/SiC FG plates subjected to FSP having impact velocity of 750 m/s.
For this velocity, the péwration limit angles are 55°, 39° and 25° for the FG plate with n=0.1, 1.0 and 10.0,
respectively. The stiffness of the FG plate increases with increasing thitdakhess ceramic phase, hence, this
situation causes decreased perforation limit angleeoFG plate in according to the TTO model.
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Figure 2: Residual velocityersus impact velocity of Figure 3: Residual velocity versus impact angle of projec
projectile for a) metatich (n = 0.1), b) linear (n=1.0) ani  for &) metalrich (n = 0.1), b) linear (n = 1.0) and c) cerami
¢) ceramierich (n = 10.0) Al/SIiC FG platef€0°). rich (n = 10.0) AlI/SiC FG plate (v=750 m/s).

Figure 4 shows penetrated or perforated ragtal (n = 0.1), linear (n = 1.0) and cerannich (n = 10.0) Al/SiC

FG plates impacted at 0°, 15°, 30°, 45° and 60° obliquity by a 0.30 caliber Fragment Simulating Projectile (FSP)
which has impact velocity of 750 m/s at the time of 0.5 ms. The perforation time or penetration distance of the FG
plate decrased with increasing throughickness ceramic phase which causes high ballistic resistance. In
addition, the ballistic effect of the FSP on the FG plate decreased with increasing impact angle of the FSP.
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Figure 4: Penetrated or perforated meieth (n = 0.1), linear (n = 1.0) and cerarnich (n = 10.0) Al/SiC FG plates impacted at 0°, 15°, 30°, 45° and 60° obliquity by a 0.30 caliber Fragment

Simulating Projectile (FSP) (v=750 m/s, time=0.5 ms.).
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4. Conclusions

In this study, the effect of material composition and impact angle of the FSP on the ballistic response of the FG
plates were investigated numerically. Thigges of material composition (n = 0.1, 1.0, and 10.0) for the FG plate
were considered during ballistic impact analyses. In order to determine the ballistic limit velocities and perforation
limit angles of FG plates, a series of ballistic simulations yweréormed by a 0.30 caliber Fragment Simulating
Projectile (FSP) using neimear explicit finite element code ANSYS HSYNA®. Numerical results showed that
increasing compositional gradient exponent caused an increase in ballistic limit velocity, whiteease in
perforation limit angle of the FG plate. This is because increasing the compositional gradient exponent causes
more rigid FG circular plate against to ballistic impact. The perforation and penetration results showed that both
throughthicknessmaterial composition and impact angle are very effective parameters on the ballistic response
of the FG plates. The desirable ballistic response of the FG plate can be obtained by a proper selection of material
composition depending on the impact anglerafectile.
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Abstract

The free vibratiorof a functionally graded bears investigated within the framework of EuBernoulli beam

theory and Von Karman geometric nonlinearity using the ssralytical method. It is assumed that material

properties follow power law distributions through thickness direction. It is assuatatiehbeam is fully clamped

at its ends. A homogenization procedure is developed and used to reduce the problem under consideration to that

of an equivalent isotropic homogeneous cracked beam. Upon assuming harmonic motion, the discretized
expressions fot he t ot al strain and kinetic energies of the I
principle, the problem is reduced to a system of coupled nonlinear algebraic equations. Direct iterative method is
employed for solving the eigenvalue equatiomprder to show the effect of the craaépth and the influences of

the volume fraction on the dynamic response.
Keywords: vibration, functionally graded materiabeam crack

1. Introduction

Functionally graded materia(EGMs) havehugeimmense attention from research and engineering communities

due to their outstanding properties such as they improved lar@nar stresgeduction, high resistance to
temperature gradients, high weaasistance, etc. Howey, it is well known that crack a structural element

caused by fatiguer stress concentration affects its stiffness, dampiogerties and certainly changessvibration
characteristics [1]. Further, the increasing use of FlBms as structural components in varifiekls has
necessitated the study of their dynamic behavior. In recent years, the large amplitude vibration and nonlinear
analysis of FGM structures have attracibecreasing research effarfBhe investigations concerning the effect of

crack defects orhe dynamic behavior of FGM structures haven also recénedasing attention recently][2
Kitipornchai S.et al [3 studied the nonlinear feevibration of edgeracked FGM beamisasedon Timoshenko
beamtheory and \WWn Karman nonlinearityKe et al. fi] considered the free vibration and elastic/post buckling of
cracked Tmoshenko FGM beam by using Riteethod.Yang and Chen [discusse@nalytically the influence of

open edge cracks on the vibration and buckling of EBéFnoulli FGM beamsvith different boundary conditions.

In the present paper, the problerhgeometricallynonlinearfree vibrations of clampedlamped FGM beam
containing an open crack in the center is investigate
the classical theory of beams developed by EBEmnoulli and Von Karmaassumption$6], a homogenization
procedure, previously proposed 7] in thecase of laminated composed beams, is used which reduces the problem
studied to that of isotropic homageous cracked beams. Iterative solutions are presented to calculate the
fundamental non linear parameters. This work is restricted to the fundamental mode in order to concentrate on the
study of the influence of the crack and the fraction volume on thdimesr dynamic response.
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Figure 1: Geometrical modellingf the FGMbeamwith crack

2. Theory and formulation for the free vibration
2.1 Material properties

Fig. 1 shows an FGMeamof length0 and thicknes¥) containing an edge crack depth®located at a distance
wfrom the |l eft eni@®.a ahdnwmssMansitin @ are funutmmhlly Igadesd in the thickness
direction.

According to the rule of mixture (powdaw distribution), the effective material propertlescan be expressed as:

5 el et é.xp e
v & O U G C 0 p

Where the subscripis andAdenote the metallic and ceramic constituents, respectivelyEA®id nornegative
parameter (powelaw exponent) whichidtates the material variation profile through the thickness of the beam

2.2. Nonlinear free vibratioranalysis

The Von Karma type nonlinear straidisplacementelations are given by

o W X .
. TO0PT O gy T cho
T wg w T
The elastic deformation enerdy total EulerBernoulli beanis given by:
@ g 6- b 0o T

Wherel is the axial resultant force arid  is the bending momerdye linked to  andQ respectively:
0 Od&- QY wd - w Q v

0 GGr- QYW - O Q ®

Whered ,6 andO are the extensieaxtension, bendingxtension, bendingendingcoupling coefficients
respectively

Using the axial static equilibrium equatidor the beamonce the axial inertia and damping terms are neglected,
and applying the conditions irremovable ends, the potential enérgynly written in terms of transverse
displacement as follows:

oYYy o o]o) o .
w —_— - " N < w
S o 2@ q T o X

—a
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Such as:

D o 5o e €, 1y ) 6 o’ 7

oY W h 00 w O 5 Uhw
Then the expression of the energy of deformation due to the anaitke kinetic energy neglecting the axial and
rotational inertiscan be written as

o 90 rte .., 1Y TO g 0 fp p
qy Tw q T o
To obtain nordimensional parameter, to find equations that do not depend on the size or characteristics of the
beam one puts:
W, L, O w .
" ¢ o Plpo

NZ

Applying Hamiltonoés pri nci @ Iin¢he farmdf a inkepsariasdtifeowingtséte di s p |
of nonlinear amplitude equations is obtained:

z

COL”  TWOWO” g wd i pT

z

Where0” , 6 and0d © m stand for the nedimensional classical rigidity tensor, the nonlinear rigidity tensor
and the mass tensor, respectively, which are defined as:

T o o 0w T O T ol w
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3. Numerical results and discussions

In the problem considered hergthe top surface of the FGM ceramic rich Ec=350GPa} 3800 Kg/m3),
whereas the bottom surface of the FGM is metal #oh=210GPaj m7850 Kg/m3).

