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History of MM&FGM Conference  
 

This 14th 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 (1994), Tsukuba, Japan (1996), Dresden, Germany (1998), Estes 

Park, USA (2000), Beijing, China (2002), Leuven, Belgium (2004), Hawaii, USA (2006), Sendai, Japan (2008), 

Guimaraes, Portugal (2010), Beijing, China (2012) and Sao Paulo, Brazil (2014).  

 

Scope & Topics 
 

The increasing demand for 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 specific chemical composition. Tailoring the structure 

with the help of functional gradients or unique building blocks in metamaterials enables specific functionalities at 

different geometrical scales. Such materials are designed with embodied continuous spatial variations in 

composition and microstructure for the specific purpose, e.g., for adjusting their mechanical, thermal, optical, 

electrical, biological or multi-functional response to specific application conditions. 

The desired functional profile is often achieved with multi-material 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 energy harvesting, storage and conversion properties, 

in addition to adequate mechanical, thermal, electromagnetic, chemical or biologic responses, configuring a so 

called multifunctional behavior. These structure-dominated multi-phase materials are best understood 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, civil, energy and transportation engineering applications. 

The main objective of the 14th International Symposium on Functionally Graded Materials (ISFGMs) is to 

provide opportunities for exchange of ideas, discussion and improvement of the state of the art theory, modelling 

and synthesis techniques, applications and recent developments in the areas of functionally graded materials and 

metamaterials, through plenary lectures, oral presentations and posters.  

 

The conference topics will include the following aspects of 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 and thermo-mechanical properties, other functionalities 

¶ Modelling and Simulation 

¶ Bio-inspired & Biomaterials 

¶ Applications 

¶ Life Cycle Analysis (LCA)
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Organizers & Committees 
 

Conference Chair 
Prof. Dr. Monika Willert-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 Söllner, University of Bayreuth, Germany 

Dr.-Ing. Andreas Rosin, University of Bayreuth, 

Germany 

Dipl.-Ing. Achim Schmidt-Rodenkirchen, 

InVerTec, Germany 

Dr.-Ing. Daniel Leykam, University of Bayreuth, 

Germany 

Technical Committee 
Prof. Dr. Michael Gasik 

Department of Materials Science and Engineering 

Aalto University 

Espoo, Finland 

Prof. Dr.-Ing. Bernd Kieback 

Institute of Materials Science 

Technical University Dresden 

Dresden, Germany 

Prof. Evgeny Levashov 

Scientific-Educational Center of SHS 

Head of the Department ñPowder Metallurgy and 

Functional Coatingsò 

National University of Science and Technology 

ñMoscow Institute of Steel and Alloysò 

Moscow, Russia 

Prof. Dr. Thomas Scheibel 

Chair of Biomaterials 

Engineering Department 

University of Bayreuth, Germany 

Prof. Siegfried Schmauder 

Institute of Materials Testing 

University Stuttgart 

Stuttgart, Germany 

Prof. Filipe Samuel Silva 

Departamento de Engenharia Mecânica (DEM) 

Escola de Engenharia da Universidade do Minho 

Campus de Azurém, 

Guimarães, Portugal 

Prof. Dr. Martin  Wegener 

Institute for Applied Physics 

Karlsruher Institut für Technologie 

Karlsruhe, Germany 

 

Endorsing Society: 

International Advisory Committee on FGM 

(IACFGM) 

Chairman:  Prof. Akira Kawasaki, Tohoku 

University, Japan 

Co-Chairmen: Prof. Glaucio H. Paulino, 

University of Illinois, USA 

Prof. Omer Van Der Biest, Katholieke Universiteit 

Leuven, Belgium 

International Scientific Committee 

[USA] 

Prof. Glaucio H. Paulino, University of Illinois 

Prof. Marek-Jerzy Pindera, University of Virginia 

Prof. Jeong-Ho Kim, University of Connecticut 

Assoc. Prof. Huming Yin, Columbia University 

[Germany] 

Prof. Dr. Monika Willert-Porada, University of 

Bayreuth 

[Belgium] 

Prof. Omer Van Der Biest, Katholieke Universiteit 

Leuven 

[Finland]  

Prof. Michael M. Gasik, Aalto University 

Foundation, School of Chemical Technology (Aalto 

CHEM) 

[Slovenia] 

Dr. Sasa Novak, Joģef Ġtefan Institute, Department 

for Nanostructured Materials ï K7, Ljubljana 

[Russia] 

Prof. Evgeny Levashov, National University of 

Science and Technology ñMISiSò 

Dr. Vladimir Sanin, Institute of Structural 

Macrokinetics and Materials Science (ISMAN) 

[China] 

Prof. Lianmeng Zhang, Wuhan University of 

Technology 
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Prof. Qingjie Zhang, Wuhan University of 

Technology 

Prof. Wei Pan, Tsinghua University 

Prof. Chang-Chun Ge, University of Science and 

Technology Beijing 

Prof. Jing-Feng Li, Tsinghua University 

Prof.Zhangjian Zhou, University of Science and 

Technology Beijing 

[Turkey] 

Assoc. Prof. Serkan Dag, Middle East Technical 

University 

[Brazil]  

Prof. Fernando A. Rochinha, Federal University of 

Rio De Janeiro (UFRJ) 

Prof. Emilio C.N.Silva, University of Sao Paulo 

Prof. Luis Augusto Rocha, UNESP ï Universidade 

Estadual Paulista ñJ¼lio de Mesquita Filhoò 

[South Korea] 

Assoc. Prof. Hansang Kwon, Pukyong National 

University 

[Japan] 

Prof. Akira Kawasaki, Tohoku University 

Prof. Emeritus Yoshinari Miyamoto, Toyotanso, 

Co. 

Prof. Ichiro Shiota, Salesian Polytechnic 

Dr. Akinaga Kumakawa, Japan Aerospace 

Exploration Agency 

Dr. Yoshikazu Shinohara, National Institute for 

Materials Science 

Prof. Kiyotaka Matsuura, Hokkaido University 

Prof. Takashi Goto, Tohoku University 

Prof. Yoshimi Watanabe, Nagoya Institute of 

Technology 

Prof. Kazuhiro Hasezaki, The University of 

Tokushima 

Prof. Soshu Kirihara, Osaka University 
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Conference at a glance  
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Maps 

Bayreuth 
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University of Bayreuth 
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Symposium Venue 
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Oral sessions 
Monday, September 19th, 2016 

8:30 ï 9:00 Opening Ceremony 

Venue: H36 / NW3 

9:00 ï 9:45 Plenary Lecture I  

Venue: H36 / NW3 

M. van Hecke 

Session Chair: O. Van Der Biest 

Combinatorial Design of Textured Mechanical Metamaterials 

9:45 ï 10:15 Coffee break 

 Venue: S130 / NW III Venue: S135 / NW III 

 Manufacturing and Properties Assessment of Functionally Graded Materials and Structures I 

 Session Chair: I. Konyashin 

Modelling of Functionally Graded Structures and Materials and Structures I, 

 Session Chair: S. Schmauder 

10:15 ï 10:50 I.  Konyashin ï Functionally graded WC-Co cemented carbides: The state of the art  V. Petrova  ï Modeling of thermomechanical fracture of functionally graded coatings  

10:50 ï 11:15 C.B. Wang  ï Preparation and Properties of Nd-Substituted Bismuth Titanate Films with Gradient 
Composition  

M. Amirpour  ï Stress and vibration analysis of FG plate with in-plane material properties variation 

11:15 ï 11:40 D. Sidorenko ï Functionally graded diamond containing composite materials: manufacture, 

properties, performance 
R. Gunes ï Investigation on the Ballistic Limit of Functionally Graded Plates,  

11:40 ï 12:05 B. Henriques ï Mechanical characterization of feldspathic porcelain-zirconia composites C. Mohcine  ï Geometrically nonlinear free vibration of clamped-clamped functionally graded beam with an 

edge crack 

12:05 ï 12:30 G. Luo ï Fabrication and Application of Mg-Cu Graded-Density Impactors from Powder 
Processing for Accurately Controlled Complex Loading Paths in Light-gas Gun,  

I. Comez ï The Contact Problem of a Rigid Punch Sliding over a Functionally Graded Bilayer 

12:30 ï 13:30 Lunch break 

13:30 ï 14:15 Plenary Lecture II  

Venue: H36 / NW3  
S. Schmauder 

Session Chair: O. Van Der Biest 

Challenges in multiscale materials modelling for FGMs 

 Structure Dominated Biomaterials I, Session Chair: J. C. M. Souza Porous and Ordered Structures, Session Chair: V. Sanin 

14:20 ï 14:55 M. Lorenzetti  ï Titania Surface Layer Can Prevent Adhesion of Bacteria to Titanium Implants O. Mondain-Monval ï Soft Porous Materials for Acoustics 

14:55 ï 15:20 C. Ortmann ï Functionally Graded Ceramic Implant Materials for Joint Endoprotheses ï Experiences 

and Outlook 

R. Zhang ï Fabrication and Characterization of Functionally Graded CNTs/PMMA Microcellular 

Foams with Designed Cell Structure 

15:20 ï 15:45 J. C. M. Souza ï Applications of functionally graded materials in dentistry N. A. Sanina ï Multifunctional polymer composites and ordered nanostructures of photochromic molecular 

magnets: synthesis and properties 

15:45 ï 16:15 Coffee break 

16:15 ï 16:40  A. Rosin ï In-vitro biocompatibility of Ti-implants with compositionally graded coatings M. Borovinġek ï Plastic wave propagation velocity in graded metallic foam materials 

16:40 ï 17:05 B. Henriques ï FEM and analytical analysis of the bending stress distribution in graded zirconia-

based dental ceramics 

K. Arslan  ï Low Velocity Impact Performance of Honeycomb Sandwich Structures Reinforced by Functionally 

Graded Face Plates,  

17:05 ï 17:30 Oral Poster presentations 

17:30 ï 21:30 Bavarian Evening & Poster Session Opening 
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Tuesday, September 20th, 2016 

9:00 ï 9:45 Plenary Lecture III  

Venue: H36 / NW3 

C. Körner 

Session Chair: A. Kawasaki 

From open-cellular materials to mechanical metamaterials by 

structural design and 3D-printing,  

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

10:15 ï 11:00 Plenary Lecture IV  

Venue: H36 / NW3 

L.A. Rocha 

Session Chair: A. Kawasaki 

Multifunctional graded surfaces for osseointegrated implants: 

Combining tribocorrosion resistance with bone cells activity 

 Venue: S130 / NW III Venue: S135 / NW III 

 Manufacturing and Properties Assessment of Functionally Graded Materials and Structures II  

Session Chair: Y. Watanabe 

Testing of Functionally Graded Structures and Materials I  

Session Chair: C. Körner  

11:05 ï 11:30 S. Kirihra  ï Stereolithographic Additive Manufacturing of Geometric Micro Patterns in Bulky 

Metal and Ceramic Components  

J. Zhang ï Microstructural Characterization of Mg/Al Diffusion Bonded Joint Using Al-Ni Interlayer 

11:30 ï 11:55 M. Rauch ï Challenge for Additive Manufacturing of Functionally Graded Materials Parts C. Richter ï Hot corrosion behavior of 8Y-ZrO2/ZrSiO4 ceramic sealed by Laser-assisted Microwave 

Plasma Processing 

11:55 ï 12:20 Y. Watanabe ï Microstructure and Wear Property of Al-Al3Ti FGMs Fabricated by Centrifugal 

Solid-Particle and in-situ Methods 

S. Takahashi ï Measurement of Young's Modulus at Elevated Temperatures of Thermal Barrier Coating 

by Bending Resonance Method 

12:20 ï 12:45 V.N. Sanin ï Hierarchical Structured Intermetallic Alloys Produced by Centrifugal SHS-Casting 

Technology 

Y. Shinohara ï Development of measurement system of thermoelectric properties of thin films in the 

thickness direction,  

12:45 ï 13:30 Lunch break & Industrial Exhibition  

13:45 ï 14:30 Plenary Lecture V 

Venue: H36 / NW3 

C. Santangelo  

Session Chair: A. Kawasaki 

Self-Folding Structures By Programming Gradients in Polymer 

Sheets: Theory and Practice  

 Functionally Graded Amorphous and Semi-Crystalline Materials 

Session Chair: A.R. Boccaccini 

Modelling of Functionally Graded Materials and Structures II 

 Session Chair: C. Santangelo 

14:35 ï 15:10 S. Gerlach - Gradient-Index Micro-Optics by Ion Exchange in Glass and its Applications to Optical 

Metrology and Biophotonic Imaging 

M. Gasik - FGM Thermal Barrier Coatings Optimization under Hot Burner Testing Conditions 

15:10 ï 15:35 A. Streicher - Confocal chromatic sensor systems based on gradient index optics M. K. Apalak  - Stress wave propagation in a functionally graded cylinder 

15:35 ï 16:00 T. 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 

16:00 ï 16:25 D. Leykam - Glasceramics with graded photocatalytic activity K. Daszkiewicz - Elastoplastic analysis of axially loaded FGM box section column 

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

16:45 ï 17:30  Plenary Lecture VI 

Venue: H36 / NW3 

A. R. Boccaccini  

Session Chair: A. Kawasaki 

Functionally Graded Materials in Biomedical Applications: Progress and Challenges 

19:00 ï 22:00 Conference dinner at Eremitage Restaurant 
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Wednesday, September 21st, 2016 

9:00 ï 9:45 Plenary Lecture VII  

Venue: H36 / NW3 

U. Gbureck 

Session Chair: M. Gasik 

3D Printing of Drug and Material Gradients in Bioceramic Implants 

9:45 ï 10:15 Coffee break 

 Venue: S130 / NW III Venue: S135 / NW III 

 Manufacturing and Properties Assessment of Functionally  

Graded Materials and Structures III  

Session Chair: L.A.  Rocha 

Structure Dominated Biomaterials II,  

Session Chair: G. Lang 

10:15 ï 10:40 C.-C. GE -  Research on FGM for Nuclear Applications E. DeSimone - Recombinant spider silk proteins as bioinks 

10:40 ï 11:05 M. Hamamci -  Experimental Investigation of Microstructural and Micromechanical Properties of 

Fe/B4C-Fe/B Functionally Graded Materials 

C. Haynl - Collagen-based gradient materials for tendon replacement 

11:05 ï 11:30 H. Kohri  - Friction and Wear Characteristics of MoS2/Cu-Sn Composite Film G. Lang - Mechanical Testing of Engineered Spider Silk Filaments Provides Insights into Molecular 

Features on a Meso-Scale 

11:30 ï 11:55 J. Park - Functionally Graded Cu ZnS Phosphor and its Applications M. Miyaoka  - Study on the functionally graded characteristics of biofilms 

11:55 ï 12:20 E. Zamulaeva -  Electrospark Deposited FGMs Coatings with Enhanced Characteristics A. Ohmukai - Decomposition and Recovery Technology of Multi-Function Type Print Circuit Board with 

Substrate a Biodegradable Resin 

12:20 ï 13:30 Lunch break 

13:30 ï 14:05 Keynote 

Venue: H36 / NW3 

B. Nacke 

Session Chair: M . Gasik 

Electromagnetic induced segregation of aluminum alloy cast parts, 

 

 Manufacturing and Properties Assessment of Functionally  

Graded Materials and Structures IV, 

Session Chair: B. Henriques 

Performance Verification of Functionally Graded Materials and Structures,  

Session Chair: M. K. Apalak 

14:10 ï 14:35 R. Zhang - Synthesis and Mechanical Properties of Graded TC4 Titanium Alloy via Plasma 
Activated Sintering 

M. Aydin  - Effect of Number of Layers on the Ballistics Performance of Functionally Graded Sandwich 

Plates 

14:35 ï 15:00 X. Ren - Innovative Preparation of Nano-sized WC/W2C/W Functionally Graded Material 

(FGM) 
S. Oetinger - High pressure injection valve with magnetic gradient 

15:00 ï 16:00 Venue: H36 / NW3 Panel discussion & closing ceremony (Introduction of next conference venue) 

16:00  Farewell barbecue 
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Poster Program 

Development of a functional glass having antimicrobial  activity , 

non-irritant  and low ion elution via silver or copper ion 

exchangehnique 

Gyu-In Shim, Seong-Hwan Kim, Se-Young Choi Department of Materials Science and Engineering, Yonsei University, Seoul, Republic 

of Korea 

Fabrication of lightweight and thin bulletproof  materials 

satisfying protective capacity of NIJ level III  using strengthened-

glass/polymer composite by ion exchange 

Gyu-In Shim1, Seong-Hwan Kim1, Jong-

Kyoo Park2, Se-Young Choi1 

1Department of Materials Science and Engineering, Yonsei University, Seoul, 

Republic of Korea 
2Agency for Defense Development, Daejeon, Republic of Korea 

Fabrication of functionally  graded materials with  a high 

melting point difference for  extreme environment 

application 

Zhangjian Zhou, Changchun Ge School of Materials Science and Engineering, Uniersity of Science and 

Technology, Beijing, China 

Oxidation Resistance of MoSi2/Mo FGMs Layer for  Titanium  

Aluminide Intermetallic  Compound 

Masayuki Ohshima1, Shohei Matsuda1, 

Toshimitsu Tetsui2, Kazuhiro Hasezaki3 

1Intelligent Structures and Mechanics Systems Engineering, Graduate School of 

Advanced Science and Technology, Tokushima University, Tokushima, Japan 
2High Temperature Materials Center, National Institute for Materials Science, 

Tsukuba, Ibaraki, Japan 
3Department of Mechanical Science, Graduate School of Science and 

Technology, Tokushima University, Tokushima, Japan 

Change in mechanical characterization according to the 

addition of graphene in functionally  graded Cu-ZnO 

manufactured through spark plasma sintering 

Kwangjae Park1, Jehong Park2, 

Seungchan Cho3, Akira Kawasaki4, 

Kwonhoo Kim1 Hansang Kwon1,2 

1Pukyong National University, Republic of Korea  
2Next-Generation Materials Co., Ltd.(NGM), Republic of Korea 
3Korea Institute of Materials Science, Republic of Korea 
4Tohoku University, Japan 

Si3N4-CMC reinforced with compositionally graded 

carbon fibers 

Christian Richter1, Karina Mees1, 

Monika Willert-Porada1, Viktor Heyer2, 

Achim Schmidt-Rodenkirchen3 

1Chair of Materials Processing, University of Bayreuth, Germany 
2Graduate School 1229, University of Bayreuth, Germany 
3InVerTec e.V., Bayreuth, Germany 