In table 1, the first nonlinear frequency ratiogsg ;, calculated in the present work, is companétth the results
obtained in [§. It is noted that the solutions givém[6] overestimate th frequencies of the fully clamped FGM
beam especially for high values of dimensionl@ssplitude.

Tablel: Comparisons of first netinear mode shape of & C cracked bearwith k=0, and isotropic homogeneousdC
beams for at/h = 0.1

z z

ToOFe (8 L (Di

Present [6]
0.079575821 1.00113980 1.00053987
0.47617067 1.03995969 1.03942916
0.94572196 1.14878218 1.14844776
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Figure2: First nonlinear mode shape of a beavith a crackof various depths

It can be shown from Fig. 2, thimbm the craclof 0.5mm depth we notice on the graphs that there is a disaityt
at the center of the beamhis may mean that local flexibility and increases thengt#f§ of the material decreases.

4. Conclusion

In this workthe geometricallywonlinear free vibrations of a clampietlamped FGVbeamwith an edge cracis

studied using a theoretical model developed previously in [6] for thin elastic structures, The model, based on
Hami ltonds principle and -liegarefred vibmtlorprabtem toya sat of nelneae d uc e st
algebraic equations arttte homogenization procedurie usedwhich reduceghe problem studied to that of
isotropichomogeneasicrackedbeamsNumerical data corresponding to various values of the crack depths up to

about once the beam thickness are given. The results show that the crack causes, as expected, a decrease in the
natural frequencies of flexural vibrations of the bedime intensity of these changes increaseslinearly with

the increase of the relative depth of the crack. The natural modes are also affected by the presence of the crack
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Abstract

This study evaluated the biaxial flexural stresses in graded ziffald&pathic porcelaicompositesA finite

element method and an analytical model were used to simulate thegnatioig test and to predict the biaxial
stressdistributiors across the thickness of discs. An axisymmetric model and a flexure formula of Hsueh et al.
were used in the FEM and analytical analysis, respectively. Continuous and stepwise transitions (using a power
function) from the bottorzirconia layer to the top porcelain layer were studied. The highest tensile stresses were
registered for porcelain rich interlayers (p=0.25) whereas the zirconia rich ones (p=8) yield the lowest tensile
stresses. In addition, the maximum stresses in aedrattucture can be tailored by altering compositional
gradients. A decrease in maximum stresses with increasing values of p (a scaling exponent in the power law
function) was observed. Graded zircofeddspathic porcelain composites exhibited a more dealole stress
distribution relative to conventional bilayered systems. This fact can significantly impact the clinical performance
of zirconiafeldspathic porcelain prostheses, namely reducing the fraatidence of zirconia and the gigiing

and delamination of porcelain.

Keywords: Biaxial flexural teststresdistribution functionally graded ceramigirconia

1. Introduction

Dental restorations have two main requirements: adequate strength and good aesthetic. Porcelain is widely used
as dental material due to its aesthetic and color that matches the remaining natural teeth. However, it has low
strength andoughness; thus, it is unable to withstand high tensile stresses [1]. Therefore, a stronger material must
be used to support the porcelain veneer, increasing the overall strength of the restor&iccof#h have been

used as frameworknaterial in derdl restorationglue toits excellent mechanical propertiggood aesthetic and
biocompability[2,3]. In the processing of atleramic restorations, porcelain is fired onto the zircénaisework

at high tempeatures, creating thermal residual stresses upon cooling to room temperature that arise mainly due to
different CTEs (Coefficient of Thermal Expansion) between the framework and the veneering porcelain [4,5]. At
the same time, the mismatch of elastic propsrbetween the two material favour the formation of deleterious
stressfields at the interface when the restoration is subjected to occlusion loading, which can lead to crack
formation, porcelain chipping and ultimately catephic failure of the prosthesis [5,6]. A solution to this problem,
related to the mismatch between mechanical and thermal properties of the different materials, is using a composite
intermediate layer with intermediate properties between the framewdrkharnveneering that will reduce the
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mismatches in materials properties. This solutior¢cated Functionally Graded MateriFGM), consist in a
gradual change in the volume friact between two phases [7], allowing a smooth transition in the materials
properties, decreasing their mismatch.

Uniaxial bending tests (e.g. three or four points bending tests) and biaxial bending tests {ergthbadiballs

and pistoron-ring tests)are the standard methods to evaluate the flexural strength of ceramics. One problem with
uniaxial bending test is the sensitivity to flaws along the sample edges, resulting in large variations in the strength
data recorded [8]. However, in a biaxial tekg maximum stresses are located near the centre of the sample, and
edge failures are usually eliminated, resulting in a more accurate estimate of strength [9]. Besides, restorative
materials are usually subjected to a multiaxial loading in clinical @tstthus the biaxial data are more useful

for the component design [10]. For these reasons, biaxial bending tests are the standard method for dental materials
evaluation. In a biaxial test, the sample, generally a disc, is supported on its lower ffigge &yheres or a ring,

while a load is applied on the centre of its upper face.

The objective of this study is to evaluate the mechanical behavior of a compositionally graded-pooeiain

disc and compare it with the classic sitoa, where there is a sharp interface between the two materials. Finite
elements method (FEM) was used to simulate the streset e i 4onra nfgpdi sbticanx i a l test .
gradations profile were simulated to evaluate their influence in the stress state. The simulated results were
compared with an analytical solution proposed by Hsueh[&0Al1].

2. Methods

The discs were 2 mm thick and had radius 7 mm. The loading piston has radius 0.@A8 thering had 6 mm.

The force applied by the piston was considered 1000 N. For the analysis of the classic situation, a disc with two
layerswas considered. The top layer is made of feldspathic porcatdithe bottom one is made of zircor{ié-

TZP), with 1 mm each. For the graded discs, a stepwise gradation was considered. The disc contain seven layers,
each one made of constant composition. The top and the bottom layerstiWgrercelain and zirconia,
respectively, and had a constant thickness (0.2 mm). The five intermediate layers were made of a zirconia and
porcelain mixture (volume fracturef porcelain of 0.1, 0.3, 0.5, 0.7 and 0.9, from the bottom polager,
respectively) and have varying thickness. To calculate the thickness of each intermediate layer, first a continuous
change in the volume fraction of porcelain was considered, represented by a power law function (eq. 1), where the
volume fraction$ a function of the axial position (y), the thickness of the graded region (t) and a parameter p:

0 ~ 0

For different values of p, the concentration of zirccewia porcelain along the thickness changes as shown in
Fig.1(a). To calculate the thickness of each layer, first the values of y/t for a given value of p were cédtsulated

the corresponding values of volume fraction of porcelain of 0.0, 0.2, 0.4, 0.8 and 1.0. These values were used to
calculate the thickness of each layer as shown in Fig. 1(b).
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Figure 17 (a) Variation in the volume fraction of porcelain alongckimess for different values @f and (b)
procedure to calculate the layéngckness of the graded region.
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The properties of each layer were calculated by the law of mixtures. The properties of the base materials (zirconia
and porcelain) were obtained from the study of Zhang ¢t 2].

Finite dement method was used to simulate the stlietsbutionon t heond pingbon est. A t wo d
axisymmetric model was used to simplify the calculations. The simulations were conducted using theiebmmerc
software COMSOL. All layerare considered to remain bonded. The supporting ring is fully constrained, and the
loading piston cannot move in the horizontal axis. The force is considered constant in the contact area between the
piston andhe disc. An extremely fine mesh with free triangular elements was used to ensure the accuracy of the
results. The elements were refined even more near the region where the stress was the largest, i.e. the region near
the zaxis, which is the centre ofdtdisc. In this study, the friction between the disc and the supporting ring was
ignored. The analysis was focused on the central axis of the disc, where the stress is maximum. As previously
discussed, the results were compared with an analytical model.

3. Results and discussion

Figure 2(a) shows the stredistributionalong the thickness in the center of the disc. The maximum stress is 627
MPa and it is located at the bottom of the disc. For the graded disc,ioosddr p=0.25, 0.5, 1, 2, 4 and 8 were
simulated and calculated analytically. Figure 2(b) shows the simulated and analytical stress distribution for the
FGM discs. The highest and lowest values, taken from the siecuraodel, were registered for p=0.25 and p=8,

with 681 MPa and 530 MPa, respectively. The simulated results agree well with the analytical model, with a
maximum deviation of 5% between them observed for p=8, where the maximum deviation between the results
registered. The exception is the region under compression, near the loading piston. This is because the analytical
model does not include the contact stress under the piston in the calculations.

The results showed that the huge straissnatch at the interface of bilayered discs is replaced by a smooth profile

in stress distributionf graded discs. The stress mismatch between lagexto be controlled because it can lead

to delamination at #hinterfaces if the bonding is not strong after multilayer fabrication [13]. Besides, the gradation

of properties decreased the maximum stress at the bottom of the disc. For the graded discs, discs with higher
content of zirconighigher pvalues) in the graded region showed smaller maximum stress than the ones with
smaller values of p. The maximum tensile stress in the disc is increased by 28% when the content of the graded
region switches from zirconia rich (p=8) to porcelain rich (p=0.25

4, Conclusion

The results of a simulated piston-ring test for a bilayered disc with sharp interface and a graded disc were
compared. The graded disc has a lower maximum stedgs in the centre than the bilayered disc. The stress
discantinuities are also significantly smaller in the graded disc. Increasing the porcelain content in the graded
region, decreased the maximum stress at the bottom of the discs. The simulation using finite element method
agrees well with the model proposedHisueh et al.

2.0 2
184 (a) \'\-\ Ay - Simulated (b) - p:0.25_ (simulated)
: i —— Analytical —e— p=1 (simulated)
1.6 —4+— p=8 (simulated)
N p=0.25 (analytical)

— 144 ‘E\R - p=1 (analytical)
g . ! £ - p=8 (analytical)
5 1.0 **_;}.\ § 14
7 K\\kk 3
2 08+ \'\ a
o] i 5
= 064 g
Ea S <

0.4+ ‘Q\_}\

0.2 -

S
T,
0.0 T T T T T T T T T =t 0 T T T T T T T T T
-500 -250 0 250 500 750 -750 -500 -250 0 500
Stress (MPa) Stress (MPa)

Figure 2 Stresdistribution throughout the disc thickness for a biaxial test considering (a) the traditional situation
and (b) the FGM
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Abstract

Light weight and high strengtjraded foams are of great significance to shock resistance in both civil and military
fields. In this paper, a facile method was adopted to fabricate functionally graded CNTs/itivbsellular

foams with designed cell structure. Various gradieN{Ts/PMMA microcellular materials were hot pressured
together, followed by batch foaming with supercritical carbon dioxide as blowing agent in a specialized constraint
mold. Mechanical properties of different functionally graded CNTs/ PMMA microcellular foams and the bonding
strength between adjacent layarghe functionally graded foams were investigated by the universal mechanical
test machine. FESEM wetesed to visualize the foam morphology and bonding structure. The results show that
the graded CNTs/ PMMA microcellular foams exhibit wider cell distribution than uniform microcellular foams.

It is also found that the functionally graded foam is supenidhé mechanical propertiés the uniform one, and

the structure could be optimized to achieve desirable mechanical properties.

Keywords: PMMA, Functionally Graded FoarMorpholayy, Mechanical Properties
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Abstract

Plastic wave propagation in metallic foanaterials under compression deformation at different strain rates was
studied by means of computational simulatiohdromogenized modellingpproach was used, where properties

of the homogenized material model were experimentally determined for density dependent material parameters of
a porousAlSi7 metallic foam [1].

Parametric explicit finite element compugimulations at different compressive loading speeds and foam densities
were carried out to determine the relationship between the loading speed, density and plastic wave speed.
Simulation results showed that plastic wave speed is constant at chosantdoasting speed and constant foam
density. The simulation results were used to derive an empirical relation for the corresponding plastic wave speed.
These findings were then applied to simulations of foam samples with spatially distributed (gradsity.poro
Computationally determined plastic wave speeds in graded metallics foeme compared with the empirical

model predictions, where a very good agreement of results was observed.

Keywords: metallic foam graded porosity, plastic wave propagatipndynamic analysis computational
simulations

1. Introduction

The metallicfoanmat er i als became first popular in the 1960086s
applications have been devel oped. Since the 19906s t}
of t he mat eerformdandesntesms pfeheiriweighpecific stiffness and energy absorption. However,

a reliable characterization of their material parameters is required for their broad industrial use.

The metallic foarm have a specific strestrain relationship under uniaxial compressive loading that shows a
distinct plateau region due to progressive plastic buckling deformation of the cell walls and trusses. At higher
strains the material eventually densifies, resulting in a sudlierease of stress [2]. This behavior was first
described with a stresdrain function by Rusch [3, 4, 5].

Avalle et al [1] have conducted experiments of aluminum foams with different densities between 0.27 and
0.68g/cm3 to determine parameters for tGeushable Foam material model, available in the finite element
software Abaqus. They were able to reproduce the results of their experiments with the finite element simulations.

Crushable foam plasticity model is intended for the analysis of crushabhs that are typically used as energy
absorption structures. It is able to model the enhanced ability of a foam material to deform in compression due to
cell wall buckling processes. The model applies a yield surface in the shape of the ellipsoid whie witbl

plastic strain but retains its shape [6].
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thickness = 40 mm

vu

p(xy)

|y_ :
2 20 mm

Figure 1: Two dimensional finite element model used for simulations (left) and meshed finite element model (right). Symmetric
boundary conditions are applied to the middle axis and loading is applied via two rigid plates.