Influence of ionic conductivity gradient in refractory  

lining  for  energy efficiency of electrically heated glass 

melting tanks 

Andreas Rosin, Thorsten Gerdes, 

Monika Willert-Porada 

Chair of Materials Processing, University of Bayreuth, Germany 

Reactive Texturing  of Y-TZP and Ce-TZP in Magnetic Field O. Van der Biest1, D. Vriami1, E. Beaugnon2 1Department of Materials Engineering, K.U.Leuven, Heverlee, Belgium 
2Laboratoire National des Champs Magnétiques Intenses (LNCMI), Grenoble, France 

Innovative Preparation of Nano-sized WC/W2C/W 

Functionally Graded Material  (FGM) 

Xiaona Ren, Min Xia, Qingzhi Yan, 

Changchun Ge 

Institute of Nuclear Energy and New Energy System Materials, School of 

Materials Sciences and Engineering, University of Science and Technology 

Beijing (USTB), Beijing, China. 
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Workshop Program 
 

Workshop: Additive manufacturing for multimaterials and 

functionally graded materials and hands-on training 

Date: Thursday, September 22nd, 2016 

Room: H36/ NW III  
 

  

10:00 Introduction into workshop topics 

10:30 ï 11:00  The LaserCUSING® Process 

Peter Pontiller-Schymura 

Concept Laser GmbH, Lichtenfels, Germany 

11:00 ï 11:30 Binder Jetting technology to 3D print  complex parts in industrial -grade 

materials 

Dr. Sarig Nachum 

Fraunhofer-Zentrum für Hochtemperatur-Leichtbau HTL, Bayreuth 

11:30 ï 12:30 Lunch break 
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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 Erlangen-Nuremberg, Germany. He is also visiting Professor at Imperial College 

London, UK. He holds an engineering degree from Instituto Balseiro (Argentina), Dr-Ing. from 

RWTH Aachen University (Germany) and Habilitation from TU Ilmenau (Germany). The 

research activities of Prof. Boccaccini are in the field of glasses, ceramics and composites for 

biomedical, functional and/or structural applications. He is the author or co-author 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 different universities 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 Society (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 editor-in-chief of the journal Materials Letters and serves in the editorial board of more 

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 of Science and Technology 

of Argentina. 
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Functionally Graded Materials in Biomedical Applications: Progress 

and Challenges 

 

Liliana Liverani, Aldo R. Boccaccini  

 
1Institute of Biomaterials, University of Erlangen-Nuremberg 

91058 Erlangen, Germany 

 aldo.boccaccini@ww.uni-erlangen.de 

 

An overview on the applications of FGM in 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 scaffolds to induce the regeneration of tissues and organs because of their biomimetic 

structure resembling the anisotropic properties of native tissues. A variety of FGM-based 

scaffolds (and layered structures) are being investigated which exhibit graded properties in 

terms of composition, morphology, pore size and mechanical properties. An important area of 

application of such FGM is in the reconstruction of tissue interfaces, e.g. between soft and hard 

tissues. Scaffolds based on FGM can be obtained by integrating different fabrication techniques, 

like electrospinning, rapid prototyping, foam replica method, freeze drying, etc. A series of 

examples will be reviewed in 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 fibrous 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 FGM-based (and layered) scaffolds, 

combining 3D patterned fibrous (nano)structures (Fig. 1 A-C) with zonal (biomimetic) 

mineralization utilizing bioactive nanoparticles embedded in the fibres. Remaining challenges 

in the field, especially in terms of understanding time dependent, long-term biological 

performance of FGM constructs in vivo will be discussed. 

 
Fig. 1 (A-C) Patterned electrospun fibrous layers utilized to fabricate FGM scaffolds 

 

[1] L. Liverani, et al., Mater. Sci. Eng. A 557 (2012) 54ï58. 

 

Keywords: scaffolds, tissue interfaces, stratified structures, electrospinning, composites  
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Prof. Dr. rer. nat. Uwe Gbureck 
 

 

 

3D Printing of Drug and Material Gradients in Bioceramic Implants 

 

Uwe Gbureck is a professor in the Department or Functional Materials in Medicine and 

Dentistry, University of Würzburg. He earned a PhD degree in chemistry from the University 

of Würzburg in 1999 about the synthesis of organically modified titaniumoxide coatings as 

coupling agents for hydrolysis resistant metal-polymer joints in dental applications. Afterwards, 

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

load bearing defect sites within his ñHabilitationò thesis in 2005 and was later on appointed as 

ñPriv.-Doz.ò (2005) and ñApl.-Prof.ò for Experimental Dentistry at the University Hospital 

Würzburg. 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 delivery systems based on inorganic structured 

materials. 
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3D Printing of Drug and Material Gradients in Bioceramic Implants 
 

S. Meininger, E. Vorndran, U. Gbureck 
 

Department for Functional Materials in Medicine and Dentistry, University Hospital 

Würzburg, Germany, uwe.gbureck@fmz.uni-wuerzburg.de  
 

 

The classical application of bioceramics in the form of granules or monolithic implants is 

subsequently replaced by using tissue regeneration approaches based on macroporous scaffolds. 

The latter are seeded with cells either in vitro in a bioreactor or directly in vivo following 

implantation. The fabrication of such scaffolds by additive manufacturing approaches aims to 

produce defined microstructures with interconnecting, anisotropically aligned pores in the sub 

millimetre range from calcium 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 layers [1]. 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 compounds to direct cellular response to the material. Such a 

spatial control of scaffold modification with various drugs was recently demonstrated by using 

a commercial multi-colour printer for sample preparation [2], in which the black channel was 

used for applying the binder, while the other three channels were filled with drug solutions 

(BMP-2, vancomycin, heparin) and polymer solution (chitosan hydrochloride) to produce 

graded material compositions. Drug release kinetics were shown to depend 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 of 3-4 days with release rates in the range 0.68-0.96 %/h.   

 

[1] Vorndran E, Moseke C, Gbureck U. 3D printing of ceramic implants, MRS Bulletin 40 (2015), 127-136. 

[2] Vorndran E, Klammert U, Ewald A, Barralet JE, Gbureck U. Similtaneous bioactive immobilisation during 3D 

powder printing of bioceramic drug release matrices, Adv Funct Mater 20 (2010), 1585-1591. 

 

Keywords: Calcium phosphate scaffolds, 3D powder printing, drug release 
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Prof. Dr. Martin van Hecke 

 

 

Combinatorial Design of Textured Mechanical 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 pattern formation 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 van Hecke was appointed as professor 

in the óorganization of disordered mediaô in Leiden, and after been awarded the Vici grant in 

2011, he has refocused his research towards mechanical metamaterials, from patterned elastic 

media to 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 works part-

time at AMOLF, running a single group at two locations and spearheading the óDesigner 

Matteró initiative. 
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Combinatorial Design of Textured Mechanical Metamaterials 
 

Corentin Coulais1,2 Eial Teomy3 Koen de Reus1 Yair Shokef3 and Martin van 

Hecke1,2 
 

1Huygens-Kamerlingh Onnes Lab, Universiteit Leiden, PObox 9504, 2300 RA Leiden, The 

Netherlands 
2FOM Institute AMOLF, Science Park 104, 1098 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, although in practice, 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 functionality which require aperiodic architectures. However, a 

naēve implementation of such structural complexity invariably leads to frustration, which 

prevents coherent operation and impedes functionality. Here we introduce a combinatorial 

strategy for the design of aperiodic yet frustration-free mechanical metamaterials, whom we 

show to exhibit spatially textured functionalities. We implement this strategy using cubic 

building blocks - voxels - which deform anisotropically, a local stacking 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 but predictable 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 mechanical metamaterials with machine-like functionalities. 

 

Keywords: Mechanical Metamaterials, Combinatorics, Designer Matter 
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Prof. Dr.-Ing. habil. Carolin Körner  

 

 

From open-cellular materials to mechanical metamaterials by structural design and 3D-

printing 

 

Carolin Körner has studied theoretical physics and graduated in the field of theoretical nuclear 

physics at the University of Erlangen-Nuremberg. Afterwards she changed to the Department 

of Materials Science and gained her PhD in the field of modelling of laser material interaction 

phenomena. She habilitated in the field of light-weight 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 University of Erlangen-Nuremberg. In addition, she is head 

of the additive manufacturing groups at the Joint Institute of Advanced Materials and Processes 

in Fürth and at New Materials Fürth GmbH. Her research areas are additive manufacturing of 

high performance materials, casting technologies, metal matrix composites and process 

simulation. 
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From open-cellular materials to mechanical metamaterials by 

structural design and 3D-printing    
 

C. Körner1, F. Warmuth2, M. Wormser2, Y. Liebold-Ribeiro1 
 

1Universität Erlangen-Nürnberg,  

Chair of Materials Science and Technology for Metals,  

carolin.koerner@fau.de 
2Universität Erlangen-Nürnberg,  

Joint Institute of Advanced Materials and Processes, Fürth, 
 

Cellular metals or 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 of open-cellular 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 can now be used to create materials with 

completely unusual and new properties, e.g. materials showing a negative Poissonôs ratio 

(auxetic material) or materials with full phononic band gaps. The properties of these printed 

materials are primarily governed by their 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 physical mechanisms leading to specific properties, like a negative Poissonôs ratio or full 

phononic band gaps, has to be developed. A systematic approach based on eigenmode analysis 

of basic cell topologies combined with static and dynamic numerical characterization allows 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 beam melting, a powder bed based additive manufacturing method, 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 experimental results 

demonstrates the predictive power of the knowledge based design.     

  

Keywords: Cellular metals, mechanical metamaterials, 3D-printing, selective electron beam melting 
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Prof. Luís Augusto Rocha 

 

Multifunctional graded surfaces for osseointegrated implants: Combining tribocorrosion 

resistance with bone cells activity 

 

Luís Augusto Rocha is Associated Professor at UNESP ï Univ. Estadual Paulista, Faculdade 

de Ciências 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 the Institute of Biomaterials, Tribocorrosion and Nanomedicine and 

member of the MEMS-UMinho ï Center MicroElectroMechanical Systems at University of 

Minho. 

His research interests are focused on biomaterials, namely on the development of functionally 

graded materials (FGM), surface functionalization of metallic biomaterials and on the 

investigation of the degradation mechanisms of those materials, essentially from the 

tribocorrosion point-of-view, and its influence on biological systems.  

He is a member of WP18 on Tribocorrosion (European Federation of Corrosion), LGM-AS ï 

Int. Assoc. for Layered and Graded Materials (World Academy of Ceramics) and International 

Advisory Board on Functionally Graded Materials (FGM Forum, Japan). 
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Combining tribocorrosion resistance with bone cells activity   
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1UNESP ï Universidade Estadual Paulista, Fac. Ciências Bauru, Brazil, lrocha@fc.unesp.br 
2IBTN/Br ï Brazilian Branch of the Institute of Biomaterials, Tribocorrosion and 

Nanomedicine, Brazil 
3CITEVE ï Centro Tecnológico Indústria Têxtil e Vestuário, Vila Nova de Famalicão, 

Portugal, fernando.g86@gmail.com 
4National 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 used in dental and orthopedic implants. Among other factors, 

lifetime of osseointegrated implants is influenced by the capability of the surface of the implant 

to induce osteoblasts (bone-forming 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 fact, degradation by 

tribocorrosion mechanisms (corrosion + mechanical wear) results in the modification of the 

surface characteristics of the material, but, at the same time, generates micro or nano-sized 

debris and/or metallic 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 titanium by micro-arc-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 cells, enhancing at the same time the tribocorrosion resistance 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 influence of the chemical and 

structural characteristics of the film on the tribocorrosion mechanisms and biological 

interactions will be discussed.  

 

Keywords: Functionally graded surfaces; osteoblasts; debris; tribocorrosion; nanotoxicity 
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Prof. Christian Santangelo 

 

Self-Folding 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 post-doc at the 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. His most recent work has been on using geometry to design shape 

and control the mechanical properties of thin elastic sheets. 
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Self-Folding Structures By Programming Gradients in Polymer 

Sheets: Theory and Practice 
 

Christian Santangelo1 
 
1Department 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 of reversibly folding and unfolding. This self-folding 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 theoretical tools to design such 

self-folding sheets lag behind experimental capabilities. I will discuss the work of our group 

and collaborators in developing tools to design self-folding structures by programming either 

gradients in cross-link density or material properties. Whether, and how, a particular structure 

can be ñself-foldedò depends crucially on the interplay between geometry and the mechanics 

thin sheets. Finally, I will discuss challenges in the design and fabrication of self-folding 

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. Siegfried Schmauder 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 Max-Planck-Institute 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 offer to become 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 than 400 research papers in the field of 

nano- 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, D-70569 Stuttgart, Germany, 

siegfried.schmauder@imwf.uni-stuttgart.de 
 

 

In the recent past, multiscale materials modelling became a central idea in understanding 

present day complex composites and in making progress in the development of advanced 

materials [1]. There exists, however, a discrepancy between available results described in 

literature and the expression ñmultiscale modellingò, because typically cases are treated with 

two length scales only and sometimes additional one or two time scales. 

This presentation will describe several successfully running multiscale examples which are 

used in analyzing pipeline steel weldments, metal/ceramic interfaces, polymer composites, 

bionic materials and fatigue problems 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 modelling and development of FGMs in 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 modelling approaches into 

account. As examples solid solution hardening [2] is considered for Fe-base materials or fatigue 

loading for polycrystalline steels [3] where property predictions are in close agreement to 

experimental findings. 

 

[1] S. Schmauder, I. Schäfer (Eds.), Multiscale Materials Modelling ï Approaches to Full Multiscaling, de 

Gruyter, Berlin (2016) (to be published) 

[2] S. Schmauder, C. Kohler, Comp. Mater. Sci., 50 (2011), 1238-1243 

[3] Z. Bozic, S. Schmauder, M. Mlikota, M. Hummel, Fatigue Fract. Eng. Mater. Struct., 37(2014), 1043ï1054  

 

Keywords: multiscale modelling, fatigue, solid solution hardening, FGMs  
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Session: Manufacturing and Properties Assessment of 

Functionally Graded Materials and Structures I  

Session Chair: I. Konyashin 

Date: Monday, September 19th, 2016, Morning Session: 10:15-12:30 

Room: S 130/ NW III 
 

10:15 ï 10:50 Functionally graded WC-Co cemented carbides: The state of the art 

I.Konyashin, S. Hlawatschek, B. Ries, E. Levashov, A. Zaitsev 

10:50 ï 11:15 Preparation and Properties of Nd-Substituted Bismuth Titanate Films 

with Gradient Composition 

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

11:15 ï 11:40 Functionally graded diamond-containing composite materials: 

manufacture, properties, performance 

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

11:40 ï 12:05 Mechanical characterization of feldspathic porcelain-zirconia 

composites 

B. Henriques, R. L.P Santos, R. M. Nascimento, J. C.M. Souza, F. Silva 

12:05 ï 12:30 Fabrication and Application of Mg-Cu Graded-Density Impactors from 

Powder Processing for Accurately Controlled Complex Loading Paths 

in Light -gas Gun 

Guoqiang Luo, Jiayu He, Lianmeng Zhang, Xiaozhuang Zhou, Qiang Shen, 

Meijuan Li, Chuanbin Wang, Jian Zhang, Jinsong Bai, Yuyin Yu 

12:30 ï 13:30 Lunch 
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Functionally graded WC-Co cemented carbides: The state of the 

art 
  

I.Konyashin1,2, S. Hlawatschek1, B. Ries1, E. Levashov2, A. Zaitsev2  
  

1Element Six GmbH, Burghaun, Germany. Email: igor.konyashin@e6.com 
2National University of Science and technology MISiS, Moscow, Russia. Email: 

levashov@shs.misis.ru 
  

The fabrication of cemented carbides with functionally graded composition, microstructure and 

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 

outlined. Different technologies employed for the manufacture of functionally graded WC-Co 

cemented carbides are reviewed. Various types of functionally graded WC-Co materials 

designed for specific applications and fabricated by tailored sintering techniques are described. 

The functionally graded cemented carbides are characterized by a unique combination of 

various properties including exceptionally high hardness and fracture toughness, which cannot 

be achieved in bulk WC-Co 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 

surface layer. Mechanisms of binder migration phenomena allowing one to produce the 

functionally graded cemented carbides by their self-assembly during 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 with numerous examples illustrating the dramatic 

improvement of their wear-resistance and significant prolongation of tool lifetime are 

presented. Modern trends in the research and development of novel functionally graded WC-

Co cemented carbides are outlined.   

 

 Keywords: cemented carbides, sintering, hardness, fracture toughness 
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Preparation and Properties of Nd-Substituted Bismuth Titanate 

Films with Gradient Composition  
  

C.B. Wang, D.Y. Guo, C.Y. Liu, Q. Shen, L.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 (Bi4-xNdxTi3O12, abbreviated as BNT) films have been 

extensively investigated for the possibility of application in non-volatile ferroelectric 

memories. It is supposed that the properties of those films could be enhanced by changing their 

compositions gradually, as verified in the compositionally-graded V-doped bismuth titanate 

films. In this study, BNT films with gradient composition were prepared on Pt(111)/Ti/SiO2/Si 

substrates by sol-gel, and the microstructure, ferroelectric and dielectric properties of the films 

as a function of composition were investigated. At first, single-phased BNT films with 

compositions changing from x = 0 to x = 1.0, respectively, were obtained. With increasing Nd 

content, the preferred orientation of the films changed from random to (117), resulting in the 

improvement in properties. Then, the (117)-oriented 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 (Pr) and permittivity (Ůr) of the 

compositionally-graded BNT films were significantly enhanced, which were 2Pr = 34.9 ɛC/cm2 

and Ůr = 509.  

  

Figure 1 Structure and ferroelectric properties of BNT films with gradient composition  

 

Keywords: BNT films, gradient composition, ferroelectric properties, dielectric properties  
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Functionally graded diamond-containing composite materials: 

manufacture, properties, performance  
 

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

 

National University of Science and technology MISiS, Moscow, Russia.  email: 

dsidorenko@inbox.ru  

  
 

 

Diamond cutting tools with metal binders (saw blades, core 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 tools wear down rather quickly, which has 

significant technical and economic implications. Currently, there are three main ways of 

improving the quality of diamond cutting tools: increasing (1) strength of binder (metal matrix), 

(2) diamond grain grade and (3) adhesion strength between the diamond and 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 spontaneous formation of WC-based 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 via a gas-phase transport mechanism leading to chemisorption of volatile 

tungsten oxide WO3 onto diamond surface followed by WO3 reduction and carbide formation. 