40 mm

2. The finite element model

Dynamic simulations of metallic foasamples under compressive loading were carried out using the finite element
system Abaqus. A cubical foam sample vétkize of 40 x 40 x 40 mm was used, which corresponds to specimens
tested by Avalle at al. [1]. A simplification from a three dimensional model to a two dimensional plain strain
symmetric model was assumed. The model is shown in Fiigurbe boundary coritions were applied via two

rigid plates at the top and bottom of sample with fixed rotational degrees of freedom. The bottom plate was fixed
in space while the top plate moved with a prescribed constant velocity v towards the bottom plate. Simulations
enced when a prescribed displacement u was reached.

The influence of geometrical simplification (3D to 2D) was examined beforehand by comparing the results
obtained by the 3D models solved with an explicit solver and 2D models solved with an implicit whicér,
showed comparable load dependent behavior over several orders of magnitude.

The finite element mesh of the model consists of 3200 uniform four node bilinear generalized plane strain
qguadrilateral elements. The finite element mesh was chosen so that its resolution precisely mapped all applied
density distribution fields.

3. The mateial model

The crushable foam material model was used to model the metallidofetzamior. The foam material parameters
were taken from Avalle et al. [1]. The graded density of foam sample was achieved by prescribed functional
dependace of all material parameters from the density field variable.

3.1 Density distribution

The sample density distribution was symmetric in respect to the symmetric axis of the model. A constant, linear
and parabolic density fields were investigated in thidystlihe density was varied in dependence fratimection
(Figurel). Nonconstant density field was computed by the following equation:

o @
o Op 1 0% N

where” represents the initial density, paramétatefines the maximum relative density variatibis, the length
of the specimen andlis used to define a lineam € 1) or parabolicr{= 2) density field. The density function was
normalized to an average density of 0.6 ¢/amthis study to achievegeial mass samples.
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Figure2: True strain plotted ontthe deformed three dimensional and two dimensionatiels loaded with the speedswf
20m/s (top) and 20@n/s (bottom).

4. Results and discussion

The frst simulationswere used twalidate the used computational modelsrégroduing the experimentsnd
simulations of static uniaxial compression and hyctsmpression tests of Avalle et al. in a satisfactoanner.

4.1 Constant density field

Figure 2 shows thecomputedtrue strain in loading direction fothe loading speeds ef= 20 m/sand 200 m/s
plotted ontothe deformed specimens ahgineering strain dfing= 0.5for three and two dimensional models.
Material density is 0.86/cm®. The ceformation and strain distriions are similar for both model&D and 3D)

In uniaxial loadingddyis the only norzero component of the strain tensor and will henceforth be referred to as the
strainU

It was found that at comparably low loading speeds the specimen deforms unifbhmistresses and strains are
almost constant throughout the volume as quasi static assumptions would predict. This behavior is shown in Figure
2 for a loading speed of 20 m/s. Small deformations can be observed perpendicular to the loading dirdotion due
the Poissonbés ratio effect. Yi el ding starts[2l.ddemo st
determined true strain values are therefore treated as equal to plastic strain values.

For higher loading spes the behavior changes. The deformation is not uniform anymore due to inertia effects.
As the influence of the inertia effects rises, evenly distributed deformation is replaced by a state in which the region
in contact with the loading plate deforms whilee deformation of the rest of the specimen is governed by
propagation of elastic and plastic waves. Figlshows that there is a distinct border between plastically deformed
(green) and undeformed material (blue). Such behavior was previously expgatiyneéetermined Tanaka et al.

[7].

Performing parametric simulations with varying loading speeds and different constant material densities showed
that the speed of the plastic wave frantis constant through time and its dependence on the load#eg spand
the foam density can be determined by the following equation:

6 o o o 2

| and| are the constants obtained by regression analysis and are equal to 605°5246amd 66.373
m?55 1105, respectively.
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40 40

— simulation
---- analytical model

Figure3: Propagation of the deformatidmont throughthe material of norconstant densitfor a linear (left) and a parabolic
densityfield (right) determined with the simulation and analytical model

4.2 Non-constant density fields

Figure 3 shows the propagation of the plastic deformation front through samples wittonstant density at
different engineering strains for a linear (left) and a parabolic density distributions (right) alongxise The

mean density of the material 0.6 g/cm,] is-0.4 and +0.4 for the loading speed equals to 100 m/s. The solid
lines show the obtained simulation results while the dotted lines show predictions made with the analytical model

Q).

To compare the results of the simulatiogk X and the results of the analytical mod&f { ) the plastic wave

speed was determined in dependence okttmordinate (hence in dependence &f density) from theg position

of the front and the corresponding time. Then the avefageand maximalQ i relative deviation of the
analytical model was determined. Comparison of the results is given in I atile average speeds of thegtia

wave fronts are around 182 m/s. The deviations are in general larger by the linear density distribution at the sample
center where the largest deviation equals to 4.53 %.

5. Conclusions

Dynamic simulations of metallic foarsamplesin compression over a large range of loading speeds were
conducted to investigate the speed variation of the plastic wave front.

For high loading speeds it was found that the material deforms at the impact region while the rest of the material
deforms through propagation of elastic and plastic deformation fronts. Both fronts propagate through the material
at speeds dependent of tthensity. An analytical model was derived to describe the dependence of the speed of
plastic front propagation on the loading speed v and the foam dérfsitynalyzed foams.

To test the analytical model simulations with rromstant density distributisnwere conducted. Comparison of

the results shows a good agreement between the simulations and the analytical model with a maximal relative
deviation of 4.53 %.

Tablel: The resulting average plastic wave speeds determined by the simulfitiaetemined by the analytical model

o and the averag@i and maximalQi relative deviation of the analytical model from the simulations
¥ o oy Q1 i Qi
Density field type
(/] [m/s] [m/s] [%6] [%]
Linear -0.4 183.23 187.61 2.39 4.25
Linear +0.4 181.82 187.73 3.25 4.53
Parabolic -0.4 183.84 187.65 2.07 2.64
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Abstract

Honeycomb sandwich structuresinforced by functionally graded (FG) face plates can be a good proposal for
impact applications ranging from low to high velocity impact loads. Low velocity ingeéirmance and energy
absorption capability of honeycomb siavich structures reinforced by FG face plates were investigated using
explicit finite element code, LBYNAZ®. In design of the sandwich structures, an aluminum honeycomb core and
Al/SiC FG face plates were used. The through thickness mechanical propkttiesace plates were considered

with respect to a powdaw. Mori-Tanaka homogenization scheme was used for determining the locally effective
mechanical properties of functionally graded region and TTO (TahomotaOzawa)model was implemented

in finite element code in order to simulate the elastoplastic behavior of the face plates. The influence of material
composition of the face plates, impact energy and core height of the honeycomb on the energy absorption
characterists of the sandwich structures were investigated. The core height was not an influential parameter
whilst the material composition was a considerable parameter on the low velocity impact response of the sandwich

structures.

Keywords: Functionally graded materialsloneycomb sandwich structuré®w velocity impact Explicit finite
element methad

1. Introduction

Sandwich structures are special class of multilayered composite structures and extensively used in aerospace,
marine and defense industries with their high performance properiigistweight, high flexural stiffness and

high energy absotjpn capability. Honeycomb sandwich structuaes commonly used in impact applications by
reason of their high energy absorption capacity. Functionally graded mafeedts) consisting of ceramic and

metal constituents have become a good choice for impulsively loaded conditions with their superior features. The
ceramic constituent provides high stiffness and impact resistance while the metal constituent providesstoughn
and structural integrity.

Honeycomb sandwich structuriesluding different type of face plates and core materials subjected to low velocity
impact loads are weknown research topic for energy absorption appiboa [1,2]. FGMshave also increasingly
become a popular research area for impact applications. In literature, it was obtained that functionally graded
structures exhibit a better performance compared with homogeneous structures underogxgaict terms of
damage and deformation [3,4]. In present study, low velocity impact performance of honeycomb sandwich
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Table 1. Material properties of the constituents of face plates and honeycomb core.

Materials Youngds Po i' s s| Density | Yield stress| Tangent modulus Failu_re
(GPa) ratio (kg/m®) (MPa) (MPa) strain
Al 6061 67 0.33 2702 95 - 0.85
SiC 302 0.17 3100 - - 0.01
Al 5052-H39 70 0.33 2680 265 700 0.67

structures reinforced by FG face plates was investigated in terms of madenj@bsition of the face plates, impact
energy and core height of the honeycomb.

2. Finite Element Model

Low velocity impactperformance and energy absorption capability of honeycomb sandwich structures reinforced
by FG face plates were investigated using explicit finite element cod®YDMA® [5]. Al6061 and SiC
constituents were used in design of the face plates and ABB832aluminum honeycomb was used as core
material. The material properties of the constituents of face plates and honeycomb core were listed in Table 1.
Three different material compositions, metah (n = 0.1), linear (n = 1.0) and cerarnnich (n = 10.0)were used

for the face plates. The locally effective material properties of functionally graded region were determined using
Mori-Tanakahomogenization scheme [6] and TTO (Tam@iamotaOzawa) model [7] was used in order to
define elastoplastic materiakbavior of the face plates. TTO model was implemented by Gunes et al. [8] for
Al/SIC FG circular plates and it was obtained that TTO model was more successful by varying the material
composition from ceramidch to metairich in accordance with the experental and numerical results. In this
numerical study, the same constituents were used for the FG face plates. The bottom layer of the face plates was
pure metal and the top layer of the face plates possessed JW%SiC volume fractions of the constittenThe
stressstrain curves of the face plates obtained from TTO model for fieta(n = 0.1), linear (n = 1.0) and
ceramierich (n = 10.0) compositions were shown in Fig. 1.

The aluminum honeycomb core which has a cell size of 6.35com height of 15 mm and cell wall thickness of
0.0762 mm and AI/SiC FG face plates with 5 mm thickness and 10 l#yersgh thickness were used for
approximately 100x100 mm sandwich structure construction. The sandwich structures wergeduty
hemispherical rigid impactor with 20 mm diameter. The face plates and rigid impactor were modelledosi¢h 8
solid elements and the honeycomb core was modelled withdé shell elementShe elastoplastic material
behavior of the face platesdahoneycomb core were defined witiecewise linear plasticity and plastic kinematic
material modelsiespectively. The impactor wasodelled with rigid material model. The finite element model of
the sandwich structure and impactor was givelrig. 2.

Contact modellings a critical step for impact simulations. An autoimaingle surface contact algthrm was
defined in order to consider s@bntacting surfaces. An automaticrfage to surface contact algdmih was
defined between ingetor and sandwich structgrel'he contacts between face plates and honeycomb core were
assumed to be perfecly bonded and a tied nodes to surface contact algorithm was defined.

The ceramieich surfaces of the face plates wppsitioned as the first impastirfacesand inthesame direction.
The bottom surface of the sandwich structusas constraineavith 15 mmportion fromeach siden impact
direction and all edges of the sandwich strugwrere constrained their normédirections

—100% Al " —100% Al w —100% Al
50} —30% Al - 70% SiC 50 —30% Al - 70% SiC 50 —30% Al - 70% SiC
N Functionally Graded Region N — Functionally Graded Region o— . Functionally Graded Region
0 0.02 0.04 0.06 0.08 0. 0 0.02 0.04 0.06 0.08 0. 0 0.02 0.04 0.06 0.08 0.
Strain Strain Strain
(@n=0.1 (b)n=1.0 (c)n=10.0

Fig. 1. Stresstrain curves obtained from TTO model for (a) meitt, (b) linear and (c) ceramitch compositions.
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Fig. 2. Finite element model of the sandwich structune impactor
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Fig. 3. The influence of the material composition and impact energy on the contact force histories of the sandwich structures
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Fig. 4. Theinfluence of the material composition on the plastic deformation of the sandwich structures for 150 J impact
energy.

3. Results

The influence of the material composition of the face plates, impact energy and core height of the honeycomb on
the low velocity mpact performance of the honeycomb sandwich structures reinforced by FG face plates were
investigated for metaiich, linear and ceramidch compositions.

a. The influence of the material composition and impact energy

The influence of the material compositiand impact energy on the contact force histories of the sandwich
structures was shown in Fig. 3. The peak contact force increased and contact duration decreased by varying the
material composition from metaich to ceramierich (increasing the ceramicaction of the face plates) by reason

of increasing thatiffness and strengthf the face plates. The contact force histories exhibited the same variation

in terms of the material composition and the peak contact force increased with increasing therienggctlhe

peak contact forces from metath to ceramierich composition were 3.32, 3.80 and 4.60 kN for 100 J; 4.07, 4.71

and 5.59 kN for 150 J and 4.81, 5.47 and 6.41 kN for 200 J, respectively.

The influence of the material composition on the ptagéiformation of the sandwich structures was given in Fig.
4 for 150 J impact energy. The central plastic deflections of the sandwich structures for the material composition
from metairich to ceramierich composition were 7.95, 7.08 and 5.75 mm. The ipldsfformation and central
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Fig. 5. The influence of the material composition and impact energy on the kinetic energy histories of the sandwich
structures.
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Fig. 6. The influence of the coheight on the contact force and kinetic energy histories of the sandwich structure for linear
composed face plates and 150 J impact energy.

deflection of the top face plate decreased with increasing ceramic fraction in the face plates by recsasiog

the impact resistance of the face plates. The buckling deformations occurred in the honeycomb core were different
depending on the ductility of the face plates. The buckling deformation concentrated in the contact region for the
sandwich structe with metalrich face plates. For linear and cerasiah compositions, the buckling deformation
propagated to boundary of the sandwich structures because impact effect did not propagated expeditiously to the
substrates depending on the stiffness offdue plates and the buckling deformation increased by reason of
increasing the compressive forces on the honeycomb core from the top face plate.

The influence of the material composition and impact energy on the kinetic energy histories of the sandwich
structures was shown in Fig. 5. The energy absorption capacity of the sandwich structure decreased by varying the
material composition from metaich to ceramierich by reason of decreasing the plastic deformation in the
sandwich structures. The energy alpsion ratios from metatich to ceramierich composition were 95.6%, 94.3%

and 91.7% for 100 J; 96.0%, 94.7% and 92.5% for 150 J and 96.2%, 95.1% and 93.2% for 200 J.

b. The influence of the core height

The influence of the core heigbh the low velocity impact performance of the honeycomb sandwich structure
with linear composed face plates wasestigated for 10, 15 and 20 mm core heights and 150 J impact energy.
The influence of the core height on the contact force and kinetic ehistgyies of the sandwich structure was
shown in Fig. 6. The peak contact forces and energy absorption capacity of the sandwich structure remained
approximately at the same level. The core height was not an influential parameter on the low velocity impact
performance of the sandwich structure.