The simultaneous increase of the binder mechanical properties and formation 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; nanoparticles; metal matrix composite; cutting tool  

  

https://en.wikipedia.org/wiki/Diamond_blade
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Mechanical characterization of feldspathic porcelain ï zirconia 

composites  
  

B. Henriques1,2, R. L.P Santos3, R. M. Nascimento3, J. C.M. Souza4, F. Silva2  
  

1Ceramic and Composite Materials Research Group (CERMAT), Federal University of Santa 

Catarina (UFSC), Campus Trindade, Florianópolis/SC, Brazil, 

brunohenriques@dem.uminho.pt 
2CMEMS-UMinho, University of Minho, Campus de Azurém, 4800-058 Guimarães, 

Portugal, fsamuel@dem.uminho.pt 
3Department of Materials Engineering, Federal University of Rio Grande do Norte 

(UFRN), Campus Lagoa Nova, 59078-970, Natal, Brazil, rubensmaribondo@gmail.com, 

raffitasantos8@hotmail.com 
4CEPID, Department of Dentistry (DODT), Universidade Federal de Santa Catarina (UFSC), 

Florianópolis/SC, Brazil, julio.c.m.souza@ufsc.br 
  
  

The purpose of this study was the production and mechanical characterization of feldspathic 

porcelain reinforced by zirconia particles aiming at a FGM application. Feldspathic porcelain 

specimens with different volume fractions (10, 20, 30, 40 or 50%) of zirconia particles (3YTZP) 

dispersed in the matrix were produced. The mixtures were heat pressed in vacuum at 970°C for 

2 min. Flexural strength, Hardness, Youngôs modulus and fracture toughness were measured. 

The microstructure and fracture surfaces were characterized by FEG-SEM. Chemical analyses 

were performed by EDS and XRD. The highest flexural strength (218 ± 24 MPa) and fracture 

toughness (2.1 ± 0.1 MPa m1/2) values were recorded for composites containing 30% zirconia 

particles. That corresponded to improvement in mechanical properties of about 2 times relative 

to those registered for feldspar-based porcelain. The Youngôs moduli increased with the 

addition of zirconia particles. The hardness values were not significantly different. The addition 

of zirconia particles to feldspathic porcelain improved significantly the mechanical properties 

of the base material. 

 

Keywords: feldspathic porcelain, zirconia, heat pressing, composites, mechanical properties.  
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Fabrication and Application of Mg-Cu Graded-Density Impactors 

from Powder Processing for Accurately Controlled Complex 

Loading Paths in Light-gas Gun 
  

Guoqiang Luo1, Jiayu He1, Lianmeng Zhang1 *, Xiaozhuang Zhou1, Qiang 

Shen1,  Meijuan Li1, Chuanbin Wang1, Jian Zhang1, Jinsong Bai2, Yuyin Yu2 
  

1State 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 919-111, Mianyang, Sichuan 621900, China 

*corresponding author, Tel.: +86 186-2706-0013; fax: +86 27 87879468. E-mail address: 

luogq@whut.edu.cn 

 

Compositionally graded Mg-Cu structures for use as light-gas gun impactors were fabricated 

by powder processing and hot-press sintering. Layers of pressed metal powders were stacked 

in sequence according to designed density-thickness curves to attain desired thermodynamic 

loading paths. Powder processing was simple to operate and allowed excellent control of the 

composition and thickness. The samples were highly densified (Ó98.7%) and contained no 

intermetallic compounds or magnesium oxides. Mg and Cu phases were dispersed 

homogeneously and well compacted and no obvious pores or voids between layers were found. 

The thickness of each layer deviated little from the designed values, with errors of 0.06-1.13%. 

Additionally, the parallelism and flatness of the samples were very good. In order to attain the 

dynamic loading paths, a 14 layer graded-density 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 hydrodynamic 

numerical model. These two profiles agreed well with each other, with both particle velocity 

and time scale accurately controlled. The Pressure-Time diagram was calculated and a complex 

applied-pressure profile combining shock loading, constant pressure, release, quasi-isentropic 

compression was attained. The mechanism of the Pressure-Volume diagram was explored 

extensively.  

 

Keywords: Powder processing; Graded-density impactors; Complex applied-pressure profile   
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10:15 ï 10:50 Modeling of thermomechanical fracture of functionally graded coatings 

V. Petrova, S. Schmauder 

 

10:50 ï 11:15 Stress and vibration analysis of FG plate with in-plane material 
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Maedeh Amirpour, Simon Bickerton, Raj Das, Brian Mace 
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 A model of fracture of functionally graded coatings on a homogeneous substrate (semiinfinite 

medium) subjected to thermo-mechanical loading (residual 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 graded coating is not steep.  

Experimental investigations of thermal barrier coatings under thermal shock show that edge 

cracks appear first and then internal horizontal cracks are forming [1]. Besides, the tendency 

for horizontal crack initiation 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. Stress intensity factors at crack tips are determined and then, using an appropriate 

fracture criterion, 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), 2152-2161  

  

Keywords: fracture, functionally graded coatings, thermo-mechanical loading, stress intensity factors   
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This paper presents the bending and free vibration solution 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 sinusoidal 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), 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 modelling of the FG plate. 

Moreover, the combination of the derived analytical 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 plates, In-plane properties variation, Stress, Vibration    
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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 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 geometry and to protect the structural integrity in ballistic applications. In 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 metal constituent supplies the structural integrity 

of the FGM armor. 

The aim of this study is to investigate the effect of through-thickness material properties of the 

FG plates and impact angle of the projectile on the ballistic limits of FGM armor system. 

MoriTanaka homogenization scheme is used as the micro-mechanical model to determine the 

through-thickness material properties in the graded region. Three-dimensional explicit finite 

element simulations are carried out for the FGM armor impacted at 0º, 15º, 30º, 45º and 60º 

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 materials, Oblique impact, Ballistic limit, Explicit finite element method   
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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 layers are different. The 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.  

Poissonôs ratios are assumed to be constant and the elasticity moduli are assumed to vary 

exponentially through the thicknesses of the layers. Applying 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 the contact width. The singular integral 

equation is solved numerically utilizing Gauss-Jacobi integration formula. Numerical results 

include the contact pressure and the in-plane stress components for several geometrical and 

elastic parameters such as 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 developing wear resistant 

coatings and surfaces that would resist fatigue damage due to contact loading.   

  

Keywords: Contact Mechanics, Sliding Contact, FGM, Friction, Singular Integral Equation  

  

  

  



 L{CDaǎ нлмс                                                                 

 

   

44 14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures  

 

Geometrically nonlinear free vibration of clamped-clamped 

functionally graded beam with an edge crack 
 

CHAJDI Mohcine 1, MERRIMI El Bekkaye 2, EL BIKRI Khalid 3  
  

1Mohammed V University in Rabat. ENSET - Rabat, LaMIPI. Rabat, Morocco, 

chajdimohcine@gmail.com 
2Mohammed V University in Rabat. ENSET - Rabat, LaMIPI. Rabat, Morocco, 

e.merrimi@um5s.net.ma 
3Mohammed V University in Rabat. ENSET - Rabat, LaMIPI. Rabat, Morocco, 

k.elbikri@um5s.net.ma 
  

The present work concerns a homogenization procedure already studied in [1] developed to 

reduce the problem of geometrically nonlinear free vibrations of a clamped-clamped beam in 

functionally graded composite materials (FGM) containing an open crack in 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 by the mixture rule. The semi analytical model used in this approach is 

based on the theory of Euler-Bernoulli 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 fracture mechanics theory that 

has been done in [3]. Direct iterative method is presented for solving the eigenvalue equation 

for governing the frequency nonlinear vibration and form non-associated 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. 105-107, pp. 1681-1684, Sep. 201  

[2] Benamar R. Non-linear dynamic behaviour of fully clamped beams and rectangular isotropic and 

laminated plates, PhD Thesis, University of Southampton, 1990. p. 35ï6.  

  

[3] K.El Bikri, R.Benamar, M.M.Bennouna, Geometrically non-linear free vibrations of clampedï clamped 

beams with an edge crack. Computers &Structures 84 (2006) 485ï502.  

  

Keywords: nonlinear vibration, functionally graded material, beam, crack.  
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Despites titanium alloys are considered suitable materials for hard tissue replacement, microbial 

pre-surgical infections are often the cause for implant failure, with subsequent need for revision 

surgeries. The demand for improving the cell attachment to the load-bearing orthopaedic 

implant, rather than the occurrence of bacterial colonization, has been driving the research 

towards the optimization of the biomaterials surface properties, being the key-point for the 

success of arthroplasties. Accordingly, several methods have been proposed to improve the 

implant-tissue interface, such as the fabrication of exterior coatings or layers. Among the 

possible approaches, hydrothermal treatment (HT) of Ti-based alloys allows the synthesis of 

fully-dense and stable nanocrystalline anatase-TiO2 layers.   

The adhesion of a green fluorescent protein-tagged bacterium Escherichia coli was largely 

reduced already after 1 h incubation in contact with the HT-substrates, which further decreased 

in combination of HT method with other surface treatments (i.e. highly reactive oxygen 

plasma). Such a behaviour depended on the physico-chemical properties of the HT titania 

layers. Namely, the layers exhibited peculiar topographical, mechanical and electrochemical 

surface properties, as well as photo-induced physical phenomena [1].  

The outcomes suggested that the surface micro-/nano-topography and surface chemistry of the 

anatase-TiO2 layers contributed the most in boosting the ñrace for the surfaceò in favor of 

osteogenesis [2] rather than bacterial adhesion [3], followed by a surface charge effect, and, 

least, wettability.  

  

[1] Lorenzetti M. et al, Mat Sci Eng C, 37 (2014), 390-8  

[2] Lorenzetti M. et al, J Biomater Appl, 30 (2015), 71-84  

[3] Lorenzetti et al, ACS Appl Mater Interfaces, 7 (2014), 1644ï51  

  

Keywords: titania, anatase, layers, implants, bacterial adhesion   
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Dispersion ceramics made of alumina and YTZP are known for high strength, high fracture 

toughness and low wear rates. Mathys Orthopaedie GmbH made different efforts to use 

functionally graded ceramic materials and their extraordinary properties to manufacture save, 

osseointegrative and innovative implants.  

This lecture includes two research works on this area.   

A: Alumina hip heads were prepared with YTZP gradient inside the head cone. The resulting 

graded ZTA (zirconia toughend alumina) material was made by salt infiltration. Fracture 

strength, infiltration depth, density and amount of zirconia were investigated.  

B: ATZ (alumina toughend zirconia) ceramic implants with porous layers have been 

manufactured. The Aim of work is to generate a porous, osseointegrative and metal-free 

ceramic implant. Material was made by use of a spray coating method. It was characterized 

according to morphology, layer thickness, pore structure, roughness and adhesive tensile 

strength.  

ZTA gradient material showed increased fracture strength, high th. density in case of and fine 

microstructure. Concerning ATZ material, a porous, but adhesive ATZ layer was created.   

High efforts are required for the authorization procedure of such medical devices. We are 

convinced that in future new additive manufacturing technologies help and offer new design 

opportunities for functionally graded ceramic implant materials.  

  

Keywords: gradient, alumina, Y-TZP, porous, implant  
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In Dentistry, several authors have found different configurations based on functionally graded 

materials (FGM) to avoid failures in prosthetic infrastructures, abutments and implants. The 

main aim of this study was to describe recent studies of functionally graded materials in 

dentistry. An electronic Medline search was carried out to obtain the most relevant aspects of 

functionally graded materials in dentistry. The search items included layered materials based 

on metal-ceramic, all-ceramic 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 mechanical behavior 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 fabrication and mastication, as well as mimicking optical properties 

of tooth structures.  

    

[1] Y. Zhang. Journal of the European Ceramic Society. 32, 2623 (2012).  

[2] Mesquita-Guimarães J, Henriques, Souza JCM, Volpato CA, Silva FS, Fredel MC. Functionally graded 

materials in dentistry. In: Advances in Materials Science Research. Nova Science Publishers 2015  

[3] B. Henriques, D. Soares, F. S. Silva. Journal of the Mechanical Behavior of Biomedical Materials. 4, 1718 

(2011)  

  

Keywords: FGM; functionally graded materials;   
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Cementless titanium alloy implants are aiming at improved and long-lasting implant fixation 

due to combined bone ongrowth and ingrowth into a porous, foam-like metal surface (functional 

level I). For improved osseointegration on the porous implant surface a nanometer thin 

bioactive coating is provided, either from TiO2 or bioactive glass, in order to inhibit biofilm 

formation and/or promote adhesion of osteoblasts (functional level II). Porous fillings of Ca/Ti 

phosphates or bioactive glass inside the void shall provide bioresorbable compounds for bone 

mineralization (functional level III). Above described compositionally graded implant coatings 

were approached and investigated in the frame of the EU funded project ñMultifunctional 

bioresorbable biocompatible coatings with biofilm inhibition and optimal implant fixationò 

(Meddelcoat). Sol-gel, electrophoretic deposition, hydrothermal treatment and (microarc) 

anodization were the mainly used coating techniques. In vitro testing was focused on biofilm 

formation and cytoreactions like adhesion and proliferation of human osteogenic and 

endothelial cells, or expression of genetic markers. As a result, TiO2 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 adhesion and proliferation of osteogenic cells in comparison to blank surfaces. In vivo tests 

finally indicated that level II coatings with thin titania layer, and level III coatings of resorbable 

bioactive glass tend to be most beneficial for bone ingrowth [1-3]. 

 

[1] Drnovġek, N., Novak, S., Dragin, U. et al., International Orthopaedics (SICOT), Vol.36 (2012), pp. 1739-1745 

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

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

148 

 

Keywords: implants, biocompatibility, functionally graded coatings, in vitro, in vivo 
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This study evaluated the biaxial flexural stresses in graded zirconia-feldspathic porcelain 

composites. A finite element method and an analytical model were used to simulate the piston-

on-ring test and to predict the biaxial stress distributions 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 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 a graded structure 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 zirconia-feldspathic 

porcelain composites exhibited a more favourable stress distribution relative to conventional 

bilayered systems. This fact can significantly impact the clinical performance of zirconia-

feldspathic porcelain prostheses, namely reducing the fracture incidence of zirconia and the 

chipping and delamination of porcelain.   

  

Keywords: Biaxial flexural test, stress distribution, functionally graded ceramic, zirconia   
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Using an emulsion templating procedure coupled to microfluidics, we were able to build a new 

material, which exhibits extraordinary acoustic properties [1-3]. In particular, we show that the 

material presents a negative refractive index over a wide range of frequencies in the ultrasonic 

range. I will describe the fabrication of the material and the acoustic measurements that were 

performed on the samples. Potential applications of the obtained acoustic metamaterials will 

also be discussed.  

  

  

  

REFERENCES:   

[1] T. Brunet, J. Leng and O. Mondain-Monval, Science 342, 323 (2013)   

[2] S. Raffy, B. Mascaro, T. Brunet, O. Mondain-Monval and J. Leng, Adv. Mat. 28, 1760-1764 (2016)  
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Light weight and high strength graded 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/ PMMA microcellular 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 microcellular foams and the bonding 

strength between adjacent layers in the 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 that the uniform microcellular foams exhibit narrow cell 

distribution and the functionally graded CNTs/ PMMA microcellular foams has a cell diameter 

ranging from 1ɛm to 40ɛm through designing. The strength between adjacent layers of 

functionally graded CNTs/ PMMA microcellular foams is higher than 10 MPa It is also found 

that the functionally graded foam is superior in the mechanical properties to the uniform one, 

and the structure could be optimized to achieve desirable mechanical properties. 

  

Keywords: PMMA, Functionally Graded Foam, Morphology, Mechanical Properties, Bonding Strength  
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One of the key directions in nanotechnology is the organization of nano-objects in the system 

of interacting elements that are managed by external influences and is compatible with existing 

element base of electronic-optical devices. Design of the powder nanostructures widespread 

and brings the certain results, showing that the physical properties of organic and metal-organic 

materials essentially change as a result of nanostructuring. However actual application of nano-

objects of the polyfunctional compounds is possible in case of their organization in an ordered 

structures. Complexes of 3d metals with photochromic organic cations 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 light by a large amount (50-100%);  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 composites [1] and ordered arrays of nanowires [2] of photochromic 

molecular magnets based on the 3d metal (tris)oxalates and photochromic spiropyrans were 

obtained for the first time. Their photochemical characteristics and magnetic properties were 

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) 2, 554-559.  

[2] Sanina N.A., Morgunov R.B., Aldoshin S.M., Patent RF No. 2445256  (2012).  

   

Keywords: polyfunctionsl molecular magnets, (tris)oxalates, salts of spiropyrans, nanostructures, X-Ray analysis,  

SQUID magnetometry.  
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Plastic wave propagation in graded metallic foam materials under compression deformation at 

different strain rates was studied by means of computational simulations. A homogenized 

modelling approach was used, where properties of the homogenized material model were 

experimentally determined for density dependent material parameters of a porous AlSi7 

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 that the resulting plastic wave velocity 

domain can be divided into three separate regions, namely quasi-static, intermediate and highly 

dynamic deformation behavior. Empirical relations for characteristic loading speeds in 

materials with different porosity were determined 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 foams 

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), 269-285  

  

Keywords: plastic wave propagation, graded metallic foam, computational simulations  
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Low Velocity Impact Performance of Honeycomb Sandwich 

Structures Reinforced by Functionally Graded Face Plates  
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1Graduate School of Natural and Applied Sciences, Erciyes University, Turkey, 
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3Department of Mechanical Engineering, Erciyes University, Turkey, 
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4Department of Mechanical Engineering, Texas A&M University, USA, jnreddy@tamu.edu  

Sandwich structures are a special class of multilayered composite structures and extensively 

used in aerospace, marine and defense industries where dynamic effects are quite important 

with their high performance properties ï lightweight, high flexural stiffness and high energy 

absorption capability. Honeycomb sandwich structures are one of the commonly used structure 

especially where energy is absorbed due to impact loadings. Functionally graded materials also 

exhibit a good impact performance combining the superior features of ceramic and metal.  