4. Conclusion

Low velocity impactperformance of the honeycomb sandwich structures reinforcedGbya€e plates was
investigated numerically. The peak contact force increased and contatibmutecreased with increasing the
ceramic fraction of the face plateBhe central plastic deflections of the sandwich structures decreased with
increasing ceramic fraction in the face plates by reason of increasing the impact resistance of thedagéglat
buckling deformatiosoccurred in the honeycomb core was different depending on the ductility of the face plates.
The energy absorption capacity decreased with increasing ceramic fraction in the face plates by reason of

132 14" International Symposium Functionally Graded Materféiltiscale & Multifunctional Structures



L. CDa

decrasing the plastic deforation inthe face plates. The core height was not an influgpdicimeter wheredke
material compositiomvas a significanparameter on the low velocity impact response of the sandwich structures.
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Functionally Graded Materisl (FGM) partsare heterogeneous objects with material composition and
microstructurehat change gradually into the parts. The distinctive feature of BtBMtue gives the possibility

of selecting the distribution of mechanical, physical, chemical properties to meet the functional requirements.
Additive manufacturing processes, in particular Direct Energy Deposition (DED) processes are well dedicated to
manufactire complex FGM parts. Customized homogeneous parts are manufactured from digital data, but the
manufacturing of heterogeneous parts is limited to samples: most of the FGM parts are not functional, with simple
morphology and simple material distributiondafunctional AM parts are very often made with one material. To

move from these samples to functional parts a methodology with a global approach is necessary. The presentation
focuses on various challenges covered by this approach to move from the cmacgped by a designer to the
manufacturing of the part.
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Figure 1: Geometrical complexity vs. material composition complexity for p@s
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Figure 2: DED Additive Manufacturing equipment to manufacture Hiakis at ECN
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The first aspect focuses on the numerical definition of the part in the CAD/CAM/process data chain. Most of the
current CAD description formats do not support multimaterial attributes for a singlé gacbnsequently hardly
possible to define accurately material distributions and properties by using FEM simulations or topological
optimizations algorithms. In contrast, high level CAD/CAM/CNC approaches such asMTERN be highly
valuable to overtee these limitations. Their interest is the first issue discussed in the presentation.

Functional

Representation Process plan NC program Manufacturing

specifications

Figure 3: Usual Additive Manufacturing process data chain

The second issue focuses on DED process modelbngetermine the appropriaggarameterization and
manufacturing strategy. It is essential to identify the actual behavior of the process implemented, for example, the
evolutions of the material compositions changes when switching from one ratio to another. The resulting model is
a keyelement to prepare the manufacturing strategy. Indeed, forpastglthe control of the material composition

at any point of the part is as important as the part geonhetagdition, this process rdel can be useful to perform

DFAM operations on the part to manufacture.
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Figure 4: Simulation and measure of the material function during the process

The last focus of this presentation concerns DED process toolpaths generation fpafE& My using the process

model developed, the evaluation of manufacturing strategies and a process control to reduce the difference between
the desired material distribution and the material distribution in the manufactureéd pastbled. New kind of

path strategies can be proposed and tested off line on a process simulator. As a result, complex parts can be
produced with the desired geometries and the desired material distributions.
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Figure 5: Manufacturing tool patlasitomatic generation to meet the material function requirements
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Abstract

Fabrication method of functionally graded matexriFGM9 by centrifugal casting can be classified into two
categories on the basis of the relationship between the process temperattuedigoniius temperature aimaster
alloy. They are the centrifugal saliparticle method anthe centrifugalin-situ method, which could bearried out

at process temperatugéower and higher thathe liquidus temperature of the master alloy, respectivelyhis
study, AFAIsTi FGMswerefabricated at 200°Cfrom Al-5 mass%Ti master alloy, whdiquidus temperature of
the Al-5 mass%Talloy is aboutl040°C. Microstructure andvearproperty ofthe fabricated\l-AlsTi FGMswere
studied.

Keywords: Centrifugal castingAlsTi, platelef orientation wear

1. Introduction

Centrifugal castings a pressure casting, in which the force of gravity is enhancegpibging the moldlt is
possible tareate a&ompositional gradierdue to the difference in material dengity. Fabrication ofunctionally
graded material (FGM9 by centrifugalcastingcan be classified into two categariby the relationship between

the process temperature and the liquidus temperature of the masteBglogd is the centrifugal soligarticle
method if the process temperature is lower than the melting point of the master alloy. The other one is the
centrifugal in-situ method if the process temperature is higher than the melting point of it. In previoussktitdy [
has been found that microstructurieAl-AlsTi FGMs fabricated by the centrifugal sof@rticle metlod castat
800°C was different from that by centrifugatgitu method cast at 160C. However, the microstructures of-Al
AlsTi FGMs fabricated by the centrifugal-gitu method cast at a temperature around the liquidus temperature
(about 1@0°C for Al-5 mass%i alloy) is not studiedln this study, the microstructures of-AlsTi FGMs
fabricated at 1200C were investigatedn addition, weaproperties of the fabricated MlsTi FGMs were also
studied.

2. Experimental methods

An Al-5 mass% Ti commercial alloy ingot with ¥&l% AI3Ti plateletswas used as the initial materidlhe ingot
was heatedipto 1200°C, a temperature just above the liquidus line, ensulisgomplete melhg of all phases
before procesep (centrifugal irsitu method)The meltwas directly poured into a spinning mold through an inlet,
for which the applied centrifugal forsevee 300 and 60G. Temperature ofmold pre-heatingfurnaces set tobe
478°C or 300°C or room temperature (R. TDuring melt pouringhowever the temperature of the molten metal
dropsto a certairdegree, which results the crystallization othe primary AkTi crystal phase in the melt before

application of centrifugal forceentrifugal solid-particlemethod).Notation of samples X>C-YYG indicates the
temperature ofnold pre-heatingfurnaceand applied centrifugal force, respectively.
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The weatests were carried out by balh-blocktype wear machine undesciprocaimovementwhere he counter
ball was bearing steel (JIS: SUJ&th 5mm in diameter. Initial loadliding time and average slidingpeed of
wear tests wer8.8N, 5400s and 30 m/s, respectivelyTo study he anisotropy of wear resistance in B@Ms
wear testsvere carried oun three directions

3. Results and discussion

Microstructuresandhistogramf volume fractions of the ATi platelets iM78C-300Gspecimen300°C-300G
specimenR.T.-300Gspecimerand 300C-600Gspecimen are shown in Figs. 1 (a), (b), (c) and (d), respectively
[4]. There are two types of particles namely, platethetped particles and small particles. #aerfrom this figure
compositional gradients are observed for all gpecis. Comparison between 380-300G and 30TC-600G
specimens, it is seen that a steeper compositional gradiened in largetG-number specimens. Note that
negative gradients are found in the outer regions of the ring f6/\C3B00G andR.T-300G specimenslhese
findings indicate that mold temperature plays an important role in the solidification behavior in centrifugal casting.
It must be noted here thataxrge number of plateletre arranged with their platelefanes nearly normal to the
centrifugal forcedirection,which isin agreement with previous studies on the centrifugal gadidicle method

[5]. Therefore,he anisotropy of weaesistancashould be appeareBy comparing the microstructures of 3@
300G and 30TC-600G specimens a larger orientatioreffect is found for the largegB-number specimen.
Moreover, smaller orientation effects are found at larggmalizedthickness regionsn our previous study [5],

it was found that the larger orientation effects is found at outer regions of the ring iRAhd NFGMsfabricated

by the centrifugal soligharticle method.