Honeycomb sandwich structures reinforced 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 impact performance and energy absorption capability of two different 

honeycomb sandwich structures are investigated comparatively using explicit finite element 

code, LS-DYNA ®. In design of the sandwich structures, an aluminum honeycomb is used as 

core material and two different face plates, Al/SiC FG plates and pure Al plates, are used. The 

through thickness mechanical properties of the FG face plates are considered with respect to a 

power-law. Mori-Tanaka homogenization scheme is used for determining the locally effective 

mechanical properties of the FG face plates and TTO (Tamura-Tomota-Ozawa) model is 

implemented in finite element code in order to simulate the elastoplastic behavior of the FG 

face plates. In the second 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 materials, Honeycomb sandwich structures, Low velocity impact, Explicit finite 

element method.  
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Stereolithographic Additive Manufacturing of Geometric Micro 

Patterns in Bulky Metal and Ceramic Components 
 

Soshu Kirihra  
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Metal and ceramic bulky components including dendritic networks were geometrically built by 

using stereolithographic additive manufacturing (AM). Geometric patterns with periodic, self-

similar, graded and fluctuated arrangements were created by computer aided design, 

manufacture and evaluation (CAD/CAM/CAE) for effective modulations of energy and 

material flows through dielectric lattices in photonic crystals, porous electrodes in fuel cells 

and biological scaffolds in artificial bones. Two dimensional (2D) cross sectional patterns were 

created through photo polymerization by ultra violet laser drawing on spread resin paste 

including ceramic nanoparticles, and three dimensional (3D) composite models were sterically 

printed by layer lamination through chemical bonding. An automatic collimeter was equipped 

with the laser scanner to adjust beam diameter. Fine or coarse beams could realize high 

resolution or wide area drawings, 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 substrate at 10 ɛm in layer 

thickness by a mechanically moved knife edge. An ultraviolet laser beam of 355 nm in 

wavelength was adjusted from 10 to 300 ɛm in variable diameter and scanned on the pasted 

resin surface. Irradiation power was changed automatically from 10 to 200 mW for enough 

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, yttria stabilized zirconia electrodes 

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 manufacturing, ultraviolet laser stereolithography, nanoparticles paste, electromagnetic 

device, biological implants, energy storage module  
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Functionally Graded Materials (FGM) parts are heterogeneous objects with material 

composition and microstructure that change gradually into the parts. The distinctive feature of 

FGM structure 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 manufacture 

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 distribution and functional 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 concept imagined by a designer to the 

manufacturing of the 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 to define accurately material distributions and 

properties by using FEM simulations or topological optimizations algorithms. In contrast, high 

level CAD/CAM/CNC approaches such as STEP-NC can be highly valuable to overtake these 

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

The second issue focuses on DED process modelling to determine the appropriate 

parameterization 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 key element to prepare the 

manufacturing strategy. Indeed, for FGM parts the control of the material composition at any 

point of the part is as important as the part geometry. In addition, this process model can be 

useful to perform DFAM operations on the part to manufacture.  
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The last focus of this presentation concerns DED process toolpaths generation for FGM parts. 

By 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 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 desired material distributions.  

 Keywords: Functionally Graded Materials (FGM) parts, additive manufacturing, process modelling, 

process optimization, tool paths.  
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Fabrication of FGMs by 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 solid-particle 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 previous study [2], it has been found that 

microstructure of Al-Al 3Ti FGMs fabricated by the centrifugal solid-particle method cast at 

800°C was different from that by centrifugal in-situ method cast at 1600°C.  However, the 

microstructures of Al-Al 3Ti FGMs fabricated by the centrifugal in-situ method cast at a 

temperature around the liquidus temperature (1100°C for Al -11vol%Al3Ti alloy) is not studied.  

In this study, the microstructures of Al-Al 3Ti FGMs fabricated at 1000°C (centrifugal solid-

particle method) and 1200°C (centrifugal in-situ method) were investigated. In addition, wear 

properties of the fabricated Al-Al 3Ti FGMs were also studied.  

 

[1] Y. Watanabe, I. S. Kim and Y. Fukui, Metals and Materials International, 11 (2005), 391-399.  

[2] S. H. El-Hadad, H. Sato, P. D. Sequeira, Y. Watanabe and Y. Oya-Seimiya, Materials Science Forum, 

631632 (2010), 373-378.  

  

Keywords: centrifugal force, cast, microstructure, hardness, wear  

  



 L{CDaǎ нлмс                                                                 

 

   

62 14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures  

 

Hierarchical Structured Intermetallic Alloys Produced by 
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Russia 

 

A cost-effective SHS process (combustion synthesis) for fabricating cast intermetallic Ni-AlCr-

Co-Hf alloy as an electrode material for centrifugal sputtering of powders for additive 

technology was demonstrated on the first part of work. The SHS reactions yielding the cast 

intermetallic alloy [1] can be represented by the following scheme: (MeO)1 + (MeO)2 + (MeO)3 

+ (MeO)i + Al+ (FA)  [Cast Alloy] + Al2O3 + Q, where (MeO) ï NiO, Cr2O3, Co3O4, etc.; 

Al -metal reducer, FA is an functional additive facilitating phase segregation, and Q - the heat 

evolution. SHS-casting parameters has been optimized in wide range of centrifugal acceleration 

a = 10ï400 g. Optimization criteria were (a) to improve the phase separation, (b) to remove 

gaseous byproducts, (c) to diminish the grain size of the final product, and (d) to make 

intermetallic product more uniform. Cr-based nano- and micro- sized precipitations controlled 

mechanical behavior of high strength NiAl alloy 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 of the cast alloys 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 microstructure of synthesized FGMs were investigated. Graded materials 

obtained are promising candidates for implementation in marine and aerospace engineering, 

gas/oil transportation, structural engineering materials, etc. 

[1] V. N. Sanin and others. Russian Journal of Non-Ferrous Metals, Vol. 55, No. 6 (2014), pp. 613-619. 

[2] V.N. Sanin and others. International Journal of SHS. Vol. 11, Number 1 (2002), pp. 31-44. 

 

This work was supported by the Russian Ministry for Education and Science in the framework of Program on 

Priority Directions of R & D in the years 2014ï2020 (agreement no. 14.578.21.0040, project code 

RFMEFI57814X0040).   

Keywords: Centrifugal SHS Process, Cast protective coatings, intermetallic alloys.  
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Dissimilar welding of Mg and Al would achieve weight reduction and high efficiency of 

production by substitution of Mg and Al for steels. In this investigation, a vacuum hot-pressed 

diffusion method was used to prepare an Mg/Al layer composite using an Al thin film and Ni 

foil interlayers. The interfaces microstructure and shear strength of the joints were investigated 

by means of SEM, XRD and universal machine. The results showed that the joints were bonded 

well and the Mg-Al 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 and then decreases. The fracture 

took place somewhere at the interface of the Al-Ni.  

  

Keywords: Mg/Al ; diffusion bonding; holding time; shear strength  
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Due to the low thermal conductivity and enhanced thermal shock resistance, ZrO2-ZrSiO4/NiCr 

functionally graded materials are promising candidates for thermal barrier application. In 

comparison to direct coating of TBC on metal substrates, e.g. by plasma spraying, a 

compositional gradient reduce thermal stresses, which are caused by CTE mismatch at the 

interface. Nevertheless, 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 metal-ceramic FGM, sintered porous 8Y-ZrO2 ceramic 

and composite ceramics consisting of 8Y-ZrO2 and ZrSiO4, 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 V2O5, Vanadium Pentoxide, which are used to 

characterize hot-corrosion 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 gradient due to melting and rapid solidification of the ceramic 

phases are discussed.  

  

Keywords: hot corrosion, Laser-Microwave process, thermal barrier,   
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Thermal barrier coatings (TBCs) are the indispensable technology for hot-section components 

of an advanced industrial gas turbine. A TBC consists of a metallic bond-coat (BC) and a 

ceramic top-coat (TC) on a superalloy substrate. The reliable values of various properties 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 properties to evaluate mechanical and thermal 

stresses. Waki et al. derived a closed-form solution for the Young's modulus of the TC layer 

using the equation of motion for the bending vibration of a composite beam and experimentally 

confirmed the effectiveness of this method at room temperature [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.1. 

A TBC specimen was suspended using alumina fibers 

in an electric furnace. The resonance frequency was 

measured at from room temperature to 900 ºC and the 

Young's modulus was determined using the developed 

resonance method. It was found that the reliable 

Young's moduli of the TC and the BC can be obtained 

even at elevated temperatures.   

  

[1] H. Waki, K. Takizawa, M. Kato, S. Takahashi, J. Therm. Spray Technol., 25(4) (2016), 685-693  

  

Keywords: Thermal Barrier Coating (TBC), Young's Modulus, Resonance, Composite Beam, Thermal Spray   
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Thermoelectric materials can generate electrical power 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 

segmented thermoelectric legs of generators, which is based on a FGM concept, are effective 

to improve the generated power using bulk Pb-Te materials. Recently thin film thermoelectric 

generators are paid more attention to as energy harvesting applications. However, how to 

measure the thermoelectric properties of thin films in the thickness direction quantitatively is 

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

direction and the measurement system has been developed.   

  

[1] Y.Shinohara, Y.Imai, Y.Isoda, I.A.Nishida, H.T.Kaibe, I.Shiota, Proc. International Conference on 

thermoelectrics (1997), pp.386-389  

  

Keywords: measurement, thermoelectric properties, thin film  
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Gradient-index micro-optics in 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 slabs, which are 

produced by Silver, Sodium and Lithium ion exchange in appropriate glasses. Curved surfaces 

of conventional lenses are replaced by plane surfaces of GRIN lenses, which makes the 

fabrication of individual lenses with diameters down to 200 µm and less possible. The talk will 

introduce gradient index 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 exchange, micro-optics  
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Micro-Epsilon is known for high precision measurement technology and solutions. The sensor 

specialist has continuously set milestones especially 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 true non-contact technology. Due to these 

advantages, confocal chromatic sensors are frequently used in challenging applications in the 

manufacturing industry, quality control and for research purposes. The multi-lens optical pen 

which disperses the polychromatic light of the controller into a focused, 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.       

Gradient-index (GRIN) lenses enable to miniaturize the size of the multi-lens 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 boreholes or movement and 

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

 

Keywords: confocal chromatic, Gradient-index lens, distance measurement, borehole inspection, Micro-Epsilon 
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Distribution of electrical field gradients developing upon microwave heating glass parts 

immersed in an alkaline salt melt is analyzed by simulation. It is assumed that such gradients 

influence the process of ion exchange between the molten salt and the silicate glass immersed 

in it. It is shown that strong E-field gradients exist between the melt and the solid glass which 

could enhance ion transport due to an electro-migration effect superimposing the concentration 

gradient. In addition, interaction of the solid glass with microwave radiation could facilitate 

stress relaxation in the glass, which upon thermally induced ion 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 in 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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Photocatalytic treatment of waste water suffers from adequate exposition of the photocatalyst 

to both (sun) light and the aqueous phase. A common approach is a coating of photo-catalytic 

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

However the interaction of the coating with the wastewater leads to gradual abrasion of the 

photocatalyst and 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 SiO2-TiO2-B2O3-MgO-CaO-Na2O-Al 2O3 with varying amounts of Na2O, 

Al 2O3, B2O3, and TiO2 were investigated and amorphous phases with a TiO2 amount of up to 

28 wt.-% were produced. The glass was transferred to a glass ceramic via a two-step heat 

treatment, resulting in crystalline titania phases dispersed in an amorphous matrix. By 

hydrochloric acid leaching a porous glass ceramic with a specific surface of around 200m²/g 

was obtained. 

The photocatalytic activity of those porous structures are increased 80 times compared to the 

dense material. The optical bandgaps of the titania is between 3.0 and 3.17 eV. 

Within the paper the preparation process as well as the photocatalytic activity measured via 

degradation of methylene blue will be discussed. 

 

Keywords: Photo catalysis, glass ceramics, water purification 
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For thermal barrier coatings (TBC) thermal-mechanical fatigue due 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 to critically evaluate the 

performance of different TBC under accelerating tests. A method known as ñhot burner testò 

(JIS H7851) is being used to compare different types of coatings [1]. When FGM TBC is 

applied, its better thermal 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 inside FGM 

coating has been performed. FGM TBC with different gradation profiles were compared with 

homogeneous (duplex) coating. With a multi-objective optimization method, the optimal 

gradation profile was found. The opportunities 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, 492-493 (2005), 9-14. [2] Gasik M., Kawasaki A. Mater. 

Sci. Forum, 631-632 (2010), 79-84.  

  

Keywords: thermal barriercoatings; thermal cycle; stress; testing; modelling   
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2Department of Aerospace and Mechanical Engineering, The University 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 power-law distribution in terms of volume fractions 

of the constituents: metal (Ni) and ceramic (Al2O3). The Mori-Tanaka homogenization scheme 

was implemented to the estimation of the through-thickness material properties 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 Neumann 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 

derivatives of the mechanical properties of the 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 of the displacement and stress components exhibited 

differences in case the spatial coordinates are considered. 

 

Keywords: Functionally graded materials; stress wave propagation; finite difference method 
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Zhukovskogo str., 66, Zaporizhzhe, 69063, Ukraine, fateevajulia@gmail.com  

  

Thin walled structures made of functionally graded materials (FGM) with metal inner surface 

and ceramic in outer surface are widely used, for example, in modern air-space systems, 

engeenering applications, medicine and others. Nonlinear vibration of imperfect thin shallow 

shell made of functionally graded materials (FGM) under external forces and temperature 

loading are investigated. The shell material consists of two layers - metal and ceramic. The 

properties of structure are changing in the thickness direction according to the power low 

distribution in terms of volume fraction of material and initial conditions. The non-linear strain-

displacement relationships based upon the von Karman theory for moderately large normal 

deflections. The problem leads to necessity integration of nonlinear non-homogeneous singular 

differential equation with variable in time parameters. Three steps hybrid asymptotic approach, 

which consist of perturbation (for nonlinear problem), phase integral 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 and asymptotic 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 

cases one-term WKB-approximation gives good results for the practical purpose.  

[1] Dao Huy Bich; Yu Do Long: Nonlinear Dynamical Analysis of Imperfect Functionally Graded Materials 

Shallow Shells. Vietnam Journal og Mechanics, VAST, 32, 1 (2010), 1-14.  

[2] Vu Thi Thuy Anh; Nguyen Dinh Duc: Nonlinear Axisymmetric Response of Thin FGM Shallow 

Spherical Shells with Ceramic-Metal-Ceramic Layers under External Pressure and Temperature. VNU Journal of 

Mathematics ï physics, 29, 2 (2013), 1-15.  

 

Keywords: Functionally graded material, Imperfect shellow shell, Approximate analytical solution, Time 

dependent thickness.  
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The purpose of the research is determination of nonlinear response and load capacity of axially 

loaded box section column made of functionally graded material (FGM). The elastoplastic 

constitutive equations were formulated in the framework of 6-parameter shell theory. The 

application of this theory to shell problems with orthogonal intersections gives accurate results. 

The ceramic-metallic TiB/Ti FGM section with material parameters from work [1] was used in 

computations. We assumed the elastoplastic material model for titanium and elastic model for 

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 exponent k on nonlinear equilibrium curves is presented 

in figure. The results from authorôs FEM code were compared with results from Abaqus code. 

We demonstrated that stability of postbuckling equilibrium path depends on value of the power 

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

safe design of FGM structures.   

 

The research reported in this paper was supported by the National Science Centre, Poland with the grant 

UMO-2015/17/B/ST8/02190. Abaqus calculations were carried out at the Academic Computer Centre in 

GdaŒsk. 

 
[1] Jin ZH, Paulino GH, Dodds RH, Cohesive fracture modeling of elasticïplastic crack growth in 
functionally graded materials, Engineering Fracture Mechanics 70 (2003) 1885ï1912.  

  

Keywords: FGM, elastoplastic analysis, box section, postbuckling, 
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Chang-Chun GE, Xiaona REN, Qing-Zhi YAN, Ying-Chun ZHANG, Zhang-

Jian ZHOU, Min XIA   

Institute of Nuclear Materials (INM)  

University of Science and Technology Beijing (USTB), Beijing, China 

  

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

reactors and advanced fission reactors in INM, USTB.  

  

Three kinds of bulk FGM, including W/Cu, B4C/Cu and SiC/Cu with discontinuous 

composition distribution have been developed and fabricated with self-innovative technology 

named sintering through direct electric current under ultra-high pressure. While W/Cu FGM 

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

through sintered gradient porous skeleton.   

  

Four kinds of coating technology for making coating composites including coating FGMs are 

developing in INM, USTB: (1) plasma spraying with spherical powders for making continuous 

B4C /Cu coating FGMs and W/Cu coating FGMs; (2) Cold spraying for making W-based 

graded coatings on Cu substrates; (3) Chemical vapor deposition of W-coatings on Cu 

substrates with W(CO)6 as precursor; (4) Na2WO4ïWO3 molten salt electro-deposition on 

complex shapes of different matrix including Cu(CuCrZr, Al2O3-DSCu), Low activation steels, 

V alloys, graphite has been developed. Uniform diffusion W graded coatings with high 

thickness, strong interface strength, low oxygen content on different matrix have been 

successfully obtained.    
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In the present work, microstructure and micromechanical properties of the functionally graded 

Fe/B4C-Fe/B materials (FGMs), fabricated by powder metallurgy, were investigated 

experimentally. Samples were manufactured at different number of layers (10 and 20) which 

graded from ceramic dense layer, volume fraction of Vc max as 0,7 and 0,9 to pure iron layer 

with a constant compositional gradient (n=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 properties of the samples, 

pressureless sintering was 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 dispersive X-ray (EDX) analysis. 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 microstructure and mechanical properties was 

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

As a result of interaction between the Fe matrix and B4C-B particules, FeB and Fe2B secondary 

phases were observed and related peaks were increased at increasing volume fractions of 

ceramics and sintering time. Porosity decreased with increasing the sintering time. It was found 

that the hardness of Fe/B4C and Fe/B samples strongly depend on their structural composition 

and sintering parameters. When the B4C-B 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 when the number of layers increases.   

Keywords: Functionally graded materials, Powder metallurgy, Boronizing, Secondary intermetallic phases, 

FeB-Fe2B.    
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It is difficult to use an ordinary bearing in a vacuum and/or at a high temperature, because of 

evaporation or deterioration of the lubricant oil. A solid lubricant like as MoS2 is promising in 

such condition. Recently, a thin solid lubricant film is often applied on a hard material by PVD 

or CVD. The thin film is, 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. The aim of this report 

is to examine friction and wear behavior of the MoS2/Cu-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 at various temperature due to become bronze. Friction properties 

of composites were determined by using a ball-on-disk type testing machine. The test was 

performed in a vacuum without oil at the room temperature.   

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 ms-1 in the sliding speed, the coefficient of dynamical friction of as deposited sample, 

which is MoS2/Sn, was lower than the one of heat treated sample, which is MoS2/bronze. On 

the contrary, for the results of 0.12 ms-1 in the sliding speed, the coefficient of dynamical friction 

of heat treated sample was lower than the one of as deposited sample. The wear rates of the 

composites were 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 test condition.   

  

Keywords: Friction, Wear, Solid lubricant, Electroless deposition, Composites 
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We describe a functionally graded metal-phosphor adapting the concept of the functionally 

graded materials (FGMs); copper (Cu) is selected as a metal and Cu- and Cl-doped ZnS 

(ZnS:Cu,Cl) is selected as a phosphor and FG [Cu]-[ZnS:Cu,Cl] is fabricated by a simple 

powder process through spark plasma sintering (SPS). The FG [Cu]-[ZnS:Cu,Cl] reveals a dual-

structured functional material composed of dense Cu and porous ZnS:Cu,Cl, which is 

completely combined through six graded mediating layers. FG [Cu]-[ZnS:Cu,Cl] also exhibits 

diode characteristics and photo reactivity for 365 nm -UV light. Our FG metal-phosphor 

concept can pave the way to simplified manufacturing of low-cost and can be applied to various 

electronic devices.  

  

  

Keywords: Functionally Graded Materials (FGMs); Metal; Phosphor; Spark Plasma Sintering (SPS)  
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Pulsed electrospark deposition (PED) is widely used for surface treatment. Special features of 

PED (short heat-up pulses 10ï6-10ï3 s and high rates of warm-up and cool-down) require the 

optimization of deposition conditions (pulse duration, current, frequency, media) 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 Cr2AlC; Ag- doped TiC-Ti bioactive coatings with antibacterial effect. The results 

obtained show that TiC layer is formed during the initial stage of PED due to interaction  Cr2AlC 

electrode (anode) and Ti substrate (cathode). At high-energy PED in Ar, the TiC layer quickly 

developed and acted as cathode with erosion-resistant higher than anode, therefore Cr2AlC with 

lamellar structure became a main phase. In case of low-energy PED there are two ways to obtain 

coating with MAX phase: annealing at 7000C or preliminary PED with graphite electrode.   

Electrodes with  TiC, Ti3POx, CaO, CoTiP, TiCo, Ag7Ca2 produced by combustion synthesis 

were used to  obtain coating based on TiC, TiCo, and Ti - solid solution with ʉʘ, P, ʆ, Ag. 

Bioactivity was evaluated in vitro using simulated body fluid (SBF) and compared with that of 

bioactive glass Biogran.  

  

Keywords: electrospark deposition, coating, tribology, bioactivity    
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3D bioprinting has recently gained popularity as a fabrication technique to overcome common 

disadvantages of traditional tissue engineering (e.g. poor control over placement of scaffoldôs 

components). However, the number of process compatible materials is limited, due to stringent 

requirements placed on these materials. These so-called óbioinksô, therefore, are the current 

focus of research and development in this field. Recently, recombinant spider silk based 

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

of this work to further characterize the recombinant spider silk-based bioinks, expand the 

possible variations of the bioinks, and establish the printing parameters for these bioinks.   

  

[1] Schacht et al, Angew. Chem. Int. Ed., Vol. 54 (2015), 2816 ï2820  

  

Keywords: 3D bioprinting, bioinks, recombinant spider silk protein  
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Tendons are collagen-based 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 replacement materials from synthetic sources 

show insufficient biocompatibility. On the other side, reconstituted natural materials generally 

lack mechanical stability, which appears mostly at the interfaces between implant and tissue. 

For this reason, collagenous materials exhibiting a longitudinal gradient of their mechanical 

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

  

[1] K. U. Claussen, R. Giesa, T. Scheibel, H. W. Schmidt, Macromol Rapid Comm (2012), 33, 206-211.  

  

 Keywords: gradient material, tendon replacement, biomaterial, collagen  

  



 L{CDaǎ нлмс                                                                 

 

14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures 87 

 

Mechanical Testing of Engineered Spider Silk Filaments Provides 

Insights into Molecular Features on a Meso-Scale 
  

Gregor Lang,1,2À Benedikt R. Neugirg,3À Daniel Kluge,3 Andreas Fery4*,  

Thomas Scheibel1*  

  

1Department of Biomaterials, University of Bayreuth, Bayreuth 95440, Germany 
2Professorship for Biopolymer Processing, University of Bayreuth, Bayreuth 95447, Germany 

3 Department of Physical Chemistry II, 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 toughness in 

comparison to all other natural or man-made fibers. Despite 

a broad experimental foundation concerning the 

macroscopic silk thread properties as well as a 

simulationbased molecular understanding, the impact of the 

mesoscale building blocks, namely nano-/submicron-sized 

filaments, on the mechanical properties of the threads 

remains the missing link. Here, we illustrate the function of 

these meso-scaled building blocks using electrospun  

fibers made of a recombinant spider silk protein and show the impact of ɓ-sheet formation and 

fiber hydration on their mechanical performance. Specifically elucidating the interplay between 

ɓ-sheet-cross-linking and structural water effecting the fiberôs extensibility, the results bridge 

the gap between the molecular and the macroscopic view on the mechanics of spider silk. 

Finally, the set-up enables a precise control of mechanical properties and morphology of man-

made spider silk mimics, a pre-requisite for future applications of the precious biopolymer 

fibers [1].  

  

[1] Aldo Leal-Egana, Gregor Lang, Carolin Mauerer, Jasmin Wickinghoff, Michael Weber, Stefan Geimer 

and Thomas Scheibel, Advanced Biomaterials, 14, No. 3 (2012), B67-B75  

  

Keywords: recombinant spider silk, silk structure, mechanics, electrospinning, nanofibers  
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As regarding graded function on biomaterials, for example, we can find it in the graded 

distribution of fibrovascular bundle or lacuna on the cross-sectional surface of bamboo or 

seashell. These three dimensional structure is evaluated as the ideal buckling resistance 

structure for realizing high strength and weight saving.  

On the other hand, biofilms are used for activated-sludge process in wastewater treatment and 

producing useful materials in lactic fermentation. It has been observed that the biofilm on the 

root surface of plants dissolves phosphorus.[1]  

From the above, we think that biofilms have functionally graded characteristics even though 

there are few reports about it.   

So, we investigated the functionally graded characteristics of some biofilms so 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, biomaterials, functionally graded characteristics  
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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 materialsð

including the exhaustion of landfill areas and generation of toxic gases during disassemblyð

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 biodegradable resins have not yet been 

established.  

In this study, polylactic acid (PLA) as a biodegradable resin with high potential for use as a 

general-purpose material was selected, and carefully examined the decomposition 

characteristics of PLA, modified at the microstructural level to multi-functionalize 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. It 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 solution can either promote or inhibit decomposition.   

 

Keywords: Biodegradation, Polylactide acid, Print Circuit Board, Proteinase K 
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The Electromagnetic Induced Segregation (EIS) of cast parts 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 liquid phase before solidification [1]. This principle has 

been applied during casting of aluminum/silicon alloys cast parts in order to produce a 

primary silicon concentration gradient during casting. The paper shows the principle of 

the electromagnetic 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 production 

machine. Finally four inductor systems were produced and installed in an industrial 

casting machine for 8-cylinder engine blocks [2]. Four cylinder bores of the engine block 

were casted using electromagnetic induced segregation and the other four bores were 

casted conventionally without electromagnetic treatment. Standard running tests of the 

casted engine have confirmed a comparable wear resistance compared to conventionally 

produced engine blocks, but with high advantages due to the fact of graded structures in 

the engine blocks. 

 

Keywords: functional graded materials, electromagnetic separation, aluminum casting 
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In the present study, graded TC4 titanium alloy with a gradient variation of grain size and shape 

was successfully synthesized using cryomilling and plasma activated sintering. The 

microstructures were characterized by OM, SEM and TEM, while the phase compositions were 

investigated by XRD. To provide insight into the mechanical behavior of the graded TC4 

titanium alloy, we measure the compressive strength and micro-hardness on the ambient 

temperature. Our results show that the graded TC4 titanium alloy has a dense structure with a 

relative density of 98.32%. The intimate combination between different layers can be observed. 

The grain sizes show a gradient variation. The phase compositions of each layer change along 

with the grain sizes. The graded sample exhibits notable mechanical properties, the Vickers 

micro-hardness, the yield strength and the compression fracture strength of the as-prepared 

sample reaches 470.9HV, 1229.2MPa, and 2090.3MPa, respectively. The crack initial in fine 

grain zone, and then grows along grain boundaries. 

 

Keywords: TC4 Titanium Alloy; graded material; cryomilling; plasma activated sintering; mechanical properties 
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Functionally gradient material (FGM) is considered as a kind of non-uniform composite 

functional materials, which is composition-graded or/and structure-graded. Here we first 

proposed an innovative technology for preparing a kind of nano-sized FGMs, namely 

WC/W2C/W graded nanorods with diameters of 50nm and less, which consist of WC, W2C and 

W from the outside to its core. Ammonium metatungstate was encapsulated into the hollow 

core of nanostructured carbon with hollow macroporous core/mesoporous shell, then it was 

reduced in H2 and converted to tungsten nanowire. Through heat treatment at 1400ºC, 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 direction, carbon became 

less, therefore W2C formed. While tungsten in the core could not react with carbon. Hence the 

WC/W2C/W graded nanorods formed. Results revealed that this graded nanorods possess 

excellent peroxide-like activity.  
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Further developments in the design of weapons based on kinetic or chemical energy have 

mandated the new evolved light and high performance armors. A new idea of material design 

has concentrated on mechanically functional materials.  FGMs are composed of at least two 

constituents and have continuous composition variation along one or more directions. In 

general, the most common constituents are ceramic and metal materials whose combinations of 

their superior properties, such as the toughness, heat resistivity, hardness, can be quite suitable 

for overcoming the hard, high temperature service environments. FGMs have been applied 

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 ballistic applications. Therefore, the mechanical 

responses under ballistic loadings and the material characterization of the functionally graded 

materials have become a broad research field in last decade.  

In this study the damage and 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 plate is composed of a mixture of ceramic (SiC) and metal (Al) phases, at a ratio of 

which is determined by a power-law distribution of the volume fraction.  In order to investigate 

the ballistic performance of FGSPs, a gas gun test system and 0.3 caliber fragment simulating 

projectiles (FSP) were used. Functionally graded sandwich plates were manufactured by means 

of the powder stacking-hot pressing method, their ballistic tests were performed and it was 

concluded that number of layers of FGSPs affected the ballistic performance considerably.  

 

Keywords: Functionally graded materials (FGMs), Ballistic performance, Sandwich plates    
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High Pressure Injection Valve With Magnetic Gradient 
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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. Therefore a magnetic separation is introduced into a magnetic 

circuit of an electromagnetic valve, which means a paramagnetic zone with a magnetic 

saturation of nearly 0 T within a soft magnetic jacket. This can be realized by a local induction 

heat treatment process of a soft magnetic jacket.  

The short-time induction austenitization of the three stainless steels X30 CrMoN 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 microstructure.  

Process parameters (900é1225 ÁC, 0,1é10 s) were investigated in order to create the desired 

local magnetic separation. The resulting local functionally graded properties were characterized 

by microstructure, hardness and magnetic properties (saturation, coercitivity).  

The characteristic of the magnetic separation, which is based on a local change in 

microstructure, is a heat affected zone with gradient magnetic and mechanical properties 

between the non-affected initial material of the soft magnetic jacket and the non-magnetic 

center. It was recognized, that the heat affected zone consists of a partially magnetic, a hardened 

and a tempered zone. 

 
Keywords: stainless steel, magnetic properties, magnetic separation, short-time austenitization, induction heating 
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Abstract 

The fabrication of cemented carbides with functionally graded composition, microstructure and 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 outlined. Different technologies employed for the 

manufacture of functionally graded WC-Co cemented carbides are reviewed. Various types of functionally graded 

WC-Co materials designed for specific applications and fabricated by tailored sintering techniques are described. 

The functionally graded cemented carbides are characterized by a unique combination of various properties 

including exceptionally high hardness and fracture toughness, which cannot be achieved in bulk WC-Co 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 surface layer. Modern trends in the research and development of novel functionally graded WC-Co cemented 

carbides are outlined.  

 

Keywords: cemented carbides, sintering, hardness, fracture toughness 

 

1. Introduction  

The fabrication of cemented carbides with functionally graded composition, microstructure and properties has 

been an issue of great interest in the cemented carbide industry for a long time. In the most cases, the hardness and 

consequently wear-resistance of WC-Co cemented carbides can be improved only at the expense of fracture 

toughness. Conventional cemented carbides obtained by varying the WC mean grain size and Co content lie within 

a narrow band on the curve: Palmquist toughness ï hardness [1]. The major challenge of research in the cemented 

carbide field is to ñescapeò from this band, in other words, to simultaneously improve both hardness and fracture 

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, or the so-called ñdual 

properties - DPò cemented carbide. This grade is employed for rock drilling and mineral cutting and comprises a 

core with the ɖ-phase [2]. Functionally graded cemented carbides similar to the Sadnvik DP60 grade were 

produced and examined also in refs. [3, 4]. The functionally graded cemented carbides of the DP-type are produced 

in a two stage process comprising: (1) Fabrication of fully sintered carbide articles deficient with respect to carbon 

and therefore containing the ɖ-phase, and (2) Carburization of the articles in a carburizing atmosphere at 

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 the core leading to the carburization of the ɖ-phase and its disappearance in the near-

surface layer, which causes a Co drift from the surface toward the interface with the ɖ-phase-containing core 

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 by a significantly lower Co content and higher hardness than on 

average; (2) a layer adjacent to the near-surface layer comprising no ɖ-phase and having a noticeably higher Co 

content and lower hardness than on average; and (3) a core comprising the ɖ-phase. The functionally graded 

cemented carbides of the DP-type can be employed in mining due to the presence of the near-surface layer with 

high hardness, however, they have a limited applicability because of the brittle core comprising the ɖ-phase. 

 

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

The fabrication of functionally graded cemented carbides not comprising the brittle ɖ-phase has been the issue of 

great interest in the carbide industry for a long time. If one can produce cemented carbides with a near-surface 

region with a significantly lower Co content than the average Co content, this region would have a high hardness 

leading to its better wear-resistance. It is also expected that this near-surface region would be characterized by 

high residual compression stresses resulting in its higher fracture toughness. This occurs as a result of very different 

shrinkage rates in two parts of a carbide article with various Co contents during liquid-phase sintering, as 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 approaches to the fabrication of functionally graded cemented carbides not containing 

the ɖ-phase 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 near-surface layer as a result of applying the grain growth inhibitors or their precursors to the 

surface of green articles (see e.g. ref. [5]). As a result of this technology, the near-surface region comprising much 

Cr or V becomes significantly finer than the core after liquid-phase sintering resulting in its high hardness and 

wear-resistance. 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 size and/or carbon content in the green state. In general, the following two major 

phenomena can be used for fabricating functionally graded WC-Co materials in this case: (1) If there are two 

adjacent layers of WC-Co with various carbon contents in the green state, cobalt drifts from the layer with the 

higher carbon content into the layer with the lower carbon content during liquid phase sintering; (2) If there are 

two adjacent layers of WC-Co with various WC mean grain sizes in the green state, cobalt drifts from the layer 

with coarser microstructure into the layer with finer microstructure during liquid phase sintering as a result of 

different capillary forces. These phenomena were described in detail in numerous publications with respect to bi-

layer cemented carbides pressed and sintered from various WC-Co graded powders, see e.g. [6, 7]. It can be 

expected that, if one can regulate the WC mean grain size and/or carbon content in the carbide near-surface layer 

and core in the green state, it would be possible to create and control the Co drift during the final liquid-phase 

sintering thus obtaining functionally graded cemented carbides.  

A new technology for the fabrication of WC-Co articles with a low cobalt content and consequently high hardness 

of the near-surface layer and not comprising the ɖ-phase was described by Guo et al. and Fang et al. [8, 9]. 

According to this technology, WC-Co articles with original low 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 

neither ɖ-phase nor free carbon in the functionally graded cemented carbides obtained in such a way, the 

technology mentioned above allows the formation of only very thin hard near-surface layers having a thickness of 

roughly 0.1 mm. It appears that such thin hard layers should have a limited application in mining and construction, 

as the wear of 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 carbides comprising neither ɖ-phase 

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 low carbon content but not corresponding to the ɖ-phase formation and pressing green 

articles, (2) tailored pre-sintering of the green articles to obtain a certain gas permeability of their near-surface 

layer in the green state, (3) selective carburization of this near-surface 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 content and consequently high hardness in a range of nearly 1 mm to several millimeters. This 

allows one to produce carbide articles for various applications with tailored near-surface layers characterized by 

high combinations of hardness and fracture toughness.  The near-surface 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 

exceptionally high combination of hardness and fracture toughness of the near-surface layer providing evidence 

that it is possible to ñescapeò from the curve relating the fracture toughness and hardness for conventional WC-Co 

materials due to obtaining the functionally graded WC-Co cemented carbides with the hard and tough near-surface 

layer.  

 

4. Conclusions 

Functionally graded cemented carbides can 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 conventional cemented carbides in numerous applications in near future. 

Acknowledgements 

The work was carried out with financial support in part from the Ministry of Education and Science of the Russian 

Federation in the framework of the Increase Competitiveness Program of MISiS (project No. ʂ2-2015-058).  

References 

[1] Roebuck B., Gee M.G., Morrell R. In: Kneringer G, Rödhammer P, Wildner H (Eds.) Proceedings of the 15th 

International Plansee Seminar, 2001, vol.4, 245-266.  

[2] Aronsson B., Hartzell T., Aakerman J. Structure and properties of dual carbide for rock drilling. In Proceedings 

of Adv. Hard Mater. Prod. Conf, 1988), 19/1 ï 19/6.  

[3] Zhang L, Wang Y., Yu X., Chen S, Xiong X. Int.  J. Refract. Met. Hard Mater, 26 (2008)295ï300. 

[4] Liu Y., Wang H,m Long Z, Liaw P., Yamg J, Baiyun H, Mater. Sci. Eng., A 426(2006)346-354. 

[5] Greenfield M. S., Edward V.C, US patent 4,859,543, 1989. 

[6] Liu Y., Wang H., Yang J., Huang B., Long Z, J. Mater. Sci., 39(2004)4397-4399. 

[7] Eso O. Fang P, Fang Z., Int J Refract Met Hard Mater, 25(2007)286-293. 

[8] Fang Z, Fan P, Guo J, US Patent Application US2010/0101368A1, 2010. 

[9] Guo J, Wang F, Advanced in Powder Metallurgy & Particulate Materials, Washington, USA: Metal Powder 

Industries Federation, 2010, 8/29-8/39. 

[10] Konyashin I, Hlawatschek S, Ries B., Lachmann F., Sologubenko A., Weirich T., Int.  J. Refract. Met. Hard 

Mater, 28(2010)228ï237. 

[11] Konyashin I, Hlawatschek S, Ries B, Lachmann F., PCT Patent Application WO2010/097784, 2010. 