\\

Volume Fraction of A13Ti (vol%)

10 s =

0.0~0.1 02-~03 04-~05 06~07 08~09 1.0 0.0~0.1 02~03 04~05 06~0.7 08~09 1.0
Normalized Thickness

Figure 1: Typical microstructures observed at matized thickness 0®.6, 0.8 and1.0 regionsand histogramsof volume
fractions of the AJTi platelets in the specimens [4]ertical direction in these photos is centrifugal direct{an478C-300G,
(b) 30°C-300G, (c) R.T-300G and ¢) 30°C-600G specimens
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specimensThesephotos are backscatter compositional images.

These findings indicate unexpected orientation effects in the FGMs fabricated by the centrifiigahiathod.
By compaing among 478C-300Gspecimen300°G300Gspecimerand R.T-300Gspecimensmaller orientation
effects are found for the FGMs fabricated at a lower temperature of the mold preheating #ga@wemold
temperature plays an important role in siadidification behavior in centrifugal casting [4].

Three kinds of weaspecimens were prepared taking into account the morphology of fhiepkdtelets in 478C-

300G specimerin case of the wear direction (A), the worn plaeanty coincides with the ATi plateletplanes.

On the other hand, the worn planes coincided with the
the thickness direction and the longitudinal direction of theliAplatelds for wear directions (B) and (C),
respectivelyFigure 3 shows thereight loss by the eartestunder the applietbad of 9.8N. There is a notable

difference in the weight loss by wear among the three tested wear direblzonsly, wear direction (B) slws

the lowest wear resistance among the three wear directions, while wear directions (A) and (C) show similar and
relatively better wear resistanc&imilar results are found in the bleok-ring type wear tests for the Ml 3Ti
FGMsfabricakd by the centrifugal soligarticle method [6].
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In order to investigate the microstructural features near the worn surfacesectisgs of the specimens parallel

and perpendicular to the sliding direction were obserida results are shown in Fig. Bamaged layers
containing broken AfTi platelets are found in all figureBspecially, in the case of direction (B), the wessts

led to fractureand bending of the ATi platelets along thevear test directiorSince it is known that ATi is brittle

in nature, the AlTi platelets for direction (B) break easily during the wear test, whereas the platelets for directions
(A) and (C) are more difficult to breakhus, direction (B) shows a lowerear resistance, while directions (A)

and (C) show better wear resistance.

4. Conclusions

In this study, the microstructures of-AlsTi FGMsfabricated at 1200°C from a master alloy of arbAhass%

Ti ingot containing 11 vol% ATi platelets in the Al maix are investigatedCompositional gradienand
orientationeffects are found in the AAlsTi FGMs. It is found that thenold temperature plays an important role

in the solidification behavidby the centrifugal casting Anisotropic wearesistancés found to be dependent on

the direction of the test wear relative to theTAlplateletorientation.Specimen tested along thesAl platelets
thickness directioshows the smallest wear resistance among the three orientations due to the ease with which the
AlsTi platelets broke.
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Abstract

Dissimilar weldingof Mg and Al would achieve weld reduction and high effiency of production by substitution

of Mg and Al for steels. In this investigation, a vacuumprassed diffusion method was used to prepare an Mg/Al
layer compositeising an Al thin film and Ni foil interlayersTheinterfacesmicrostructureand shear strengthf

the jointswere investigated by means of SEM, XRD amiversal machineThe results showed thtte joints
were bonded well anthe Mg-Al intermetallic compounds were impedeal. thin film and Ni foil successfully
strengtlered the weak interface of Mg/Al welding joitwith the increasing of the holding tinthe shear strength

of the joints increases firstly and then decreabks.fracturaook place somewhere at the interface of AheNi.

Keywords: Mg/Al; diffusion bondingholding time shear strength
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Abstract

Sintered porou8Y-ZrO, ceramic and composite ceramics consisting o8, and ZrSiQ were surface sealed

by a new process, called Laser Assisted Microwave Plasma Processing (LAMPP). Hot corrosion tests with molten
V205, Vanadium Pentoxide, which are used to characterizedrobsion resistance of Thermal Barrier Coatings,
wereemployed to proof the quality of surface sealing. The penetration depth of the molten salt was investigated
at exposure times of 4 hours as a function of ceramic composition and LAMPP processing parameters. Upon
reaction with MOs the stabilizing oxide ¥Os is extracted from the “$tabilized zirconia, leading to severe crack
formation due to transition to monoclinic Zr&LAMPP sealed zirconia barrier coatings showed a better resistance

to hot corrosion as compared to-&Y0,/ZrSiOs ceramics. The reactiotasking place upon LAMPP and formation

of a compositional and porosity gradient due to melting and rapid solidification of the ceramic phases are
discussed. Application of such coatings as Environmental Barrier Coating for Thermal Barrier Coatings is

addressed

Keywords: LAMPP, Hot CorrosionTBC, zirconia

1. Introduction

Extended usage of-¥rO, based ceramic coatings is practiced for thermal barrier applicatimesthe mieBOties

and stateof-the-art gasturbine engines require high temperature thermal barrier co@fiBgG) for improved

efficiency and performancgl] These protective coatings require a low thermal conductivity along with high

erosion and chemical corrosion resistance. In essence, these coatings enhance turbine efficiency and reduce
emissions by increasing the in service terapge.[2] Moreover, they enhance li#éme by protecting the turbine

from molten contaminants such as calcioragnesiurraluminasilicates (CMAS) or molten salts. For thermal

protecton, (e.g.,ofNBased super alloys) TBC6s havpgi5saeoftha mpl y s
art TBC6s for aircraft turbines are built up by a met
followed by a 7 wt% Y2®doped ZrQ top coat, deposited either by electromimephysical vapor deposition (EB

PVD) or by atmospheric plasma spraying (AHS8).For both processes, the resulting microstructure provides a

bond coat oxida&n and, for a certain application period, a spalling and delamination of the topr¢datother

essential requirement is that the material must resist high stress upon thermal cycling caused by the mismatch in
coefficient of thermal expansion (CTE) between alloy, bond coat, and top coat.