 L{CDaǎ нлмс                                                                 

 

14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures 101 

 

Fabrication of Mg-Cu Graded-Density Impactors from Powder 

Processing for Accurately Controlled Complex Loading Paths 
 

Guoqiang Luo1,a, Jiayu He1,b, Lianmeng Zhang1,c *, Xiaozhuang Zhou1, Jian 

Zhang1, Qiang Shen1, Meijuan Li1, Chuanbin Wang1 

 

1State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, 

Wuhan University of Technology, Wuhan 430070, China 

E-mail: aluogq@whut.edu.cn, bwuthejiayu@163.com, clmzhang@whut.edu.cn  

 

 

Abstract 

Compositionally graded Mg-Cu structures were fabricated by powder processing and hot-press sintering. Layers 

of pressed metal powders were stacked in sequence according to designed density-thickness curves to attain desired 

thermodynamic loading paths. Powder processing was simple to operate and allowed excellent control of the 

composition and thickness. The samples were highly densified (Ó98.7%). There are no intermetallic compounds 

or magnesium oxides. Mg and Cu phases were dispersed homogeneously and well compacted. There are no 

obvious pores or voids between layers. A 14 layer graded-density impactor was prepared successfully. The 

thickness of each layer deviated little from the designed values, with errors of 0.06-1.13%. 

 

Keywords: Powder processing; Graded-density impactors; Mg-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, condensed-matter physics, and planetary science [1]. Experiments 

in extreme conditions can be classified into three categories: quasi-static measurements using diamond-anvil cells 

[2], shock compression [3], and quasi-isentropic compression [4]. However, these methods are limited in practical 

applications by their characteristic thermodynamic 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 Hugoniot and isentrope. 

Recently, researchers have been increasingly interested in complex compression during experiments that use light-

gas guns [5-8]. In order to simulate the conditions that materials experience during dynamic high pressure 

experiments precisely, Nguyen et al. [9, 10] developed an experimental approach that used graded-density 

impactors (GDIs) to engender complex loading paths. By using an impactor with a layered structure, one can easily 

design a desired applied-pressure profile combining shock loading, quasi-isentropic compression, controlled 

release, and constant pressure [5]. Layered impactors can be fabricated using a number of techniques, such as 

diffusion bonding [5-8], bonded multi-plate [11], hot-pressing [5-7], and tape-casting [9]. Powder processing 

techniques have been widely used to fabricate GDIs; for example, Luo et al. [12] fabricated Mg-W impactors in 

this way. Powder processing can produce GDIs with continuously variable density and impedance based on the 

chosen composition; additionally, the technique is simple and can control the density-thickness profile of the 

impactors during fabrication accurately.  

In the present work, the powder processing technique is demonstrated to be an effective route 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) and Cu powder (Alfa Aesar; 20 ɛm average 

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 laminated into green samples after being layered accurately. The GDIs were formed by stacking different 

green samples according to the designed curve. The graded green samples were sintered using hot-pressing. The 

sintering of GDI samples followed the same process as sintering Mg-Cu monolithic pellets. Samples were put into 

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

of 2 h. 

The relative density was measured by Archimedesô method, phase composition was measured by X-ray diffraction 

(XRD; Ultima III; Rigaku, Tokyo, Japan), and microstructure was evaluated by Field-emission scanning electron 

microscopy (FESEM, Quanta-250).  

 

3. Results and Discussion 

Figure 1 shows the measured, calculated densities, and relative densities of the Mg-Cu monolithic pellets of various 

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

these composites are highly densified. The lowest relative density exceeds 98.7%.  

Figure 2 shows SEM images of the fracture surfaces from single-composition pellets with (a) 80% Cu, (b) 50% 

Cu, and (c) 20% Cu. As shown in the Figure 2, the fractures emanated from uniaxial tension experiments. The 

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

obvious pores were found in these micrographs, and thus we deduce 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 MgCu2 and Mg2Cu. Reported density for Mg2Cu 

(3.18g/cm3) and MgCu2 (8.55 g/cm3) deviate from the density predicted by the rules of mixtures [13]. The 

differing densities change the designed density-thickness curves. In addition, these compounds are brittle, making 

complex loading with a GDI difficult. Figure 3 shows XRD patterns of Mg-Cu 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. Previous work has also shown that Mg is prone to be 

oxidized [9], and then Mg-Cu composites are difficult to be densified in the presence of MgO. However, no 

obvious MgO peaks are found in Figure 3, which is attributed to our sintering process in vacuum.  

 

 

Figure 1: The measured, calculated density and relative density curves of Mg-Cu composites with different compositions 
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Figure 2: SEM images of the fracture surfaces from single composition pellets: (a) 80% Cu, (b) 50% Cu, and (c) 20% Cu 

 

Figure 3: XRD patterns of Mg-Cu monolithic pellets with different compositions 

Figure 4 shows the measured and designed density-thickness curves of a 14-layer 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 layers are mixtures graded from 0% Cu to 90% Cu. The measures used to calculate the thickness and 

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 errors for the individual layers is 0.06-1.13%. 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 1.5-2.5% [9]. Based on these results, it can be concluded that the precision of thickness control 

by powder processing is comparable with reports. 

Figure 5 shows the microstructure of the sample described in Figure 4. Mg and Cu phases are distributed uniformly 

and well compacted in all layers. As shown in the Figure 5, No obvious pores or gaps between the layers are found. 
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Figure 4: The measured and designed density-thickness curves of a 14-layer GDI 

 

Figure 5: SEM image of a polished cross-section of the 14-layer Mg-Cu GDI 

 

4. Conclusions 

Mg-Cu GDI samples have fabricated accurately by powder processing and performing hot-press sintering. The 

conclusions are as follows: 

1. The measured densities of the Mg-Cu monolithic pellets of various compositions agree well with the calculated. 

These composites are highly densified, and exhibit typical intergranular fracture. The lowest relative density 

exceeds 98.7%.  

2. The XRD patterns of Mg-Cu monolithic pellets are dominated by Mg and Cu peaks with no obvious peaks from 

intermetallic compounds.  

3. The measured density-thickness profile of 14-layer GDI agrees well with the designed. The errors of individual 

layersô thickness are only 0.06-1.13%. 
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Abstract 

This paper presents the bending and free vibration solution 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 sinusoidal 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), 

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 modelling of the FG plate. Moreover, the combination of the derived 

analytical 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 plates, In-plane properties variation, Stress, Vibration 

 

1. Introduction  

One of the most important consequences in fully understanding the mechanical behavior of natural materials, 

e.g. bones and sea 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]. Nowadays, FGMs are 

alternative materials widely used in biomechanical, aerospace, civil, automotive and other applications. 

Moreover, FGMs are gaining attention for biomedical applications, especially for implants. Implants can be 

made of FGMs with spatial property variation to create an optimized mechanical behavior and achieve 

biocompatibility improvement [2]. The static solutions for FG plates have been mainly based on classical plate 

theory (CPT), which is valid for thin plates, as it does not consider shear deformation. This may lead to 

inaccurate results for thick plates, which is thicker than 1/20 of its larger span [3]. The First-order shear 

deformation theories (FSDT) consider the transverse shear deformation effects. However, a shear correction 

factor is needed to satisfy the zero transverse shear stress boundary 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 plate theories 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 plate has been identified in [5]. So this effect should be taken into  
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Figure 1: Schematic representation of the geometry (left) 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 in 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 vibration analysis of simply supported 

thick rectangular FG plates with in-plane material 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 mid-surface of the plate. 

The material is assumed to be elastic and inhomogeneous, and the material stiffness vary continuously through the 

length of the plate and obey a simple power-law distribution of volume fraction of constituents as given by: 

( )

n
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V x
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å õ
=æ ö
ç ÷

                                                                                                                                               (1) 

where n is a parameter that governs the material variation profile through the length. The displacement field of the 

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 in-plane displacements produce the sinusoidal variations of shear strains. Based on these 

assumptions, the following displacement field relations can be obtained: 
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The governing equations of the present theory are derived from the static version of the Principle of Virtual 

Displacements (PVD), which is called the Hamiltonôs principle. The internal virtual work is initially formulated 

as follows: 

0

( ) 0

T

U V K dtd d d+ - =ñ
                                                                                                                                  (3) 

After some mathematical solution and substitution the expression for stress and strain into equations (3), the 

following governing equations of the FG plate with the variation of material property through the length are 

obtained as follows: 

0 1 2 0 0 1 1 1 1: x xy b su d N d N I u I d w J d wd + = - -                                                                                       (4a) 
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The required mentioned displacement fields which satisfy the boundary conditions of simply supported boundary 

conditions are assumed as follows: 
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3. Finite Element Modelling 

For verification of analytical modelling, the 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 implement an 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 FORTRAN was used for modelling of the FG plate 

with graded solid elements in the ABAQUS FE software. The Youngôs modulus (material stiffness) and density 

of the FG plate as a material property was defined as a function of length for each integration point throughout the 

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 problem. Figure compares 

the analytical and numerical solutions of the deflection of the FG plate along the length. It is found that the 

analytically derived mid-surface, out-of-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 middle of the plate. While for homogenous and FG plates with 

thickness-wise 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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Table 1: 

Ű=h/a Method 

Mode (SSSS) 

f

1 

f

2 

f

3 

f

4 

f

5 

0.02 

Analytical 156.34 390.60 390.62 624.55 780.30 

FEM 156.48 390.63 392.14 624.43 778.72 

Error (%) 0.077 0.007 0.387 0.019 0.203 

0.07 

Analytical 530.06 1313.89 1313.97 2084.74 2591.64 

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 five non-dimensional natural 

frequencies ɚ have been obtained for FG plates when power law index n=3. An excellent agreement is observed 

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 rigidity of plate. 

 

5. Conclusions 

In this study, the closed- from solution based on the sinusoidal higher shear deformation theory for bending and 

free vibration analysis of rectangular FG plates with power-law distribution of volume fraction 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 

beneficial for real life applications of FG plates with in-plane variation of material stiffness in engineering 

structures such as wing components, prosthesis, scaffold for biomedical applications 

 

Acknowledgements 

The first author wishes to thank the University of Auckland, New Zealand, for providing her with the Faculty of 

Engineering Doctoral Scholarship. The first author also thanks the Zonta International Foundation, USA, for 

giving her Amelia Earhart Fellowship. 

 

References 

[1] Chakraborty, A. and S. Rahman, Stochastic multiscale models for fracture analysis of functionally graded  

materials. Engineering Fracture Mechanics, 2008. 75(8): p. 2062-2086. 

[2] Mehrali, M., et al., Dental implants from functionally graded materials. J Biomed Mater Res A, 2013. 101(10): 

p. 3046-57. 

[3] Chi, S.-H. and Y.-L. Chung, Mechanical behavior of functionally graded material plates under transverse 

loadðPart I: Analysis. International Journal of Solids and Structures, 2006. 43(13): p. 3657-3674. 

[4] Reissner, E., Reflection on the theory of elastic plates. . ASME J Appl Mech, 1945. 38: p. 1453-1464. 

[5] Belabed, Z., M.S.A. Houari, A. Tounsi, S.R. Mahmoud and O. Anwar Bég, An efficient and simple higher 

order shear and normal deformation theory for functionally graded material (FGM) plates. Composites Part B: 

Engineering, 2014. 60: p. 274-283.  



 L{CDaǎ нлмс                                                                 

 

   

110 14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures  

 

Investigation on the Ballistic Limit of Functionally Graded Plates 
 

Recep Gunes1, Mevlut Hakan2, M. Kemal Apalak3, J.N. Reddy4 
 

1 Department of Mechanical Engineering, Erciyes University, Kayseri 38039, 

recepg@erciyes.edu.tr 
2 Department of Mechanical Engineering, Erciyes University, Kayseri 38039, 

mevluthakan@erciyes.edu.tr 
3 Department of Mechanical Engineering, Erciyes University, Kayseri 38039, 

apalakmk@erciyes.edu.tr 
4 Department of Mechanical Engineering, Texas A&M University, College Station, 

TX 77843-3123, USA,  

jnreddy@tamu.edu 

 

 

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 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 geometry and to protect the structural integrity in ballistic applications. In 

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 metal constituent supplies the structural integrity of the FGM armor. 

The aim of this study is to investigate the effect of through-thickness material properties of the FG plates and 

impact angle of the projectile on the ballistic limits of FGM armor system. Mori-Tanaka homogenization scheme 

is used as the micro-mechanical model to determine the through-thickness material properties in the graded region. 

Three-dimensional explicit finite element simulations are carried out for the FGM armor impacted at 0º, 15º, 30º, 

45º and 60º 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 materials, Oblique impact, Ballistic limit, Explicit finite element method. 

 

1. Introduction  

The design of protective materials as armor has become a very important 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 well as stop the 

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 materials are new 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 studies have been performed [2-5]. Thermal barrier, 

corrosion and wear, automotive, energy, opto-electronics, aerospace and even used in the medical field, 

functionally graded materials is used in ballistic applications that required high mechanical strength. Therefore, it  

mailto:apalakmk@erciyes.edu.tr
mailto:jnreddy@tamu.edu
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is important to determine the ballistic performance of functionally graded materials. This study investigates the 

effect of through-thickness 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 plates subjected to ballistic impact at several angles 

with a steel projectile, a series of numerical analyses were performed using nonlinear explicit finite element code 

ANSYS LS-DYNA [6]. The functionally graded plates were modeled in three different through-thickness 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 Mori-Tanaka homogenization scheme [4,7]. The bottom layer 

of the plate is elasto-plastic pure metal (Al6061) and the top layer of the plate contains 70% linear-elastic ceramic 

(SiC) and 30% elasto-plastic metal (Al6061) constituents. The elasto-plastic behavior of a metal/ceramic FG plate 

was modelled using the TTO (Tamura-Tomota-Ozawa) model [4,8]. Thus, the failure strains in all layers were 

determined using TTO model in order to predict the damages each layer through the thickness of FG plates under 

ballistic impact. Functionally graded plate was considered 50 mm ×50 mm square and 10 mm in thickness. Ballistic 

impact analysis was carried out with 0.30 caliber Fragment Simulating Projectile (FSP) defined by STANAG-

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

The mechanical properties of 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 clamped along 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 account self-contacting interfaces 

during the projectile impact 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 plate and (FSP) projectile 

Materials Youngôs 

modulus (GPa) 

Poissonsôs ratio Density (kg/m3) Yield stress 

(MPa) 

Tangent modulus 

(MPa) 

Failure strain 

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 

 

  

0.30 Caliber FSP 
Functionally 

Graded Plate 

Figure 1: Functionally graded plate and 0.30 caliber FSP, the angle with the normal and impact point. 
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3. Results 

The effect of the compositional gradient exponent ñnò and impact angle of the projectile on the ballistic 

performance of FG plates were investigated for metal-rich (n = 0.1), linear (n=1.0) and ceramic-rich (10.0). The 

fragment simulating projectile (FSP), defined by STANAG-2920 and MIL-DTL-46593B (MR), was used to 

determine the V50 and the ballistic limit. Lambert-Jonas equation defined as 

ppp

IR
VVAV

/1

50
)( -Ö=           (1) 

where VR is residual velocity, VI is impact velocity and V50 is the ballistic limit velocity. A and p are empirical 

parameters depending on material. According to Lambert-Jonas equation, when the residual velocity is zero, 

impact velocity becomes equal to the ballistic limit velocity. A series of ballistic analysis were 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 the metal-rich 

(n=0.1), linear (n=1.0) and ceramic-rich (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 be 660 m/s. For the n=1.0, FG 

plate have a ballistic limit of 575 m/s, and the metal-rich (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 of 0.1, 1.0 

and 10.0. Figure 3 shows that the residual velocities versus impact angle of projectile for metal-rich (n = 0.1), 

linear (n = 1.0) and ceramic-rich (n = 10.0) Al/SiC FG plates subjected to FSP having impact velocity of 750 m/s. 

For this velocity, the perforation 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 through-thickness ceramic phase, hence, this 

situation causes decreased perforation limit angle of the FG plate in according to the TTO model. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows penetrated or perforated metal-rich (n = 0.1), linear (n = 1.0) and ceramic-rich (n = 10.0) Al/SiC 

FG plates impacted at 0º, 15º, 30º, 45º and 60º 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 decreased with increasing through-thickness 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. 

Figure 2: Residual velocity versus impact velocity of 

projectile for a) metal-rich (n = 0.1), b) linear (n = 1.0) and 

c) ceramic-rich (n = 10.0) Al/SiC FG plate (ɗ=0°). 

Figure 3: Residual velocity versus impact angle of projectile 

for a) metal-rich (n = 0.1), b) linear (n = 1.0) and c) ceramic-

rich (n = 10.0) Al/SiC FG plate (v=750 m/s). 
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Figure 4: Penetrated or perforated metal-rich (n = 0.1), linear (n = 1.0) and ceramic-rich (n = 10.0) Al/SiC FG plates impacted at 0º, 15º, 30º, 45º and 60º 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. Three types 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 were performed by a 0.30 caliber Fragment Simulating 

Projectile (FSP) using non-linear explicit finite element code ANSYS LS-DYNA®. Numerical results showed that 

increasing compositional gradient exponent caused an increase in ballistic limit velocity, while a decrease 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 

through-thickness material 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 angle of projectile. 
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Abstract 

The free vibration of a functionally graded beam is investigated within the framework of Euler-Bernoulli beam 

theory and Von Karman geometric nonlinearity using the semi-analytical method. It is assumed that material 

properties follow power law distributions through thickness direction. It is assumed that the beam 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 for the total strain and kinetic energies of the beam are then derived, and by applying Hamiltonôs 

principle, the problem is reduced to a system of coupled nonlinear algebraic equations. Direct iterative method is 

employed for solving the eigenvalue equation, in order to show the effect of the crack depth and the influences of 

the volume fraction on the dynamic response. 

 

Keywords: vibration, functionally graded material, beam, crack. 

 

1. Introduction  

Functionally graded materials (FGMs) have huge immense attention from research and engineering communities 

due to their outstanding properties such as they improved inter laminar stress reduction, high resistance to 

temperature gradients, high wear resistance, etc. However, it is well known that crack in a structural element 

caused by fatigue or stress concentration affects its stiffness, damping properties and certainly changes its vibration 

characteristics [1]. Further, the increasing use of FGM beams as structural components in various fields has 

necessitated the study of their dynamic behavior. In recent years, the large amplitude vibration and nonlinear 

analysis of FGM structures have attracted increasing research efforts. The investigations concerning the effect of 

crack defects on the dynamic behavior of FGM structures haven also received increasing attention recently [2]. 

Kitipornchai S. et al [3] studied the nonlinear free vibration of edge-cracked FGM beams based on Timoshenko 

beam theory and Von Karman nonlinearity. Ke et al. [4] considered the free vibration and elastic/post buckling of 

cracked Timoshenko FGM beam by using Ritz method. Yang and Chen [5] discussed analytically the influence of 

open edge cracks on the vibration and buckling of Euler-Bernoulli FGM beams with different boundary conditions. 

In the present paper, the problem of geometrically nonlinear free vibrations of clamped-clamped FGM beam 

containing an open crack in the center is investigated using Hamiltonôs principle and spectral analysis. Based on 

the classical theory of beams developed by Euler-Bernoulli and Von Karman assumptions [6], a homogenization 

procedure, previously proposed in [7] in the case of laminated composed beams, is used which reduces the problem 

studied to that of isotropic homogeneous 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 the non-linear dynamic response. 
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Figure 1: Geometrical modelling of the FGM beam with crack. 

 

2. Theory and formulation for the free vibration 

2.1 Material properties  

Fig. 1 shows an FGM beam of length ὒ and thickness Ὤ, containing an edge crack of depth ὥ located at a distance 

ὼ from the left end. Its Youngôs modulus Ὁ ᾀ and mass density ” ᾀ are functionally graded in the thickness 

direction. 

According to the rule of mixture (power-law distribution), the effective material properties ὖ, can be expressed as:  

ὖᾀ ὖ ὖ
ᾀ

Ὤ

ρ

ς
 ὖ                                                                                                    ρ  

Where the subscripts Í and Ã denote the metallic and ceramic constituents, respectively. And Ë is a non-negative 

parameter (power-law exponent) which dictates the material variation profile through the thickness of the beam. 

 

2.2. Nonlinear free vibration analysis 

The Von Karman type nonlinear strain displacement relations are given by:  

 

‐
‬ό

‬ὼ

ρ

ς

‬ὡ

‬ὼ
ȟὯ

‬ὡ

‬ὼ
                                                                                                    ςȟσ 

 

The elastic deformation energy ὠ total Euler-Bernoulli beam is given by: 

ὠ
ρ

ς
ὔ‐ ὓ ὯὨὼ                                                                                                                τ 

 

Where ὔ  is the axial resultant force and ὓ  is the bending moment, are linked to ‐ and Ὧ respectively: 

ὔ Ὁᾀ‐ὨὛ ὦὃ ‐ ὦὄ Ὧ                                                                                          υ 

ὓ ᾀὉᾀ‐ὨὛ ὦὄ ‐ ὦὈ Ὧ                                                                                     φ 

Where ὃ , ὄ and Ὀ  are the extension-extension, bending-extension, bending-bending coupling coefficients 

respectively. 

Using the axial static equilibrium equation for the beam, once the axial inertia and damping terms are neglected, 

and applying the conditions irremovable ends, the potential energy ὠ only written in terms of transverse 

displacement 7as follows: 

ὠ
ὉὛ

ψὰ
‬ὡ

‬ὼ
Ὠὼ

ὉὍ

ς

‬ὡ

‬ὼ
Ὠὼ                                                          χ 
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Such as: 

ὉὛ ὦὃ  ȟ ὉὍ ὦ Ὀ
ὄ ό

ὃ
                                                                                                     ψȟω 

Then the expression of the energy of deformation due to the crack and the kinetic energy neglecting the axial and 

rotational inertia can be written as: 

ὠ
ὉὍ

ςὑ

‬ὡ

‬ὼ
ȟ Ὕ  

”Ὓ

ς

‬ὡ

‬ὸ
Ὠὼ                                                      ρπȟρρ 

To obtain non-dimensional parameter, to find equations that do not depend on the size or characteristics of the 

beam, one puts: 

ὼᶻ
ὼ

ὒ
 ȟ  ὡᶻ

ὡ ὼ

Ὄ
                                                                                                                                         ρςȟρσ 

 

Applying Hamiltonôs principle and expanding the displacement ὡ in the form of a finite series, the following set 

of nonlinear amplitude equations is obtained:  

ςὥὑᶻ σὥὥὥὄᶻ ς‫ᶻὥὓᶻ π                                                                                                                     ρτ 

 

Where ὑᶻ , ὄᶻ  and ὓᶻ m stand for the non-dimensional classical rigidity tensor, the nonlinear rigidity tensor 

and the mass tensor, respectively, which are defined as:  
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3. Numerical results and discussions 

In the problem considered herein, the top surface of the FGM is ceramic rich (Ec=350GPa, ɟc=3800 Kg/m3), 

whereas the bottom surface of the FGM is metal rich (Em=210GPa, ɟm=7850 Kg/m3).  

In table 1, the first nonlinear frequency ratios ‫ὲὰ
ᶻ ‫ὰ

ᶻ, calculated in the present work, is compared with the results 

obtained in [6]. It is noted that the solutions given in [6] overestimate the frequencies of the fully clamped FGM 

beam, especially for high values of dimensionless amplitude.  

 

Table 1: Comparisons of first non-linear mode shape of a CïC cracked beam with k=0, and isotropic homogeneous C-C 

beams for a/h = 0.1 

 

 

 

 

 

 

 

╦□╪●
ᶻ  ⱷ▪■

ᶻ ⱷ■
ᶻϳ   

Present [6] 

0.079575821 1.00113980 1.00053987 

0.47617067 1.03995969 1.03942916 

0.94572196 1.14878218 1.14844776 
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Figure 2: First non-linear mode shape of a beam with a crack of various depths 

It can be shown from Fig. 2, that from the crack of 0.5mm depth we notice on the graphs that there is a discontinuity 

at the center of the beam, this may mean that local flexibility and increases the stiffness of the material decreases. 

  

4. Conclusion  

In this work the geometrically non-linear free vibrations of a clampedïclamped FGM beam with an edge crack is 

studied using a theoretical model developed previously in [6] for thin elastic structures, The model, based on 

Hamiltonôs principle and spectral analysis, reduces the non-linear free vibration problem to a set of non-linear 

algebraic equations and the homogenization procedure is used which reduces the problem studied to that of 

isotropic homogeneous cracked beams. Numerical 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 beam. The intensity of these changes increases non-linearly 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 zirconia-feldspathic porcelain composites. A finite 

element method and an analytical model were used to simulate the piston-on-ring test and to predict the biaxial 

stress distributions 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 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 a graded structure 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 zirconia-feldspathic porcelain composites exhibited a more favourable stress 

distribution relative to conventional bilayered systems. This fact can significantly impact the clinical performance 

of zirconia-feldspathic porcelain prostheses, namely reducing the fracture incidence of zirconia and the chipping 

and delamination of porcelain.  

 

Keywords: Biaxial flexural test, stress distribution, functionally graded ceramic, zirconia 

 

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 and toughness; 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 restoration [2]. Zirconia have been 

used as framework material in dental restorations due to its excellent mechanical properties, good aesthetic and 

biocompability [2,3]. In the processing of all-ceramic restorations, porcelain is fired onto the zirconia framework 

at high temperatures, 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 properties between the two material favour the formation of deleterious 

stress fields at the interface when the restoration is subjected to occlusion loading, which can lead to crack 

formation, porcelain chipping and ultimately catastrophic 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 framework and the veneering that will reduce the 
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mismatches in materials properties. This solution, so-called Functionally Graded Material (FGM), consist in a 

gradual change in the volume fraction 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 (e.g. ball-on-three-balls 

and piston-on-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 test, the 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 situations, thus 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 face by rigid spheres 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 zirconia-porcelain 

disc and compare it with the classic situation, where there is a sharp interface between the two materials. Finite 

elements method (FEM) was used to simulate the stress state in a ñpiston-on-ringò biaxial test. Several different 

gradations profile were simulated to evaluate their influence in the stress state. The simulated results were 

compared with an analytical solution proposed by Hsueh et al [10,11]. 

 

2. Methods 

The discs were 2 mm thick and had radius 7 mm. The loading piston has radius 0.075 mm and the ring had 6 mm. 

The force applied by the piston was considered 1000 N. For the analysis of the classic situation, a disc with two 

layers was considered. The top layer is made of feldspathic porcelain and the bottom one is made of zirconia (Y-

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 layers were still porcelain and zirconia, 

respectively, and had a constant thickness (0.2 mm). The five intermediate layers were made of a zirconia and 

porcelain mixture (volume fracture of porcelain of 0.1, 0.3, 0.5, 0.7 and 0.9, from the bottom to top layer, 

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 is a function of the axial position (y), the thickness of the graded region (t) and a parameter p:  

Ὢ                                                                                                                                                      (1) 

For different values of p, the concentration of zirconia and 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 calculated for 

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). 

     

Figure 1 ï (a) Variation in the volume fraction of porcelain along thickness for different values of p and (b) 

procedure to calculate the layers thickness 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 et al. [12]. 

Finite element method was used to simulate the stress distribution on the ópiston-on-ringô test. A two dimensional 

axisymmetric model was used to simplify the calculations. The simulations were conducted using the commercial 

software COMSOL. All layers are 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 and the 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 z-axis, which is the centre of the disc. 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 stress distribution along 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, conditions for 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 simulated model, 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 is 

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 stress mismatch at the interface of bilayered discs is replaced by a smooth profile 

in stress distribution of graded discs. The stress mismatch between layers need to be controlled because it can lead 

to delamination at the interfaces 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 zirconia (higher p values) 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-on-ring test for a bilayered disc with sharp interface and a graded disc were 

compared. The graded disc has a lower maximum stress value in the centre than the bilayered disc. The stress 

discontinuities 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 proposed by Hsueh et al. 

   

Figure 2 ï Stress distribution 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 strength graded 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/PMMA microcellular 

foams with designed cell structure. Various gradient CNTs/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 layers in the 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 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 superior in the mechanical properties to the uniform one, and 

the structure could be optimized to achieve desirable mechanical properties. 

 

Keywords: PMMA, Functionally Graded Foam, Morphology, Mechanical Properties 
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Abstract 

Plastic wave propagation in metallic foam materials under compression deformation at different strain rates was 

studied by means of computational simulations. A homogenized modelling approach was used, where properties 

of the homogenized material model were experimentally determined for density dependent material parameters of 

a porous AlSi7 metallic foam [1]. 

Parametric explicit finite element computer simulations 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 chosen constant loading 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 (graded) porosity. 

Computationally determined plastic wave speeds in graded metallic foams were compared with the empirical 

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

 

Keywords: metallic foam, graded porosity, plastic wave propagation, dynamic analysis, computational 

simulations 

 

1. Introduction  

The metallic foam materials became first popular in the 1960ôs and since then a variety of production methods and 

applications have been developed. Since the 1990ôs the demand for metallic foams is increasing mostly because 

of the materialôs superior performance in terms of their weight-specific stiffness and energy absorption. However, 

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

The metallic foams have a specific stress-strain 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 sudden increase of stress [2]. This behavior was first 

described with a stress-strain function by Rusch [3, 4, 5]. 

Avalle et al [1] have conducted experiments of aluminum foams with different densities between 0.27 and 

0.68 g/cm3 to determine parameters for the Crushable 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 crushable foams 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 which evolves with 

plastic strain but retains its shape [6].  
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2. The finite element model 

Dynamic simulations of metallic foam samples under compressive loading were carried out using the finite element 

system Abaqus. A cubical foam sample with a size 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 Figure 1. The boundary conditions 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 

ended 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 solver, which 

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 

quadrilateral elements. The finite element mesh was chosen so that its resolution precisely mapped all applied 

density distribution fields.  

 

3. The material model 

The crushable foam material model was used to model the metallic foam behavior. The foam material parameters 

were taken from Avalle et al. [1]. The graded density of foam sample was achieved by prescribed functional 

dependence 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 this study. The density was varied in dependence from x direction 

(Figure 1). Non-constant density field was computed by the following equation: 

 

”ὼ ”Ͻρ ‍Ͻ
ὼ

ὰ
 (1) 

 

where ” represents the initial density, parameter ‍ defines the maximum relative density variation, l is the length 

of the specimen and n is used to define a linear (n = 1) or parabolic (n = 2) density field.  The density function was 

normalized to an average density of 0.6 g/cm3 in this study to achieve equal mass samples. 
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Figure 2: True strain plotted onto the deformed three dimensional and two dimensional models loaded with the speeds of  v = 

20 m/s (top) and 200 m/s (bottom).   

 

4. Results and discussion 

The first simulations were used to validate the used computational models by reproducing the experiments and 

simulations of static uniaxial compression and hydro-compression tests of Avalle et al. in a satisfactory manner. 

4.1 Constant density field 

Figure 2 shows the computed true strain in loading direction for the loading speeds of v = 20 m/s and 200 m/s 

plotted onto the deformed specimens at engineering strain of Ůeng = 0.5 for three and  two dimensional models. 

Material density is 0.80 g/cm3. The deformation and strain distributions are similar for both models (2D and 3D). 

In uniaxial loading Ůyy is the only non-zero component of the strain tensor and will henceforth be referred to as the 

strain Ů.  

It was found that at comparably low loading speeds the specimen deforms uniformly. The stresses 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 direction due to 

the Poissonôs ratio effect. Yielding starts almost instantaneously as it is typical for ductile metallic foams [2]. The 

determined true strain values are therefore treated as equal to plastic strain values. 

For higher loading speeds 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 while the deformation of the rest of the specimen is governed by 

propagation of elastic and plastic waves. Figure 2 shows that there is a distinct border between plastically deformed 

(green) and undeformed material (blue). Such behavior was previously experimentally determined Tanaka et al. 

[7]. 

Performing parametric simulations with varying loading speeds and different constant material densities showed 

that the speed of the plastic wave front ὧ  is constant through time and its dependence on the loading speed v and 

the foam density ” can be determined by the following equation: 

 

ὧ ”
‌

ὺ
Ͻ” ὺ ‌ Ͻ” (2) 

 

‌ and ‌  are the constants obtained by regression analysis and are equal to 6051.246 m5sī2tī1 and 66.373 

m2.5sī1tī0.5, respectively.  



 L{CDaǎ нлмс                                                                 

 

14th
 International Symposium  Functionally Graded Materials | Multiscale & Multifunctional Structures 127 

 

  

Figure 3: Propagation of the deformation front through the material of non-constant density for a linear (left) and a parabolic 

density field (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 with non-constant density at 

different engineering strains for a linear (left) and a parabolic density distributions (right) along the x axis. The 

mean density of the material is 0.6 g/cm3, ‍ 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 

(2).  

To compare the results of the simulations (ὧӶ) and the results of the analytical model (ὧӶȟ ) the plastic wave 

speed was determined in dependence of the x-coordinate (hence in dependence of the density) from the y position 

of the front and the corresponding time. Then the average Ὡὶὶ and maximal Ὡὶὶ  relative deviation of the 

analytical model was determined. Comparison of the results is given in Table 1. The average speeds of the plastic 

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 foam samples in 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 the density. An analytical model was derived to describe the dependence of the speed of 

plastic front propagation on the loading speed v and the foam density ” for analyzed foams. 

To test the analytical model simulations with non-constant density distributions were conducted. Comparison of 

the results shows a good agreement between the simulations and the analytical model with a maximal relative 

deviation of 4.53 %.  

Table 1: The resulting average plastic wave speeds determined by the simulations ὧӶ, determined by the analytical model 

ὧӶȟ  and the average Ὡὶὶ and maximal Ὡὶὶ  relative deviation of the analytical model from the simulations 

Density field type 
‍ 

[/]  

ὧӶ  

[m/s] 

ὧӶȟ   

[m/s] 

Ὡὶὶ  

[%] 

Ὡὶὶ   

[%] 

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 structures reinforced by functionally graded (FG) face plates can be a good proposal for 

impact applications ranging from low to high velocity impact loads. Low velocity impact performance and energy 

absorption capability of honeycomb sandwich structures reinforced by FG face plates were investigated using 

explicit finite element code, LS-DYNA®. In design of the sandwich structures, an aluminum honeycomb core and 

Al/SiC FG face plates were used. The through thickness mechanical properties of the face plates were considered 

with respect to a power-law. Mori-Tanaka homogenization scheme was used for determining the locally effective 

mechanical properties of functionally graded region and TTO (Tamura-Tomota-Ozawa) 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 

characteristics 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 materials, Honeycomb sandwich structures, Low velocity impact, Explicit finite 

element method. 

 

1. Introduction  

Sandwich structures are special class of multilayered composite structures and extensively used in aerospace, 

marine and defense industries with their high performance properties ï lightweight, high flexural stiffness and 

high energy absorption capability. Honeycomb sandwich structures are commonly used in impact applications by 

reason of their high energy absorption capacity. Functionally graded materials (FGMs) 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 provides toughness 

and structural integrity.  

Honeycomb sandwich structures including different type of face plates and core materials subjected to low velocity 

impact loads are well-known research topic for energy absorption applications [1,2]. FGMs have 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 under impact loads in 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 
Youngôs modulus 

(GPa) 
Poissonôs 

ratio 

Density 
(kg/m3) 

Yield stress 
(MPa) 

Tangent modulus 
(MPa) 

Failure 
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 material composition of the face plates, impact 

energy and core height of the honeycomb. 

 

2. Finite Element Model 

Low velocity impact performance and energy absorption capability of honeycomb sandwich structures reinforced 

by FG face plates were investigated using explicit finite element code, LS-DYNA® [5]. Al6061 and SiC 

constituents were used in design of the face plates and Al5052-H39 aluminum 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, metal-rich (n = 0.1), linear (n = 1.0) and ceramic-rich (n = 10.0), were used 

for the face plates. The locally effective material properties of functionally graded region were determined using 

Mori-Tanaka homogenization scheme [6] and TTO (Tamura-Tomota-Ozawa) model [7] was used in order to 

define elastoplastic material behavior 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 ceramic-rich to metal-rich in accordance with the experimental 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 30%Al-70%SiC volume fractions of the constituents. The 

stress-strain curves of the face plates obtained from TTO model for metal-rich (n = 0.1), linear (n = 1.0) and 

ceramic-rich (n = 10.0) compositions were shown in Fig. 1.  

The aluminum honeycomb core which has a cell size of 6.35 mm, core height of 15 mm and cell wall thickness of 

0.0762 mm and Al/SiC FG face plates with 5 mm thickness and 10 layers through thickness were used for 

approximately 100x100 mm sandwich structure construction. The sandwich structures were subjected to 

hemispherical rigid impactor with 20 mm diameter. The face plates and rigid impactor were modelled with 8-node 

solid elements and the honeycomb core was modelled with 4-node shell elements. The elastoplastic material 

behavior of the face plates and honeycomb core were defined with piecewise linear plasticity and plastic kinematic 

material models, respectively. The impactor was modelled with rigid material model. The finite element model of 

the sandwich structure and impactor was given in Fig. 2.  

Contact modelling is a critical step for impact simulations. An automatic single surface contact algorithm was 

defined in order to consider self-contacting surfaces. An automatic surface to surface contact algorithm was 

defined between impactor and sandwich structures. The contacts between face plates and honeycomb core were 

assumed to be perfecly bonded and a tied nodes to surface contact algorithm was defined. 