Recently, increased importance of energy efficiency éonlgustion engines, like turbines, poses new challenges
to the thermal and hot gas as well as ash corrosion resistance of such s@hii@dor low thermal conductivity

at hightemperature porougructures are beneficiaheir resistance to combustion fumes, particle erosion and hot
corrosion is low. Industrial gas turbines can be operated witlgledity fuels. These fuels contain certain amount
of elemental impurities such as vanadium or phosphorus. During combusties ftlels create ash deposits inter
alia composed of vanadium pentoxidg)y, with a low melting point of 690°(8i 10] Thus, at typical gas turbine
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operating temperatures thanadic ash deposits are molten or gaseous, and thereby accelerate the surface corrosion
rate of TBCs. The material degradation in TBC systems by hot corrosion is mainly caused by the reaction of molten
deposits with yttria stabilizer. This chemical aktad YSZ coatings result in reaction products like YA&hd
therefore initiates phase transformation of cubic or tetragonal zirconia (eZa@d)tto monoclinic zirconia (m

ZrO,) which comes along with volume expansifi]

Ideally, a well understood material, like APS sprayed ofFBED deposited Zirconia coatings would be further
developed to achieve an improved lifetime in turbines. Unfortunately, the zirconia based ceramics themselves are
sensitive to hot ash corrosion and are responsible for a high oxygen diffusivity which limits the lifetime of the
TBC system due to thermally grown oxide delamination. As a solution to overcome these problems while
increasing the combustion temperature ifaproved efficiency application of so called environmental barrier
coatingis being intensively investigated, with the aim to develop new TBC materials and repfaceivia.[12

14] However, despite extended research a convincing solution has not been found so far. We therefore concentrate
in our work on the development of new processing methods which enable densificatioousfzppoonia based

TBC to enhance corrosion stability but preserve the overall porosity required to keep the thermal conductivity low
and the thermal shock resistance high. The ideal microstructure of such coating would exhibit a cqunosdys

gradient extending over coating thickness, starting with a dense Zirconia at the surface and ending with a porous
material towards the metal side of a TBC system. Previous work at our chair showed thalr ZiQ@/NiCr
functionally graded materigl(FGM) have the potential for higemperature application because of the spatially
control of material composition as well as material properties and structure and a low volume fraction of zircon
(ZrSiOs) benefit mechanical propertie$ the ceramic compositgl5i 18] Therefore, the ceramic model systems

in the present study are 8 mol%Q%-stabilised zirconia (8¥ZrO,) ard ZrSiQ; as an additive. The idea is to
achieve a dense corrosion resistance sealing of the surface by Laser Assisted Microwave Plasma Processing
(LAMPP). The main principle of LAMPP is to scan microwave induced spatial plasma with a laser source over
thesurface samplg19] All experiments were performed in a fabale single mode microwave cavity with aLCO

laser and a magnetron source at 2,45 GHz frequency. This paper addresses the hot corrosion behavior in presence
of molten WOs with respect to microscopic observation and phase analysis. The hot corrosion behavior
experiments are carried out at 1000 °C férodir treatments.

2. Experimental
2.1 Sample preparation andAMPP Surface sealing

Ceramic powders were mixed intater based slurriemnd poured into a prefornDebinding and pressutess

sintering was performed using a8k tube furnace (Thermal Technology, USA) in As/atmosphere (gas flow

rate 25 | i). The samples were heated to 1300 °C, at 2 Knfisllowedby 1 h dwell time and then cooled down

at 2 K min' to room temperatur&urfacesealing is performed by LAMPP. Two coherent radiation sources enable
plasma ignition: a C@laser (10.6 um wavelength; 3.8 £ 0.4 mm Beam size; < 4 mrad beam divergence; 100 W
cw- output power; TEMo mode; DeMaria EletroOptics Systems, Inc.); and a ripple magnetron (2.45 GHz + 10
MHz frequency; 2 kW power out; Muegge Germany). To enable preheating of the ceramic, the sintered specimen
is laid down on a SiC susceptor inside #hemina cavity and microwave power is applied. Above 700 °C, the

laser is turned on to ignite a surface near plasma and to scan the plasma over the surface. Laser is controlled by
WeldMark 3.0 Software (Raylase Germany).

2.2 Hot Corrosion Testing

Hot corrosim testing was carried out by deposition of pressgos\pallet (diameter: 5 mm; weight: 5 mg) on top
of the samples. Afterwards the samples were heated up to 1000 °C with afmutflee (Nabertherm Germany)
at ambi ent at mos pher Afterfdeell time, the camples vereal alleved to doal o eoom
temperature inside the furnace and then were put out for characterization methods.

2.3 Characterization

Crosssection microstructure were investigated using scanning electron microscopy84d@\lJeol Japan).

Element distributions were determined by using energy dispersiag xnalysis (EDX, Oxford Instruments, UK).

The crystalline phases are determined by XRD measurements wkhlCur adi ati on k = 0. 1541
PW 1140/90, Netherlands). M@hardness profiles were determined with a Vickers indenter (MIBiTAnton

Paar, Germany) with a load of 0.2 N from the cross section surface towards center of the sample.
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3. Results and discussion
3.1 Characterization prior to hot corrosion testing

Crosssectionof the sintered 8¥ZrO; is shown inFigurel (a) and (b). Tie porosity is homogenously dispersed
within the sample with no accumulation. Due to the stagimgder8Y-ZrO; (dso = 0.54 um) with a low sintering

activity at 1300 °C only a slightly grain growth is observed within the thermally etched microstructure. The grain
sizes are in the range of 0.5 um to 1.5 |@ross section microstructure of the LAMPP sealedZ8®,is shown

in Figure2.No cracks or voids are observed, neither within the sealed zone, nor at the transition zone. The achieved
thickness of the sealed layer ispapximately 200 um and at the head of the LAMPP zone, a little spalling was
observed. The transition zone revealed a slightly pore accumulation. The thermally etched microstructure reveals
a grain size gradient, starting with grains smaller than 5 puneatahsition zone, coming up to grains > 60 um.

As compared to the asntered statéhe pores are not exclusively enriched at the grain boundaries, but rather
within the grains

Figurel (c) and (d) presents the cressction morphology of sintered 8% 0,/ZrSiOs. The ZrSiQ particles
correspond to the dark grey spots, marked with red arrows. The-distobution appears homogenous, without

any agglomerated or sediment areas. The thermally etched microstructure shows a grain size > 1 um. This implies
a slightly grain growt during sintering. After LAMPP surface sealing the microstructure changes from the top
region to the bottom region in the sealed zone, as it is seerFiume 3. It appears with a wavelike structure,
originating from the line spacing (750 pm) of the laser path during LAMPP. Within the laser paths the average
thickness of the sealed layer is 800 um, whereas between the laser paths only 500 umsitibe wane shows

a striking pore seam with an additional porosity gradient. Starting from the substrate with pore sizes smaller than
10 um, the sizes increase towards LAMPP zone to approximately 50 pum in diameter. Within the LAMPP zone,
there are only &w randomly distributed small pores. In principle, the LAMPP zone appears in a dense state with
two different microstructures: a recurrent sequence ofan@mtated dendrite structure with a circular expansion

of about 40 um diameter. Furthermore, sptedrigrains, approximately smaller than 5 um right beside the
dendrites. Meanwhile, the region nearby the transition zone shows a coarsened equiaxed grain structure
Furthermore, this region appears with a gradient in grain size.

Figure 1:Crosssection microstructure and thermally etched microstructure (high magnification image):
(a) and (b): Sintered 8¥rOz; (c) and (d): Sintered 8&¥rO2/ZrSiOs

Figure2: Crosssection microstructure of LAMPP &4 O2
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