The ceramic-rich surfaces of the face plates were positioned as the first impact surfaces and in the same direction. 

The bottom surface of the sandwich structures was constrained with 15 mm portion from each side in impact 

direction and all edges of the sandwich structures were constrained in their normal directions. 

 

Fig. 1. Stress-strain curves obtained from TTO model for (a) metal-rich, (b) linear and (c) ceramic-rich compositions. 
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Fig. 2. Finite element model of the sandwich structure and impactor  

Fig. 3. The influence of the material composition and impact energy on the contact force histories of the sandwich structures. 

Fig. 4. The influence 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 impact performance of the honeycomb sandwich structures reinforced by FG face plates were 

investigated for metal-rich, linear and ceramic-rich compositions. 

a. The influence of the material composition and impact energy 

The influence of the material composition and 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 metal-rich to ceramic-rich (increasing the ceramic fraction of the face plates) by reason 

of increasing the stiffness and strength of 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 the impact energy. The 

peak contact forces from metal-rich to ceramic-rich 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 plastic deformation 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 metal-rich to ceramic-rich composition were 7.95, 7.08 and 5.75 mm. The plastic deformation 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. 

  

(a) (b) 

Fig. 6. The influence of the core height 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 reason of increasing 

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 structure with metal-rich face plates. For linear and ceramic-rich 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 of the face 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 metal-rich to ceramic-rich by reason of decreasing the plastic deformation in the 

sandwich structures. The energy absorption ratios from metal-rich to ceramic-rich 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 height on the low velocity impact performance of the honeycomb sandwich structure 

with linear composed face plates was investigated 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 energy histories 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 impact performance of the honeycomb sandwich structures reinforced by FG face plates was 

investigated numerically. The peak contact force increased and contact duration decreased with increasing the 

ceramic fraction of the face plates. The central plastic deflections of the sandwich structures decreased with 

increasing ceramic fraction in the face plates by reason of increasing the impact resistance of the face plates. The 

buckling deformations occurred 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 
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decreasing the plastic deformation in the face plates. The core height was not an influential parameter whereas the 

material composition was a significant parameter on the low velocity impact response of the sandwich structures. 
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Functionally Graded Materials (FGM) parts are heterogeneous objects with material composition and 

microstructure that change gradually into the parts. The distinctive feature of FGM structure 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 

manufacture 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 distribution and functional 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 concept imagined by a designer to the 

manufacturing of the part.  

  

Figure 1: Geometrical complexity vs. material composition complexity for FGM parts  

 

  

Figure 2: DED Additive Manufacturing equipment to manufacture FGM parts 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 single part. It is consequently 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 as STEP-NC can be highly 

valuable to overtake these limitations. Their interest is the first issue discussed in the presentation.  

  

Figure 3: Usual Additive Manufacturing process data chain  

 

The second issue focuses on DED process modelling to determine the appropriate parameterization 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 key element to prepare the manufacturing strategy. Indeed, for FGM parts the control of the material composition 

at any point of the part is as important as the part geometry. In addition, this process model can be useful to perform 

DFAM operations on the part to manufacture.  

  

Figure 4: Simulation and measure of the material function during the process  

 

The last focus of this presentation concerns DED process toolpaths generation for FGM parts. By 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 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 desired material distributions.  
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Figure 5: Manufacturing tool paths automatic generation to meet the material function requirements  
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Abstract 

Fabrication method of functionally graded materials (FGMs) by centrifugal casting can be classified into two 

categories on the basis of the relationship between the process temperature and the liquidus temperature of a master 

alloy. They are the centrifugal solid-particle method and the centrifugal in-situ method, which could be carried out 

at process temperatures lower and higher than the liquidus temperature of the master alloy, respectively. In this 

study, Al-Al 3Ti FGMs were fabricated at 1200°C from Al-5 mass%Ti master alloy, where liquidus temperature of 

the Al -5 mass%Ti alloy is about 1040°C. Microstructure and wear property of the fabricated Al -Al 3Ti FGMs were 

studied. 

 

Keywords: Centrifugal casting, Al3Ti, platelet, orientation, wear 

 

1. Introduction  

Centrifugal casting is a pressure casting, in which the force of gravity is enhanced by spinning the mold. It is 

possible to create a compositional gradient due to the difference in material density [1]. Fabrication of functionally 

graded materials (FGMs) by centrifugal casting can be classified into two categories by the relationship between 

the process temperature and the liquidus temperature of the master alloy [2]. One is the centrifugal solid-particle 

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 previous study [3], it 

has been found that microstructure of Al-Al 3Ti FGMs fabricated by the centrifugal solid-particle method cast at 

800 °C was different from that by centrifugal in-situ method cast at 1600 °C. However, the microstructures of Al-

Al 3Ti FGMs fabricated by the centrifugal in-situ method cast at a temperature around the liquidus temperature 

(about 1040 °C for Al-5 mass%Ti alloy) is not studied. In this study, the microstructures of Al-Al 3Ti FGMs 

fabricated at 1200 °C were investigated. In addition, wear properties of the fabricated Al-Al 3Ti FGMs were also 

studied.  

 

2. Experimental methods 

An Al-5 mass% Ti commercial alloy ingot with 11 vol% Al3Ti platelets was used as the initial material. The ingot 

was heated up to 1200 °C, a temperature just above the liquidus line, ensuring the complete melting of all phases 

before processing (centrifugal in-situ method). The melt was directly poured into a spinning mold through an inlet, 

for which the applied centrifugal forces were 300 and 600 G. Temperature of mold pre-heating furnace is set tobe 

478 °C or 300 °C or room temperature (R. T.). During melt pouring, however, the temperature of the molten metal 

drops to a certain degree, which results in the crystallization of the primary Al3Ti crystal phase in the melt before 

application of centrifugal force (centrifugal solid-particle method). Notation of samples XXC-YYG indicates the 

temperature of mold pre-heating furnace and applied centrifugal force, respectively. 
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The wear tests were carried out by ball-on-block type wear machine under reciprocal movement, where the counter 

ball was bearing steel (JIS: SUJ2) with 5mm in diameter. Initial load, sliding time and average sliding speed of 

wear tests were 9.8 N, 5400 s and 30 m/s, respectively. To study the anisotropy of wear resistance in the FGMs, 

wear tests were carried out in three directions. 

 

3. Results and discussion 

Microstructures and histograms of volume fractions of the Al3Ti platelets in 478°C-300G specimen, 300°C-300G 

specimen, R.T.-300G specimen and 300°C-600G specimen are shown in Figs. 1 (a), (b), (c) and (d), respectively 

[4]. There are two types of particles namely, platelet shaped particles and small particles. It is seen from this figure, 

compositional gradients are observed for all specimens. Comparison between 300°C-300G and 300°C-600G 

specimens, it is seen that a steeper compositional gradient formed in larger-G-number specimens. Note that 

negative gradients are found in the outer regions of the ring for 300°C-300G and R.T.-300G specimens. These 

findings indicate that mold temperature plays an important role in the solidification behavior in centrifugal casting.  

It must be noted here that a large number of platelets are arranged with their platelet planes nearly normal to the 

centrifugal force direction, which is in agreement with previous studies on the centrifugal solid-particle method 

[5].  Therefore, the anisotropy of wear resistance should be appeared. By comparing the microstructures of 300°C-

300G and 300°C-600G specimens, a larger orientation effect is found for the larger-G-number specimen. 

Moreover, smaller orientation effects are found at larger-normalized-thickness regions. In our previous study [5], 

it was found that the larger orientation effects is found at outer regions of the ring in the Al-Al 3Ti FGMs fabricated 

by the centrifugal solid-particle method. 

Figure 1: Typical microstructures observed at normalized thickness of 0.6, 0.8 and 1.0 regions and histograms of volume 

fractions of the Al3Ti platelets in the specimens [4]. Vertical direction in these photos is centrifugal direction. (a) 478oC-300G, 

(b) 300oC-300G, (c) R.T.-300G and (d) 300oC-600G specimens.  
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Figure 2: The effects of wear direction on the weight loss by wear. There is notable difference in the weight loss by wear among 

the three tested wear directions. 

These findings indicate unexpected orientation effects in the FGMs fabricated by the centrifugal in-situ method. 

By comparing among 478°C-300G specimen, 300°C-300G specimen and R.T.-300G specimen, smaller orientation 

effects are found for the FGMs fabricated at a lower temperature of the mold preheating furnace. Again, mold 

temperature plays an important role in the solidification behavior in centrifugal casting [4]. 

Three kinds of wear specimens were prepared taking into account the morphology of the Al3Ti platelets in 478°C-

300G specimen. In case of the wear direction (A), the worn plane nearly coincides with the Al3Ti platelet planes. 

On the other hand, the worn planes coincided with the plateletsô two edge planes, and the wear directions are along 

the thickness direction and the longitudinal direction of the Al3Ti platelets for wear directions (B) and (C), 

respectively. Figure 3 shows the weight loss by the wear test under the applied load of 9.8N. There is a notable 

difference in the weight loss by wear among the three tested wear directions. Namely, wear direction (B) shows 

the lowest wear resistance among the three wear directions, while wear directions (A) and (C) show similar and 

relatively better wear resistance.  Similar results are found in the block-on-ring type wear tests for the Al-Al 3Ti 

FGMs fabricated by the centrifugal solid-particle method [6].  

Figure 3:  The cross-sections parallel (upper figures) and perpendicular (lower figures) to the sliding direction of worn 

specimens. These photos are backscatter compositional images. 
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In order to investigate the microstructural features near the worn surface, cross-sections of the specimens parallel 

and perpendicular to the sliding direction were observed. The results are shown in Fig. 3. Damaged layers 

containing broken Al3Ti platelets are found in all figures. Especially, in the case of direction (B), the wear tests 

led to fracture and bending of the Al3Ti platelets along the wear test direction. Since it is known that Al3Ti is brittle 

in nature, the Al3Ti platelets for direction (B) break easily during the wear test, whereas the platelets for directions 

(A) and (C) are more difficult to break. Thus, direction (B) shows a lower wear resistance, while directions (A) 

and (C) show better wear resistance. 

 

4. Conclusions 

In this study, the microstructures of Al-Al 3Ti FGMs fabricated at 1200°C from a master alloy of an Al-5 mass% 

Ti ingot containing 11 vol% Al3Ti platelets in the Al matrix are investigated. Compositional gradient and 

orientation effects are found in the Al-Al 3Ti FGMs. It is found that the mold temperature plays an important role 

in the solidification behavior by the centrifugal casting.  Anisotropic wear resistance is found to be dependent on 

the direction of the test wear relative to the Al3Ti platelet orientation. Specimen tested along the Al3Ti platelets 

thickness direction shows the smallest wear resistance among the three orientations due to the ease with which the 

Al 3Ti platelets broke. 
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Abstract 

Dissimilar welding of Mg and Al would achieve weight reduction and high efficiency of production by substitution 

of Mg and Al for steels. In this investigation, a vacuum hot-pressed diffusion method was used to prepare an Mg/Al 

layer composite using an Al thin film and Ni foil interlayers. The interfaces microstructure and shear strength of 

the joints were investigated by means of SEM, XRD and universal machine. The results showed that the joints 

were bonded well and the Mg-Al 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 and then decreases. The fracture took place somewhere at the interface of the Al -Ni. 
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Abstract 

Sintered porous 8Y-ZrO2 ceramic and composite ceramics consisting of 8Y-ZrO2 and ZrSiO4 were surface sealed 

by a new process, called Laser Assisted Microwave Plasma Processing (LAMPP). Hot corrosion tests with molten 

V2O5, Vanadium Pentoxide, which are used to characterize hot-corrosion resistance of Thermal Barrier Coatings, 

were employed 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 V2O5 the stabilizing oxide Y2O3 is extracted from the Y-stabilized zirconia, leading to severe crack 

formation due to transition to monoclinic ZrO2. LAMPP sealed zirconia barrier coatings showed a better resistance 

to hot corrosion as compared to 8Y-ZrO2/ZrSiO4 ceramics. The reactions taking 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 Corrosion, TBC, zirconia 

 

1. Introduction  

Extended usage of Y-ZrO2 based ceramic coatings is practiced for thermal barrier applications since the mid-80ties 

and state-of-the-art gas-turbine engines require high temperature thermal barrier coating (TBC) for improved 

efficiency and performance. [1] 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 temperature. [2] Moreover, they enhance life-time by protecting the turbine 

from molten contaminants such as calcium-magnesium-alumina-silicates (CMAS) or molten salts. For thermal 

protection, (e.g., of Ni-Based super alloys) TBCôs have been amply studied in the last decade. [3ï5] State of the 

art TBCôs for aircraft turbines are built up by a metallic bond coat, usually MCrAlY (M: Ni, Co or NiCo) layers 

followed by a 7 wt% Y2O3 doped ZrO2 top coat, deposited either by electron beam physical vapor deposition (EB-

PVD) or by atmospheric plasma spraying (APS). [6] For both processes, the resulting microstructure provides a 

bond coat oxidation and, for a certain application period, a spalling and delamination of the top coat. [7] Another 

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 for combustion engines, like turbines, poses new challenges 

to the thermal and hot gas as well as ash corrosion resistance of such coating. While for low thermal conductivity 

at high-temperature porous structures are beneficial, their resistance to combustion fumes, particle erosion and hot 

corrosion is low. Industrial gas turbines can be operated with low-quality fuels. These fuels contain certain amount 

of elemental impurities such as vanadium or phosphorus. During combustion, these fuels create ash deposits inter 

alia composed of vanadium pentoxide,V2O5, with a low melting point of 690°C. [8ï10] Thus, at typical gas turbine 
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operating temperatures the vanadic 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 attack of YSZ coatings result in reaction products like YVO4 and 

therefore initiates phase transformation of cubic or tetragonal zirconia (c and t-ZrO2) to monoclinic zirconia (m-

ZrO2) which comes along with volume expansion. [11] 

Ideally, a well understood material, like APS sprayed or EB-PVD 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 for improved efficiency application of so called environmental barrier 

coating is being intensively investigated, with the aim to develop new TBC materials and replace Y-Zirconia. [12ï

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 densification of porous zirconia 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 continuous porosity 

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 that ZrO2ïZrSiO4/NiCr 

functionally graded materials (FGM) have the potential for high-temperature application because of the spatially 

control of material composition as well as material properties and structure and a low volume fraction of zircon 

(ZrSiO4) benefit mechanical properties of the ceramic composite. [15ï18] Therefore, the ceramic model systems 

in the present study are 8 mol% Y2O3-stabilised zirconia (8Y-ZrO2) and ZrSiO4 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 

the surface sample. [19] All experiments were performed in a lab-scale single mode microwave cavity with a CO2 

laser and a magnetron source at 2,45 GHz frequency. This paper addresses the hot corrosion behavior in presence 

of molten V2O5 with respect to microscopic observation and phase analysis. The hot corrosion behavior 

experiments are carried out at 1000 °C for 4-hour treatments. 

 

2. Experimental 

2.1 Sample preparation and LAMPP Surface sealing  

Ceramic powders were mixed into water based slurries and poured into a preform. Debinding and pressure-less 

sintering was performed using a Al2O3 tube furnace (Thermal Technology, USA) in Ar/H2 atmosphere (gas flow 

rate 25 l h-1). The samples were heated to 1300 °C, at 2 K min-1, followed by 1 h dwell time and then cooled down 

at 2 K min-1 to room temperature. Surface-sealing is performed by LAMPP. Two coherent radiation sources enable 

plasma ignition: a CO2 laser (10.6 µm wavelength; 3.8 ± 0.4 mm Beam size; < 4 mrad beam divergence; 100 W 

cw- output power; TEM00 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 the alumina 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 corrosion testing was carried out by deposition of pressed V2O5-pallet (diameter: 5 mm; weight: 5 mg) on top 

of the samples. Afterwards the samples were heated up to 1000 °C with a muffle-furnace (Nabertherm Germany) 

at ambient atmosphere for 4 hoursô dwell time. After dwell time, the samples were allowed to cool to room 

temperature inside the furnace and then were put out for characterization methods. 

2.3 Characterization 

Cross-section microstructure were investigated using scanning electron microscopy (JSM-840A, Jeol, Japan). 

Element distributions were determined by using energy dispersive X-ray analysis (EDX, Oxford Instruments, UK). 

The crystalline phases are determined by XRD measurements with Cu-KŬ radiation k = 0.154178 nm (Phillips 

PW 1140/90, Netherlands). Micro-hardness profiles were determined with a Vickers indenter (MHT-10, Anton 

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 

Cross-section of the sintered 8Y-ZrO2 is shown in Figure 1 (a) and (b). The porosity is homogenously dispersed 

within the sample with no accumulation. Due to the starting powder 8Y-ZrO2 (d50 = 0.54 µm) 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 µm to 1.5 µm. Cross section microstructure of the LAMPP sealed 8Y-ZrO2 is shown 

in Figure 2. No cracks or voids are observed, neither within the sealed zone, nor at the transition zone. The achieved 

thickness of the sealed layer is approximately 200 µm 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 µm at the transition zone, coming up to grains > 60 µm. 

As compared to the as-sintered state the pores are not exclusively enriched at the grain boundaries, but rather 

within the grains.  

Figure 1 (c) and (d) presents the cross-section morphology of sintered 8Y-ZrO2/ZrSiO4. The ZrSiO4 particles 

correspond to the dark grey spots, marked with red arrows. The zircon-distribution appears homogenous, without 

any agglomerated or sediment areas. The thermally etched microstructure shows a grain size > 1 µm. This implies 

a slightly grain growth during sintering. After LAMPP surface sealing the microstructure changes from the top 

region to the bottom region in the sealed zone, as it is seen from Figure 3. It appears with a wavelike structure, 

originating from the line spacing (750 µm) of the laser path during LAMPP. Within the laser paths the average 

thickness of the sealed layer is 800 µm, whereas between the laser paths only 500 µm. The transition zone shows 

a striking pore seam with an additional porosity gradient. Starting from the substrate with pore sizes smaller than 

10 µm, the sizes increase towards LAMPP zone to approximately 50 µm in diameter. Within the LAMPP zone, 

there are only a few randomly distributed small pores. In principle, the LAMPP zone appears in a dense state with 

two different microstructures: a recurrent sequence of non-orientated dendrite structure with a circular expansion 

of about 40 µm diameter. Furthermore, spherical grains, approximately smaller than 5 µm 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: Cross-section microstructure and thermally etched microstructure (high magnification image):  

(a) and (b): Sintered 8Y-ZrO2; (c) and (d): Sintered 8Y-ZrO2/ZrSiO4 

Figure 2: Cross-section microstructure of LAMPP  8Y-ZrO2 




















































































































































































































